
 
 

 
 

Molecular Insights into Protease Inhibition: Design and 

Interactions of NS2B-NS3 Protease Inhibitors 

 

 

 

Dissertation 

 

zur Erlangung des Grades  

„Doktor der Naturwissenschaften (Dr. rer. nat.)“ 

im Promotionsfach Pharmazeutische und Medizinische Chemie 

 

am Fachbereich Chemie, Pharmazie, Geographie und Geowissenschaften 

der Johannes Gutenberg-Universität Mainz 

 

Hannah Maus, Master of Science 

geb. in Wiesbaden 

 





 
 

 
 

Submitted to the Faculty of Chemistry, Pharmacy, Geography, and Geoscience. 

 

Dean: Prof. Dr. Eva Rentschler 

 

 

Name of the 1st reviewer: Prof. Dr. Tanja Schirmeister 

Name of the 2nd reviewer: Prof. Dr. Thomas Basché 

 

 

 

Date of the doctoral examination: 11.09.2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D77 (Dissertation Universität Mainz)  



 
 

 

 

 

 



 
Declaration of Authorship i 

 
 

 
 

Declaration of Authorship 
I, Hannah Maus, declare that this thesis entitled, “Molecular Insights into Protease Inhibition: Design 

and Interactions of NS2B-NS3 Protease Inhibitors”, and the work presented in it are my own. I hereby 

declare that: 

 

• I did this work entirely while in candidature for a research degree at this university. 

• I have clearly stated which parts of this thesis have already been submitted for another degree 

or qualification at this university or other institutions. 

• I always attributed clearly where I have consulted the published work of others. 

• I always gave the source when I quoted from other works. Excluding those quotations, this 

thesis is entirely my work.  

• I have acknowledged all primary sources of help. 

• I have made clear exactly what was done by others and what I have contributed myself. 

 

 

 

Place, Date: _______________________   Signature: ______________________ 

  



 
 

 

 



 
 
 

 
 

 

 

 

 

“But if you never try you’ll never know” 

 

− Coldplay, Fix You − 

 



 
iv Acknowledgments 

 

 

Acknowledgments 
I am profoundly grateful and wish to express my sincerest thanks to my doctoral supervisor, Prof. Dr. 

Tanja Schirmeister. Her support and encouragement empowered me to navigate my academic journey 

freely and prioritize my research effectively. Her mentorship has been invaluable, playing a pivotal role 

in successfully completing this thesis; for that, I will always be immensely thankful. 

I extend my heartfelt appreciation to Prof. Dr. Basché from the Department of Chemistry at Johannes 

Gutenberg University Mainz. Not only did he take on the responsible task of preparing a second expert 

assessment of this doctoral thesis, but he also welcomed me into the world of smFRET experiments with 

open arms. The trust he placed in me and the generous provision of resources and facilities significantly 

contributed to advancing my work. I am genuinely grateful for the invaluable insights he shared on 

structuring scientific publications. 

I owe Dr. Gerald Hinze a debt of gratitude for the delightful collaboration we shared. During moments 

of uncertainty, his motivating words kept me going, and our discussions on proteases and inhibitors 

enriched my understanding. Working together could not have been more fulfilling, and I feel fortunate 

to have had such an exceptional cooperation partner. 

A special note of thanks goes to Dr. Fabian Barthels for his boundless enthusiasm and thought-provoking 

ideas. Our collaboration was a source of inspiration, and I am deeply appreciative of his invaluable 

advice and guidance throughout various situations. 

To Christian Götz from the Basché group, my thanks for introducing me to the smFRET methodology. 

Your patience and generous sharing of knowledge laid the foundation for numerous projects, and I am 

grateful for your support at every step. 

I extend my appreciation to Prof. Dr. Ute Hellmich from the Institute of Organic Chemistry and 

Macromolecular Chemistry (IOMC) at Friedrich Schiller University in Jena, as well as her group. Their 

hospitality and the enriching experience in Jena were truly exceptional. I am particularly thankful to 

Victor H. Pérez Carrillo for his tireless support with the 19F-NMR measurements. 

To all my collaboration partners, I am indebted for their contributions to various projects. From the 

Biozentrum at Johannes Gutenberg-University, I thank Dr. Nadja Hellmann and Friederike Pisarz for 

their guidance in CD-spectroscopy and nanoDSF. Prof. Dr. Edeildo F. Silva-Júnior of the Federal 

University of Alagoas Institute of Chemistry and Biotechnology Maceió, thank you for your valuable 

collaboration on flaviviral proteases. Dr. Alessia Ruggieri from the Center of Infectiology at the 

University of Heidelberg, your support in the allosteric inhibitors of DENV and ZIKV NS2B-NS3 

proteases project was instrumental. I also want to thank Dr. Torsten Steinmetzer from the Institute of 

Pharmaceutical Chemistry at the Philipps-University Marburg and Prof. Dr. Christian Klein from the 

Institute of Pharmaceutical and Molecular Biotechnology at the University of Heidelberg for 



 
Acknowledgments v 

 

 
 

competitive inhibitors for the smFRET experiments. Dr. Jia-Xuan Chen from the Institute of Molecular 

Biology at Johannes Gutenberg-University, thank you for your efforts in the PAL project. The expertise 

of all of you significantly enhanced the outcome of my work, and I am genuinely grateful for your 

collaborative efforts. 

A heartfelt acknowledgment goes to all my colleagues from the Schirmeister Group. Special mention to 

my lab mates Dr. Andrea Gellert, Dr. Roula Chartomatsidou, Dr. Natalie Fuchs, Ariane Frey, and Dr. 

Fabian Barthels. The camaraderie and productive conversations in the lab were indispensable to my 

growth as a researcher. A heartfelt thank you to Sabine Maehrlein for her unwavering support and the 

ease with which I could discuss scientific and personal matters. Your friendship has been a source of 

strength. 

Gratitude is also due to Dr. Stefan J. Hammerschmidt for our collaboration on the flaviviral proteases 

project and to Patrick Müller for collaborating on the NBD project. The harmonious teamwork enriched 

my research experience. 

To the students I had the privilege of supervising during my doctoral studies – Janina Metzler during 

her master thesis, Valerie Marie Louise Kadenbach, Marius Maximilian Gerling, and Olivia Regine 

Englert during their bachelor theses, Janina Metzler during her research module, and Alina Wolf during 

her internship – thank you for your dedication and hard work. Your contributions were invaluable, and 

I am incredibly proud of your achievements. 

Lastly, my heartfelt gratitude goes to my family and friends. Their unwavering support, encouragement, 

and belief in me have been invaluable. Without their love and motivation, this thesis would not have 

been possible.  

To each and every one of you, THANK YOU from the bottom of my heart! You made this journey 

unforgettable and a whole lot of fun! 

  



 
vi Table of Contents 

 

 

Table of Contents 

 

Declaration of Authorship ...................................................................................................................... i 

Acknowledgments ................................................................................................................................. iv 

Table of Contents .................................................................................................................................. vi 

List of Abbreviations ............................................................................................................................ ix 

Abstract ................................................................................................................................................ xii 

Kurzdarstellung .................................................................................................................................. xiii 

1. Introduction .................................................................................................................................... 1 

1.1 Proteases in Medicinal Chemistry ........................................................................................... 1 

1.2 Flaviviral Proteases ................................................................................................................. 1 

1.2.1 Spread, Transmission, and Diseases ................................................................................... 1 

1.2.2 Role of the NS2B-NS3 Protease in the Replication Cycle ................................................. 4 

1.2.3 Binding Site and Catalytic Reaction ................................................................................... 6 

1.2.4 Structure and Conformations of NS2B-NS3 Proteases ...................................................... 9 

1.2.5 Inhibitors of NS2B-NS3 Proteases ................................................................................... 10 

1.3 Investigating Protein-Ligand Interactions ............................................................................. 14 

1.3.1 Binding Affinity and Binding Mode ................................................................................. 14 

1.3.2 Thermal Stability of Proteins ............................................................................................ 17 

1.3.3 Conformational Dynamics of Proteins ............................................................................. 20 

1.3.4 Location of Ligand Binding .............................................................................................. 31 

2 Projects and Objectives ............................................................................................................... 35 

2.1 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases ..................................................... 35 

2.2 Project 2: NS2B-NS3 Protease-Ligand Interactions ............................................................. 37 

3 List of Publications and Manuscripts ........................................................................................ 40 

3.1 Publications and Manuscripts as Part of this Doctoral Thesis .............................................. 40 

3.1.1 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases ................................................. 40 

3.1.2 Project 2: NS2B-NS3 Protease-Ligand Interactions ......................................................... 40 

3.2 Publications Beyond this Doctoral Thesis ............................................................................ 41 



 
Table of Contents vii 

 

 
 

3.2.1 Research Articles .............................................................................................................. 41 

3.2.2 Review Articles ................................................................................................................. 42 

4 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases ......................................................... 43 

4.1 SAR of Novel Benzothiazoles Targeting an Allosteric Pocket of DENV and ZIKV NS2B-

NS3 Proteases. .................................................................................................................................... 43 

4.1.1 Context, Project Summary, and Own Contributions ........................................................ 43 

4.1.2 Publication ........................................................................................................................ 45 

4.2 Fragment-based Design of α-Cyanoacrylates and α-Cyanoacrylamides Targeting Dengue 

and Zika NS2B-NS3 Proteases. ......................................................................................................... 73 

4.2.1 Context, Project Summary, and Own Contributions ........................................................ 73 

4.2.2 Publication ........................................................................................................................ 75 

4.3 Next Generation of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-1,3-diazol-4-yl-

amides (NBD-Amides) as Class-Spanning Protease Substrates. ..................................................... 100 

4.3.1 Context, Project Summary, and Own Contributions ...................................................... 100 

4.3.2 Publication ...................................................................................................................... 102 

5 Project 2: NS2B-NS3 Protease-Ligand-Interactions ............................................................... 131 

5.1 Conformational Dynamics of the Dengue Virus Protease Revealed by Fluorescence 

Correlation and Single-Molecule FRET Studies. ............................................................................. 131 

5.1.1 Context, Project Summary, and Own Contributions ...................................................... 131 

5.1.2 Publication ...................................................................................................................... 133 

5.2 A Competition smFRET Assay to Study Ligand-Induced Conformational Changes of the 

Dengue Virus Protease. .................................................................................................................... 148 

5.2.1 Context, Project Summary, and Own Contributions ...................................................... 148 

5.2.2 Publication ...................................................................................................................... 150 

5.3 The Effects of Allosteric and Competitive Inhibitors on ZIKV Protease Conformational 

Dynamics Explored Through smFRET, nanoDSF, DSF, and 19F-NMR. ......................................... 178 

5.3.1 Context, Project Summary, and Own Contributions ...................................................... 178 

5.3.2 Publication ...................................................................................................................... 180 

5.4 Conformational Selection and Induced Fit: The Behavior of Two Homologous Proteases.

 ....................................................................................................................................... 201 



 
viii Table of Contents 

 

 

5.4.1 Context, Project Summary, and Own Contributions ...................................................... 201 

5.4.2 Manuscript ...................................................................................................................... 203 

5.5 Designing Photo Affinity Tool Compounds for the Investigation of the DENV NS2B-NS3 

Protease Allosteric Binding Pocket .................................................................................................. 218 

5.5.1 Context, Project Summary, and Own Contributions ...................................................... 218 

5.5.2 Manuscript ...................................................................................................................... 220 

6 Conclusions and Outlook .......................................................................................................... 244 

7 Bibliography ............................................................................................................................... 248 

 

  



 
List of Abbreviations ix 

 

 
 

List of Abbreviations 
[S] substrate concentration 
2DPro double mutant (S79*C-S158C) of the DENV protease 
5ZiPro quintuple mutant (S84*C-C80S-C143S-S160C -C178S) of the ZIKV protease 

A acceptor 

ABC ATB-binding cassette 

abs absorption 

ADE antibody-dependent enhancement 

AMC 7-amino-4-methyl coumarin 

APD avalanche photodiode/ detector 

Asp aspartate 

C  capsid protein 

c concentration 

CS conformational selection 

D donor 

DENV dengue virus 

DSF differential scanning fluorometry 

E envelope protein 

EFRET Förster resonance energy transfer efficiency  

em emission 

ER endoplasmatic reticulum 

F fluorescence intensity 

FA acceptor intensity 

FBDD fragment-based drug design 

FCCS fluorescence cross-correlation spectroscopy 

FCS fluorescence correlation spectroscopy 

FD donor intensity 

FDA Food and Drug Administration 

FRET Förster resomamce energy transfer 

GBS Guillain-Barré syndrome 

GD, A autocorrelation function of the donor (D) or acceptor (A) 

GDA cross-correlation function 

gZiPro glycine-linked ZIKV protease 

His histidine 

HPLC high-pressure liquid chromatography 

Ia allosteric inhibitor 



 
x List of Abbreviations 

 

 

IC50
 the concentration of inhibitor needed to reduce the reaction rate by half 

Ic
DENV competitive inhibitor of the DENV protease 

Ic
ZIKV competitive inhibitor of the ZIKV protease 

IF induced fit 

ISC intersystem crossing 

Kd dissociation constant/ binding affinity constant 

kFRET rate of energy transfer 

Ki inhibition constant 

Ki
app apparent Ki 

KM Michaelis Menten constant 

MBP maltose binding protein 

MMP matrix metalloprotease 

N number of particles 

nanoDSF label-free DSF 

NBD 7-nitrobenz-2-oxa-1,3-diazol-4-amine 

NMR nuclear magnetic resonance 

NS non-structural proteins 

NS2Bcf NS2B cofactor 

NS3pro NS3 protease 

NTD neglected tropical disease 

PDB RASC Protein Data Bank 

PG  photoreactive group 

pNA p-nitroanilide 

prM/M membrane (precursor) 

R distance between donor and acceptor 

R0 Förster radius 

RNA ribonucleic acid 

S0 ground singlet state 

S1 excited singlet state 

SAR structure affinity relationships 

SBD substrate binding domain 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Ser serine 

smFRET single-molecule Förster resonance energy transfer 

T thermodynamic temperature 

T1 triplet state 



 
List of Abbreviations xi 

 

 
 

TIRF total internal reflection fluorescence 

Tm melting temperature 

TSA thermal shift assay 

uPA urokinase plasminogen activator 

v reaction rate/ turnover rate 

Veff observation volume 

WNV West Nile virus 

ZIKV Zika virus 

ΔTm thermal shift 

τD0 donor fluorescence lifetime without acceptor 

τD diffusion time 

τDA lifetime of the donor in the presence of the acceptor 

 

  



 
xii Abstract 

 

 

Abstract 
The NS2B-NS3 protease of Zika (ZIKV) and dengue (DENV) viruses, which, in addition to host 

proteases, is responsible for the cleavage of the polyprotein translated from the RNA genome, is essential 

for viral replication. Inhibition of this protease reduces infectivity, making the protease an interesting 

drug target. This work investigated protein-ligand interactions of flaviviral proteases from various 

aspects. The results can be assigned to two different projects. 

Project 1. In the first project, competitive and allosteric inhibitors were developed for the ZIKV and 

DENV proteases. The allosteric inhibitors represent an evolution of previously published allosteric 

benzo[d]thiazole-based inhibitors. Three different approaches were pursued: (i) truncated inhibitors with 

improved ligand efficiency (LE), (ii) Y-shaped inhibitors based on predictions of molecular docking, 

and (iii) scaffold hopping and replacement of the benzo[d]thiazole backbone. This resulted in allosteric 

inhibitors with improved properties. The competitive inhibitors were designed using a fragment-based 

drug design approach. The mechanism of inhibition and selectivity of the most promising compounds 

were demonstrated using fluorometric assays. Furthermore, the underlying fluorometric assays were 

optimized to make the development of potential protease inhibitors more reliable in the future. For this 

purpose, substrates based on 7-nitrobenz-2-oxa-1,3-diazol-4-amine (NBD) were developed and 

characterized. Compared to previously used fluorophores (7-amino-4-methylcoumarin and Förster 

resonance energy transfer (FRET) based substrates), excitation and detection wavelengths of NBD are 

at higher wavelengths, minimizing typical assay interferences and thus reducing the occurrence of false 

positive results. 

Project 2. In this project, the influence of ligands on the conformation of proteases was investigated. 

Dye-labeled DENV and ZIKV protease cysteine mutants were studied using FRET at the single-

molecule level (smFRET). Through smFRET experiments with proteases diffusing freely in solution, it 

was shown that the conformational equilibrium of the protease, between the so-called open and closed 

conformation, is shifted by competitive inhibitors in favor of the closed and by allosteric inhibitors in 

favor of the open conformation. Other biophysical methods (DSF, nanoDSF, and 19F-NMR) also 

demonstrated opposing effects of allosteric and competitive inhibitors on the ZIKV protease. By 

studying immobilized proteases using smFRET, the two proteases were shown to have different binding 

mechanisms with competitive inhibitors. While the ZIKV protease follows an induced fit model, the 

interaction with the DENV protease occurs by conformational selection. Additionally, photoaffinity 

labeling was used to investigate the location of the allosteric binding pocket in the DENV protease. For 

this purpose, trifunctional inhibitors with an affinity moiety, a photoreactive group, and a ligation handle, 

which allowed the detection of successful photoaffinity labeling in gel, were designed and synthesized. 

The detected interaction of a tool compound with G121 confirmed the previously proposed allosteric 

binding pocket.  
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Kurzdarstellung 
Die NS2B-NS3 Proteasen von Zika (ZIKV) und Dengue (DENV) Viren, sind neben Wirtsproteasen für 

die Spaltung der aus den RNA-Genomen translatierten Polyproteinen verantwortlich und daher für die 

virale Replikation essenziell. Im Rahmen dieser Arbeit wurden Protein-Ligand Wechselwirkungen der 

flaviviralen Proteasen untersucht. Die Ergebnisse lassen sich zwei unterschiedlichen Projekten 

zuordnen. 

Projekt 1. Im ersten Projekt wurden kompetitive und allostere Inhibitoren für die ZIKV- und die DENV-

Protease entwickelt. Basierend auf zuvor veröffentlichten allosteren Benzo[d]thiazol-Inhibitoren 

wurden drei unterschiedliche Ansätze verfolgt: (i) verkürzte Inhibitoren mit verbesserter Ligand 

Effizienz (LE), (ii) Y-shaped Inhibitoren basierend auf Vorhersagen des molekularen Dockings, und (iii) 

Scaffold Hopping und Austausch des Benzo[d]thiazol-Grundgerüsts. Dies resultierte in allosteren 

Inhibitoren mit verbesserten Eigenschaften. Die kompetitiven Inhibitoren wurden mit Hilfe eines 

Fragment-basierten Wirkstoffdesign Ansatzes entwickelt. Der Inhibitionsmechanismus sowie die 

Selektivität der vielversprechendsten Verbindungen wurden in fluorometrischen Assays nachgewiesen. 

Um die Entwicklung potenzieller Proteaseinhibitoren in Zukunft zuverlässiger zu machen, wurden die 

zugrundeliegenden fluorometrischen Assays optimiert. Hierfür wurden Substrate basierend auf 7-

Nitrobenz-2-oxa-1,3-diazol-4-amin (NBD) entwickelt und charakterisiert. Verglichen mit den zuvor 

verwendeten Fluorophoren liegen Anregungs- und Detektionswellenlänge des NBDs bei höheren 

Wellenlängen, was typische Assay-Interferenzen minimiert und folglich das Auftreten falsch-positiver 

Ergebnisse verringert. 

Projekt 2. In diesem Projekt wurde der Einfluss von Liganden auf die Konformation der Proteasen 

untersucht. Farbstoffmarkierte Cystein Mutanten der DENV und der ZIKV Protease wurden mit Hilfe 

von FRET auf Einzelmolekül-Ebene (smFRET) untersucht. Durch Experimente in Lösung konnte 

gezeigt werden, dass das konformative Gleichgewicht der Proteasen durch kompetitive Inhibitoren 

zugunsten der geschlossenen und durch allostere Inhibitoren zugunsten der offenen Konformation 

verschoben wird. Durch weitere Methoden (DSF, nanoDSF und 19F-NMR) konnten ebenfalls 

gegensätzliche Effekte allosterer und kompetitiver Inhibitoren auf die ZIKV-Protease nachgewiesen 

werden. Die Untersuchung immobilisierter Proteasen zeigte, dass die beiden Proteasen unterschiedliche 

Bindungsmechanismen mit kompetitiven Inhibitoren aufweisen. Während die ZIKV-Protease einem 

Induced Fit Modell folgt, erfolgt die Wechselwirkung mit der DENV-Protease durch Conformational 

Selection. Mit Hilfe von Photoaffinity Labeling wurde zudem die Lage der allosteren Bindetasche in der 

DENV Protease untersucht. Hierfür wurden Inhibitoren mit einer Affinitätseinheit, einer photoreaktiven 

Gruppe und einer Ligationsmöglichkeit zum Nachweis der erfolgreichen Photoaffinitätsmarkierung im 

Gel entworfen und synthetisiert. Die nachgewiesene Wechselwirkung einer Verbindung mit G121 

bestätigte die zuvor vorgeschlagene allostere Bindetasche. 





 
Introduction 1 

 

 
 

1. Introduction 

1.1 Proteases in Medicinal Chemistry 
Proteins are essential macromolecules that play a fundamental role in all living organisms.[1–3] They are 

composed of amino acids arranged in a specific sequence, and their three-dimensional structure 

determines their function.[2] Proteins are of utmost interest to the scientific community because they are 

involved in various biological processes, including signal transduction, metabolism, and gene 

regulation.[4–16]  

Proteases, a specific class of proteins, catalyze the hydrolysis of peptide bonds within proteins and 

peptides. They are responsible for the controlled breakdown of proteins and have crucial roles in many 

biological processes.[17] Proteases regulate cellular pathways, such as protein turnover, cell cycle 

progression, and apoptosis.[17–25] Additionally, they are involved in crucial physiological functions, such 

as digestion, blood clotting, and immune response.[17,26–28] Given their central role in protein 

homeostasis, it is unsurprising that the dysregulation of proteases has been implicated in numerous 

pathologies, including cancer, neurodegenerative disorders, cardiovascular diseases, and infectious 

diseases.[29,30] The significance of proteases in disease pathogenesis has spurred intense research efforts 

to develop therapeutic interventions targeting these enzymes. Medicinal chemistry approaches aim to 

design molecules that selectively inhibit specific proteases, thereby modulating their activity and 

restoring normal cellular functions.[30,31]  

In the field of antiviral drug discovery, proteases have gained particular attention due to their critical 

role in viral replication. Flaviviruses, a family of ribonucleic acid (RNA) viruses, rely on proteases for 

processing viral polyproteins into functional proteins required for viral replication. Targeting flaviviral 

proteases presents an attractive strategy to combat diseases caused by flaviviruses, such as dengue fever, 

Zika virus, and yellow fever.[32,33]  

1.2 Flaviviral Proteases 

1.2.1 Spread, Transmission, and Diseases 

In recent decades, there has been a significant increase in the global spread of neglected tropical diseases 

(NTDs). Incident cases increased from 33.7 million in 1990 to 57.99 million in 2019.[34] Mosquitoes 

play a substantial role in transmitting these diseases, posing a significant risk to human health. Two 

prominent examples of mosquito-borne diseases are Zika and dengue fever, caused by the Zika virus 

(ZIKV) and dengue virus (DENV), respectively. The main vectors responsible for transmitting these 

viruses are mosquitoes of the Aedes aegypti and Aedes albopictus species. 
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Factors such as global warming, increased globalization, and international travel have contributed to the 

spread of these mosquito vectors from tropical and subtropical regions to more temperate countries.[32] 

This has expanded the geographical distribution of these diseases (Figure 1A).[35] 

Approximately half of the world's population is at risk of DENV infection. This corresponds to about 

3.97 billion vulnerable people in around 128 countries.[36] About 400 million people are estimated to be 

infected with DENV annually. Around a quarter of these infections manifest clinically.[37] In the first 

half of 2023, 2,162,214 cases and 974 dengue deaths were reported worldwide, including cases reported 

in Europe (Spain and France, see Figure 1B).[38] The regions most affected by DENV are Southeast Asia, 

South and Central America, Africa, and Australia (Figure 1A). However, about 70% of the burden is 

concentrated mainly in Asia.[39] DENV is transmitted to humans by infected female mosquitoes that have 

acquired the virus from an infected person.[40,41] However, according to the World Health Organization 

(WHO), isolated cases of non-vector-borne transmission have also been reported.[37,42] A few cases of 

DENV transmission from mother to fetus during pregnancy and through blood transfusion or organ 

donation have been documented.[43,44] 

After the discovery of ZIKV in 1947, evidence of human infection was found for the first time in Nigeria 

in 1953, where the virus infected three individuals. Since then, there have been three significant 

epidemics on the Yap Islands (2007), in French Polynesia (2013), as well as in Brazil and other American 

countries (2015–2016), resulting in over one million infections.[45–48] More than 86 countries have 

reported mosquito-borne ZIKV infections.[49,50] Known areas of infection are shown in Figure 1A, with 

ZIKV being particularly widespread in South America (Brazil) and North America.[51] ZIKV is primarily 

transmitted to humans by infected mosquitoes. However, ZIKV can also be transmitted from mother to 

fetus during pregnancy (congenital ZIKV virus), through organ transplantation, sexual contact, or blood 

transfusions from person to person.[52,53] 
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Figure 1. Distribution of infection. ZIKV (blue) and DENV (red) global distribution by country. Affected countries are colored 
according to data from Collins and Metz (2017).[35] Countries that are affected by both are colored dark grey. B Twelve-month 
DENV notification rate per 100,000 population (June 2022 – May 2023).[38] 

The symptoms of dengue fever can range from mild flu-like symptoms such as fever, nausea, rash, and 

pain, which are associated with dengue fever, to severe life-threatening symptoms such as bleeding, 

shock, and cardiovascular collapse, which are characteristic of dengue shock syndrome.[54] Based on 

different surface proteins, DENVs are divided into four serotypes (DENV1–DENV4) associated with 

varying clinical manifestations of the disease.[55] Studies have shown that after the initial infection with 

a heterologous DENV serotype, a patient is protected from reinfection or high viral load for a certain 

period, and there is lifelong immunity to that specific DENV serotype. However, antibody-dependent 

enhancement (ADE) increases the risk of developing severe dengue after subsequent infection by 

different serotypes.[56] 

ZIKV has an estimated incubation period of three to fourteen days, with most infected individuals not 

showing any symptoms of illness.[57,58] The most frequently reported symptoms of a viral infection 

include fever, rash, muscle pain, malaise, and headache, typically lasting between two and seven 

days.[48,57] If a pregnant woman transmits the virus to her fetus, it can result in microcephaly (abnormal 

smallness of the head) or other abnormalities in the newborn.[59,60] Pregnancy complications such as 

preterm birth or fetal loss can also be potential consequences of a ZIKV infection.[61] The infection can 

also trigger Guillain-Barré syndrome (GBS), which primarily affects adults and older children.[62,63] GBS 

is an autoimmune disease of the nervous system in which the patient's immune system attacks the nerve 

cells. Possible symptoms of the syndrome include muscle weakness in the arms and legs, breathing 

difficulties, or paralysis. The mortality rate associated with GBS is low, but affected individuals can 

show symptoms for a period ranging from a few weeks to several months.[64,65] 

Currently, no specific treatment is available for DENV and ZIKV infections, consequently symptomatic 

therapies and vector control measures are the primary approaches.[66] While a tetravalent vaccine called 

≥ 100 10–99 1.0–9.99 

0.001–0.99 no reported cases

notification rate per 100,000 persons

DENV ZIKV both

global distribution of

A B
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Dengvaxia® by Sanofi-Pasteur has been approved by the Food and Drug Administration (FDA) for 

DENV, it is only recommended for individuals who have previously recovered from DENV infection.[67] 

Dengvaxia® demonstrates varying efficacy against different serotypes and has notable side effects in 

seronegative patients.[68,69] Identifying a fifth serotype in Malaysia in 2007 further complicated vaccine 

development efforts.[70] However, clinical trials are currently underway for several vaccines targeting 

DENV and ZIKV.[71–73] 

1.2.2 Role of the NS2B-NS3 Protease in the Replication Cycle 

DENV and ZIKV are small enveloped flaviviruses with a diameter of approximately 50 nm harboring a 

single-stranded (+) sense RNA genome comprising about 11,000 base pairs.[45,74,75] The binding of the 

flavivirus to the host cell and its uptake into the cell through endocytosis is mediated by various receptors 

specific for the viral envelope proteins (E). The low pH in the endosome induces the fusion of the viral 

envelope with cellular membranes, releasing the RNA genome into the cytoplasm.[76] After the release, 

ribosomes translate the single-stranded RNA into the viral precursor polyprotein. This polyprotein 

consists of approximately 3,000 amino acids, which form the three structural proteins, capsid (C), 

envelope protein (E), and membrane precursor (prM), as well as the seven non-structural proteins (NS) 

NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Co- and post-translational processing by both host 

proteases and the viral protease (NS2B-NS3 complex) leads to the formation of the ten functional 

proteins.[77–79] The RNA-dependent RNA polymerase NS5 synthesizes a complementary negative RNA 

strand, which serves as a template for replicating (+) sense RNA. Assembly of new, initially non-

infectious virus particles takes place in the lumen of the rough endoplasmic reticulum (ER). In the trans-

Golgi network, the immature virions undergo cleavage of the prM into M, forming mature virus particles 

that exit the host cell via exocytosis (Figure 2).[77,80–83]  

The viral trypsin-like serine protease (NS3pro), which is involved in the cleavage of the viral polyprotein, 

is essential for virus replication and is formed by the first 180 N-terminal amino acids of the bifunctional 

NS3 protein. [32,84] The protease cleaves the polyprotein preferentially after two basic amino acid 

residues, resulting in six cleavage sites within the polyprotein.[79,85,86] The protease’s catalytic activity 

and proper folding are influenced by its interaction with the associated NS2B cofactor (NS2Bcf).[32] The 

cofactor contains three hydrophobic membrane-associated domains that bind the protease on the 

cytoplasmic side of the ER membrane. The interaction between NS3pro and the NS2Bcf occurs through 

a hydrophilic region of 47 amino acids, spanning residues 49 to 95.[32,79,84,87] Rothan et al. showed that 

inhibiting the NS2B-NS3 DENV2 protease reduces dengue virus infection by approximately 80%, 

highlighting it as an interesting drug target.[88] 
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Figure 2. Replication cycle and polyprotein organization of flaviviruses. Figure designed with Microsoft PowerPoint based on 
Boldescu et al.[77] and Guzman et al.[80] A Replication cycle of flaviviruses. Host cell receptors mediate the uptake of the virus 
by endocytosis. This is followed by fusion and RNA release, replication of the RNA and its translation and processing, assembly 
of the virion, and maturation into mature virions. The organization of the single-stranded genome is shown in the box in the 
upper right corner. B Sequential and structural organization of the flaviviral polyprotein at the endoplasmatic reticulum 
membrane with the cleavage sites of the host (furin and signalase) and viral proteases are indicated. 
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1.2.3 Binding Site and Catalytic Reaction 

According to the MEROPS database, the NS2B-NS3 proteases of DENV and ZIKV belong to clan PA, 

subclan PA(S), and family S7, based on their evolutionary relationships and catalytic triad composition. 

The DENV NS2B-NS3 protease’s identifier is S07.001, while the ZIKV NS2B-NS3 has the identifier 

S07.003.[89,90] The PA clan consists of endopeptidases similar to chymotrypsin A, which possess a 

catalytic triad arranged in the order of histidine (His), aspartate (Asp), and a nucleophilic serine (Ser) or 

cysteine.[26,90] The catalytic triad of the NS2B-NS3 protease is in the cleft between two β-barrels and 

consists of the three amino acids His51, Asp75, and Ser135 (Figure 3).[33,91] The substrate binding site 

of both DENV and ZIKV proteases shows a preference for basic residues (Arg or Lys) in the P1 and P2 

position and a short side-chain amino acid (Gly, Ser or Ala) at P1’ site.[33,92,93] The proteases exhibit 

shallow grooves on the protein surface, forming the S3−S1’ pockets but only flat S1 pockets.[94–96] The 

S3 and S4 pockets of the proteases are less selective, accommodating Gly, Ala, and Lys in natural 

substrates.[97] 

The binding mode of the substrate Gly-Lys-Arg was revealed in a crystal structure containing the auto-

processed C-terminus of NS2B in the binding pocket (RCSB Protein Data Bank (PDB)[98]-ID: 5GJ4[99], 

Figure 3). In this structure, the positively charged P1 arginine residue is stabilized by the negatively 

charged Asp129 and the backbone oxygen of Tyr130 in the S1 pocket. Ser81* and Asp83* side chains of 

NS2B recognize the negative charge of the P2 lysine residue. The interaction between the P3 glycine 

carboxylic oxygen with the oxygen of Gly151 and the nitrogen of Gly153 in the S3 site is unspecific. It 

is worth noting that the substrate in this crystal structure is still connected to NS2B, and this truncated 

construct may result in distorted interactions between the P3 Gly and P4 Thr residues and the NS3pro 

domain.[99] 

 

Figure 3. The substrate binding site of ZIKV NS2B-NS3 protease in the closed conformation after linker autocatalysis (PDB-
ID: 5GJ4)[99]. NS3 is represented as a white surface, while NS2B is colored blue. The catalytic triad amino acids are depicted 
as orange sticks. Schechter and Berger's classification is used to indicate the binding sub-pockets.[100] The natural substrate 
TGKR is visualized with yellow sticks, and polar interactions are represented by black dashed lines. Only the amino acids 
involved in polar interactions are displayed as sticks to enhance clarity. NS2B residues are marked with an asterisk. The figure 
was generated using PyMOL and Microsoft PowerPoint. 
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The proteolytic activity of the proteases results from a nucleophilic attack of Ser135 on the cleaving 

amide bond, whose nucleophilicity is enhanced by the adjacent His51. Asp75 can initially accept and 

later donate a proton from histidine, compensating for the positive charge generated on the histidine 

residue. After the catalytic serine attacks the peptide bond, a tetrahedral transition state is formed, which, 

upon release of the C-terminal cleavage product, forms the acyl-enzyme intermediate. The nucleophilic 

water attack releases the N-terminal cleavage product, and the enzyme’s active site becomes available 

for a new catalytic cycle (Figure 4).[90,101,102]  

 

Figure 4. Mechanism of proteolysis of peptides by trypsin-like serine proteases.[101] Numbering of the amino acids of the 
catalytic center according to 2fom.[94] Figure created with ChemDraw and Microsoft PowerPoint. 

In addition to the active site, the NS2B-NS3 protease possesses a proposed allosteric binding site (Figure 

5). Ligands can interact either with the allosteric binding site or the active site. The allosteric binding 

site has been identified by different groups using various methods.[75,103–105] In 2012, Noble et al. 
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described an allosteric binding site formed when the NS2B cofactor is positioned around the NS3 

protein. Residues from both NS2B (V78* and M84*) and the NS3 subunit (K73, K74, E88, W89, T118, 

T120, T122, I123, G124, V147, N152, A164, I165, A166, N167, and T168) form the binding site.[84] 

This finding was also confirmed by Yildiz et al.[103] In 2017, Brecher et al. described the allosteric 

binding site in the open conformation of the protease involving only the NS3 subunit (K73, K74, E88, 

W89, T118, T120, T122, I123, G124, V147, N152, A164, I165, A166, N167, and T168).[106] This 

definition of the allosteric binding site differs only slightly from that of Nobel et al. resulting in an 

allosteric pocket localized around Asn152.[84,106] Site-directed mutagenesis of the DENV protease and 

subsequent blockage of the proposed binding pocket with thio-reactive compounds resulted in decrease 

in affinity of non-competitive inhibitors to the protease or loss of the protease’s activity.[107,108] These 

experiments also suggest an interaction of the non-competitive inhibitors with the described allosteric 

binding pocket.[108] 

 

Figure 5. Location of the allosteric binding pocket of DENV NS2B-NS3 protease in the open conformation (PDB-ID: 2fom).[94] 
Amino acids forming the allosteric binding pocket are shown as yellow sticks.[106] The surface of the allosteric pocket is colored 
yellow. Amino acids of the catalytic triad are shown as orange sticks. The surface of NS3 is shown in white, and that of NS2B 
in red. The figure was created using PyMOL. 
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1.2.4 Structure and Conformations of NS2B-NS3 Proteases 

The literature describes at least two different conformations of the NS2B-NS3 proteases’ tertiary 

structure, which mainly differ in their respective orientation of NS2Bcf (Figure 6).[84,94,99,106] In the 

absence of a substrate or ligand at the active site, the C-terminal part of the cofactor assumes an “open” 

conformation and is loosely bound to NS3 (Figure 6A). When a ligand binds to the active site of the 

NS2B-NS3 protease, the C-terminus of the cofactor wraps around the NS3 core, forming a “closed” 

conformation (Figure 6B).[99,109–111] This conformational change of NS2B is crucial for the activity and 

function of NS3. Due to the occurrence of the closed conformation associated with ligands of the active 

binding site, the closed conformation is referred to as the catalytically active conformation.[32] In 

solution, the two conformations are in equilibrium, whereby their relative abundance is significantly 

influenced by factors such as the expression construct, buffer pH, and ionic strength.[106,112–114] When 

complexed with competitive inhibitors or substrates, only co-crystals of the closed conformation have 

been obtained so far (Figure 6B and D).[84,99,115–117] The open conformation was observed without 

ligands.[94,118] A set of crystal structures of complexes of allosteric inhibitors with the DENV protease in 

the open conformation have been published (PDB-ID: 6MO0, 6MO1, and 6MO2).[119] However, within 

the scientific community, the reliability of the crystal structures is discussed. Probably not an allosteric 

inhibitor but rather, the C-terminus of NS3 is placed in the allosteric pocket.[120–122] Consequently, these 

structures will not be discussed further in this thesis. 

Despite their high similarity, the open conformation of the ZIKV and DENV proteases exhibit a different 

positioning of the loop152-167, which is involved in substrate recognition in the active site (Figure 6C). 

The loop bends at Gly151 in the ZIKV protease and extends in the opposite direction compared to the 

closed conformation. The stabilization of the loop in this position is achieved through hydrophobic 

interactions.[123] Additionally, the C-terminus of the NS2Bcf in the ZIKV protease exhibits increased 

flexibility, which is explained by Roy et al. through sequence variations in positions 91 to 96, resulting 

in a reduced interaction between the NS2Bcf and the NS3pro.[115,123,124]  

Brecher et al. published a conformational switch assay based on split luciferase complementation to 

identify potential allosteric inhibitors and demonstrated conformational changes in NS2B. They showed 

that competitive inhibitors stabilize the closed conformation, while allosteric inhibitors suppress this 

stabilization. It was therefore speculated that allosteric inhibitors bind to the open conformation or 

induce a conformational change from the closed to the open conformation.[106]  
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Figure 6. Crystallographically determined conformations of NS2B-NS3 proteases. A Structure of the open conformation of 
DENV2 NS2B-NS3 (PDB-ID: 2fom).[94] B Structure of the closed conformation of DENV3 NS2B-NS3 (PDB-ID: 3u1i).[84] C 
Structure of the open conformation of ZIKV NS2B-NS3 (PDB-ID: 5gxj).[118] D Structure of the closed conformation of ZIKV 
NS2B-NS3 (PDB-ID: 5lc0).[115] The cartoon and the transparent surface of NS3 are colored white. NS2B is colored red (DENV) 
or blue (ZIKV). Amino acids of the catalytic triad are shown as sticks. The loop152-167 is highlighted in yellow.  

1.2.5 Inhibitors of NS2B-NS3 Proteases 

The NS2B-NS3 protease is involved in processing the viral polyprotein and is essential for replicating 

DENV or ZIKV. This makes the protease an interesting drug target. Both low-molecular-weight non-

peptidomimetic inhibitors and substrate-like peptidomimetic inhibitors are described in the literature.[121]  

Competitive Inhibitors. Due to the flat nature of the substrate binding site in flaviviral proteases, 

targeting it with non-peptidomimetic small molecules is challenging. Consequently, extensive research 
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is dedicated to developing protease inhibitors that mimic substrate analogs.[77] However, due to their 

positive charge, effective inhibitors resembling the preferred dibasic substrates exhibit limited 

bioavailability in vivo.[33,125,126] Among the known protease inhibitors, aprotinin, a macromolecular 

endogenous inhibitor, inhibits the NS2B-NS3 protease with an IC50 value of 65 nM (DENV2). However, 

other known protease inhibitors such as benzamidine, leupeptin, or pepstatin A show no activity against 

the DENV protease.[32,127] 

Yin et al. investigated tetrapeptides with varying C-terminal electrophilic headgroups, also termed 

“warheads” (Table 1). Aldehydes, trifluoromethyl ketones, or boronic acids were used, which covalently 

and reversibly bind to the catalytically active serine. The best inhibitors of this series showed Ki values 

between 0.043 and 5.8 µM (Table 1).[128,129] Based on the peptide aldehyde inhibitors published by Yin 

et al., Behnam et al. synthesized tripeptides with the structure Cap-Arg-Lys-X-NH2 and were able to 

generate a non-covalent competitive inhibitor with a Ki value of 2.1 µM by introducing a C-terminal 

phenyl glycine (Table 1). Thiazolidinedione as a cap structure enhanced the inhibitor’s potency, resulting 

in a Ki of 0.4 µM (Table 1).[130] 

Table 1. Competitive inhibitors, which address the DENV NS2B-NS3 protease.[129,130]  

 Cap peptide sequence warhead Ki [μM]  

Y
ild

iz
 e

t a
l.  Bz Nle-Lys-Arg-Arg aldehyde 5.8 

Bz Nle-Lys-Arg-Arg trifluormethyl 0.85 

Bz Nle-Lys-Arg-Arg boronic acid 0.043 

B
eh

na
m

 e
t a

l. Bz Arg-Lys-phenyl glycine - 2.1 

 

Arg-Lys-phenyl glycine - 0.4 

 

Takagi et al. published a study on the high-throughput synthesis of cyclic peptides, which are generally 

considered a privileged class of molecules as they can target so-called undruggable targets such as 

protein-protein interactions.[131–133] Of 33 synthesized cyclic peptides, 17 showed significant inhibition 

against the NS2B-NS3 DENV2 protease with IC50 values ranging from 0.95 to 15.1 µM.[133] The most 

potent inhibitor is shown in Figure 7. Braun et al. also investigated various macrocyclic inhibitors that 

resemble the substrate and identified an inhibitor with a Ki value of 142 nM against the DENV4 protease 

and a Ki value of 1.6 nM for the ZIKV protease (Figure 7).[134] 
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Figure 7. Cyclic inhibitors addressing the ZIKV and DENV NS2B-NS3 proteases published by Takagi et al.[133] and Braun et 
al.[134]  

Allosteric Inhibitors. Although the flaviviral protease is difficult to inhibit with small molecules, 

progress has been made in recent years in identifying some non-peptidic allosteric inhibitors. However, 

the chemical structure of these inhibitors is highly diverse, making structural classification 

impractical.[32,127] Through high-throughput and virtual screenings, guanidine, cyclohexenyl chalcone, 

phenol, phthalazine, and benzothiazole derivatives have been identified as allosteric inhibitors of 

flaviviral proteases (Figure 8).[32,135]  

Wu et al. synthesized a series of 2-amino benzo[d]thiazole derivatives, which selectively and non-

competitively inhibit the DENV2 and DENV3 proteases. The most potent inhibitor displayed IC50 values 

of 4.2 µM for DENV2 and 0.99 µM for DENV3, respectively.[135] Millies et al. further explored these 

derivatives and identified new inhibitors with increased solubility. The best inhibitor of this series 

exhibited an IC50 value of 10.0 µM for the DENV2 protease and 0.32 µM for the ZIKV protease.[108] 

Pambudi et al. conducted a virtual screening of over 660,000 compounds. They discovered a potential 

allosteric inhibitor, which inhibited the replication of all four DENV serotypes with EC50 values below 

2.5 µM in a cell-based antiviral activity assay.[105] 

Additionally, Shiryaev et al., in their virtual screening of approximately 275,000 compounds, identified 

an allosteric inhibitor with a thiazole sulfone amide scaffold, which showed an IC50 value of 2.04 µM 

against the DENV2 protease.[136] 
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Figure 8. Allosteric inhibitors addressing the ZIKV and DENV NS2B-NS3 proteases published by Shiryaev et al.[136], Pambudi 
et al.[105], Wu et al.[135] and Millies et al.[108] 
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1.3 Investigating Protein-Ligand Interactions  
In the field of drug design, understanding the interactions between ligands and proteins is of paramount 

importance. Ligand-protein interactions are critical in governing various aspects of drug development, 

including binding affinity, conformational dynamics, binding mechanisms, and interaction location. By 

investigating these fundamental aspects, researchers can gain crucial insights into the molecular basis 

of drug action and design novel therapeutics with improved efficacy and reduced side effects.[137–142] 

Binding affinity, which refers to the strength and stability of the complex formed between a ligand and 

its target protein, is a crucial determinant of the potential efficacy of a drug candidate. Accurate 

determination of binding affinity provides valuable information for identifying and optimizing 

compounds with high binding affinities.[138–143] 

Proteins are dynamic entities that can adopt different conformations to perform their biological 

functions. Ligand binding can induce conformational changes in proteins, impacting their stability, 

activity, and interactions with other molecules. Understanding the conformational dynamics resulting 

from ligand binding is crucial. Investigating the binding mechanism provides insights into how a ligand 

interacts with its target protein, including the binding mode, specific residues involved, and the 

interactions formed. Understanding the binding mechanism improves binding specificity and selectivity, 

reducing the potential for off-target effects, and enables the design of ligands that selectively stabilize 

specific protein conformations.[137,139,140,144,145] 

1.3.1 Binding Affinity and Binding Mode 

Fluorometric Assay. Fluorometric assays have become widely used in medicinal chemistry to analyze 

protease-inhibiting drug candidates.[146,147] In 1973, the introduction of fluorogenic substrates based on 

Förster resonance energy transfer (FRET) revolutionized protease activity measurement. These 

substrates comprise a quencher (Q) and a fluorophore (Figure 9A).[148] Due to their superior detection 

sensitivity, they replaced the previously used colorimetric p-nitroanilide (pNA) substrates.[149] In 1976, 

the fluorescent coumarin derivative 7-amino-4-methyl coumarin (AMC) and its corresponding amides 

were introduced as a new fluorogenic protease substrate (Figure 9B). This innovation reduced assay 

interferences compared to FRET-based and colorimetric pNA substrates.[150] 

Fluorometric protease assays operate on a general principle: the target enzyme cleaves an amide bond 

in the substrate, causing a change in the fluorescence properties of the fluorogenic reporter. This can 

involve the separation of the quencher from the fluorophore (in the case of FRET substrates, Figure 9A) 

or the cleavage of an internally quenched fluorogenic residue from the substrate (in the case of AMC 

substrates, Figure 9B).[151] Subsequently, the fluorophore is excited using a specific excitation 

wavelength within a cuvette fluorometer or a microplate reader, and the resulting fluorescence is 

measured at the corresponding emission wavelength. The increasing fluorescence intensity over time 
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measures the enzymatic activity (Figure 9C). Introducing an inhibitor reduces the enzyme’s reaction rate 

(v), allowing for evaluating inhibitory activity using various assessment methods.[143,152–155] 

Inhibitory Potency. Two primary measurements are commonly used to assess the inhibitory potency of 

compounds: the inhibition constant (Ki) and the IC50 value. Ki represents the equilibrium constant for 

the dissociation of the inhibitor-bound enzyme complex. At the same time, the IC50 value quantifies the 

concentration of inhibitor needed to reduce the reaction rate of an enzyme-catalyzed reaction by half 

(Figure 9D). While Ki remains constant for a particular compound with an enzyme, IC50 is a relative 

value influenced by the substrate and its concentration used in the assay.[156] This relationship is 

mathematically described by the Cheng-Prusoff equation (Equation 1) for competitive inhibitors, which 

bind to free enzymes and inhibit the enzyme-catalyzed reaction.[157] 

IC!" = 𝐾# %1 +
[S]
𝐾$	

, Equation 1 

The mathematical relationship reveals that the IC50 value of a competitive inhibitor is influenced by the 

Ki value, substrate concentration ([S]), and the substrate's Michaelis Menten constant (KM) in the assay. 

Additionally, the relationship between IC50 and Ki varies based on the inhibitor's mode of inhibition. In 

the case of competitive inhibition, the IC50 value is always higher than the Ki value. In the case of non-

competitive inhibition (also known as simple mixed or allosteric inhibition), the IC50 values remain 

constant regardless of the substrate and its concentration. The IC50 value is equal to the Ki value, 

irrespective of the substrate concentration used in the assay.[156] 

Dixon Plot. Dixon introduced a graphical method in 1953 to determine Ki values using limited data.[158] 

Plotting the inverted initial turnover rate (1/v) against the inhibitor concentration at two different 

substrate concentrations results in intersecting lines on the left of the vertical axis for competitive 

inhibitors (Figure 9E), with the intersection indicating −Ki. In non-competitive inhibition, the lines meet 

at a point on the baseline representing −Ki (Figure 9F).[156,158,159] The Dixon plot consequently enables 

the determination of Ki from the turnover rate at different substrate and inhibitor concentrations and 

distinguishes the inhibition type based on the intersection positions. 
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Figure 9. Fluorometric assay. A Schematic representation of fluorometric assays based on FRET. Proteolytic cleavage of the 
peptide allows fluorescence measurement initially suppressed by quencher Q. B Schematic representation of fluorometric 
assays with AMC substrates. The proteolytic release of 7-amino-4-methylcoumarin (AMC) allows its fluorescence to be 
detected. C Typical fluorescence-time curves of a fluorometric assay. The slope of the curve (v) is proportional to the turnover 
rate of the substrate. Adding an inhibitor causes a lower conversion rate, visible by a slower increasing fluorescence per time. 
D Plot of residual activity versus inhibitor concentration results in a sigmoidal curve. The inflection point of the curve 
corresponds to the IC50 of the inhibitor. E Dixon plot for a competitive inhibitor. The straight lines obtained for different 
substrate concentrations (c1 and c2) intersect above the x-axis. Their intersection point corresponds to −Ki. F Dixon plot for an 
allosteric inhibitor. The straight lines obtained for different substrate concentrations (c1 and c2) meet on the x-axis. Their 
intersection point corresponds to −Ki. 

Q
P4 P3 P2 P1

P1‘ P2‘ P4 P3 P2 P1

QP1‘ P2‘

P4 P3 P2 P1
P4 P3 P2 P1

time [s]

Fl
uo

re
sc

en
ce

control

with inhibitor

! " = $!"#$%"& % "

! " = $'#(')'$"% % "

&'()*+,- ,./)$)/0 % = $'#(')'$"%
$!"#$%"&

% 100%

c(inhibitor)

re
sid

ua
l a

ct
iv

ity
 [%

]

c(inhibitor)

1/
v

c(inhibitor)

1/
v

c1(substrate)

c2(substrate)

c1(substrate)

c2(substrate)

−Ki −Ki

A

D

B

C

E F

IC50



 
Introduction 17 

 

 
 

1.3.2 Thermal Stability of Proteins 

Thermal shift assays (TSA) enable the investigation of how ligand binding affects the stability of a 

protein.[160] TSA can be used to determine protein-protein, protein-DNA, protein-lipid, and protein-small 

molecule interactions.[161–163] 

Differential Scanning Fluorometry (DSF). Differential scanning fluorometry (DSF) was introduced 

in 1997 and has become a valuable tool in drug discovery research, particularly for studying protein 

interactions and their affinity with other molecules.[164,165] A protein is incubated with a fluorescence dye 

like SYPRO Orange, which binds to the protein’s exposed hydrophobic regions. This binding induces a 

change in the dye’s fluorescence properties.[160] Due to its favorable properties, SYPRO Orange is the 

dye of choice for DSF. Its high signal-to-noise ratios enhance measurement accuracy, and its excitation 

wavelength of 500 nm reduces the influence of small molecules on the dye’s fluorescence.[160,165] 

The protein-dye mixture is heated at a controlled rate, and the resulting fluorescence is analyzed (Figure 

10A). According to Bowling et al., proteins exist in a thermodynamic equilibrium where they can be 

folded or unfolded.[166] When the energy (temperature) of the surrounding environment increases, 

proteins transition toward the unfolded state. This transition can be quantified to determine a protein’s 

melting temperature (Tm). Tm is defined as the temperature at which 50% of a protein sample is folded, 

and 50% is unfolded.[167] As the protein unfolds under heating, its hydrophobic regions become exposed, 

allowing the dye to bind to these regions (Figure 10A). The change in fluorescence properties of the dye 

can be analyzed.[165] Measured changes in fluorescence intensity as a function of temperature result in a 

sigmoidal curve. The curve’s inflection point corresponds to the midpoint of the protein’s unfolding 

transition, representing Tm.[160]  

DSF can be used to determine protein-ligand interactions and assess optimal conditions for producing 

and storing specific proteins by examining their melting behavior. An advantage of this method is the 

minimal amount of protein required.[160,165,168] Protein stability can be influenced by pH, ionic strength, 

and specific ions or molecules. Stabilization of a protein reduces the Gibbs free energy of the complex 

by forming new molecular interactions, such as hydrogen bonds and van der Waals interactions, or by 

inducing conformational changes in the protein. The decrease in Gibbs free energy results in enhanced 

thermal stability and an increased Tm of the protein. By comparing the Tm of a protein under different 

environmental conditions or in the presence and absence of ligands, the thermal shift (ΔTm) can be 

determined (Figure 10B).[169] This shift serves as an indicator of complex formation and/or thermal 

stabilization. It is important to note that ΔTm reflects changes in binding interactions and conformational 

rearrangements within the protein. However, since the thermal stability profile is obtained across a 

temperature range, it becomes challenging to derive an accurate RT dissociation constant (𝐾% = e&
∆"
#$; 

where k is Boltzmann’s constant, and T is the thermodynamic temperature) directly from ΔTm. Focusing 
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solely on Tm might overlook other valuable systemic and thermodynamic information concerning 

protein stability.[165] 

NanoDSF. NanoDSF is a modified label-free DSF method used to determine the thermal stability of 

proteins.[170,171] It requires a measurement device capable of capturing a broad spectrum of light intensity 

and light scattering from a sample. This device can measure protein unfolding and aggregation.[172,173] 

Protein unfolding is assessed through the intrinsic tryptophan and/or tyrosine fluorescence, which 

changes during thermal unfolding.[170] The fluorescence intensity and maximum of tryptophan strongly 

rely on its immediate environment.[174] Consequently, the ratio of fluorescence intensities at 330 nm and 

350 nm is a suitable indicator for detecting protein structure alterations (Figure 10C).[173,175] The 

temperature at which protein aggregation occurs after unfolding can be determined through 

backscattering light.[173] Like DSF, nanoDSF generates a sigmoidal curve of measured fluorescence 

ratios plotted against temperature, whose inflection point represents Tm (Figure 10D). Alternatively, Tm 

can be determined from the maximum of the first derivative of these fluorescence ratios as a function of 

temperature (Figure 10E).[165] Unlike DSF, nanoDSF does not rely on a dye. By omitting the dye, the 

protein remains closer to its native state, avoiding unwanted effects such as dye autofluorescence or 

interference with other molecules. 
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Figure 10. Schematic representation of thermal shift assays. Figure generated with Microsoft PowerPoint according to Gao et 
al.[165] A Typical thermal denaturation profile of a protein sample. Fluorescence emission changes with the temperature. The 
sigmoidal curve demonstrates the cooperative unfolding behavior of the protein when exposed to SYPRO Orange dye (yellow 
dots/stars), where the dye is bound to the native protein (grey). The curve’s peak indicates that all the proteins have unfolded 
into linear peptides or the protein’s hydrophobic core is exposed to SYPRO Orange. Following the peak, the fluorescence 
decreases due to various mechanisms resulting in less dye bound to the protein. The transition curve’s midpoint corresponds to 
the protein’s melting temperature (Tm). B DSF curves under two different conditions: in the absence of a ligand (shown in blue) 
and in the presence of a ligand (shown in red). The difference in melting temperatures between these two conditions is denoted 
as ΔTm. C Intrinsic fluorescence of tryptophan is measured at both 330 and 350 nm wavelengths and plotted versus temperature 
during unfolding. D Fluorescence ratio at 330 nm and 350 nm (F330/350) of tryptophan plotted against temperature. E The 
melting temperature is calculated by the first derivative of the F330/350 plots.  
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1.3.3 Conformational Dynamics of Proteins 

Studying protein dynamics is crucial for understanding their function and regulation, with implications 

for protein engineering and drug discovery.[176] Although significant progress has been made in 

determining high-resolution protein structures [177–179], these models provide a static view of proteins.[176] 

In reality, proteins are dynamic and constantly fluctuate between multiple conformational states, 

influenced by environmental conditions and interactions with other molecules.[180,181] Two models, 

namely induced fit (IF)[182] and conformational selection (CS), describe the interaction between proteins 

and ligands.[183–186] In the IF model, the protein’s bound conformation is formed only after interaction 

with the ligand. In contrast, the CS model suggests that the protein’s pre-existing conformation, sampled 

without a ligand, is selected for binding. The key distinction lies in whether the conformational change 

occurs before or after ligand binding (Figure 11).[184,186] Notably, these two models represent limiting 

cases, and mixed mechanisms are also discussed.[187,188] 

 

Figure 11. The thermodynamic cycle for molecular recognition involves induced fit (IF) or conformational selection (CS). In 
CS, the binding competent conformation (E2) is pre-existing in the solution before the ligand (L) is added, while in IF, the 
conformational change is induced by ligand binding. Figure created with Microsoft PowerPoint according to Boehr et al.[186] 

Various experimental techniques have investigated protein structure and dynamics, including X-ray 

crystallography, nuclear magnetic resonance spectroscopy (NMR), and cryogenic electron 

microscopy.[177–179] However, these ensemble-based methods are limited in characterizing 

conformational heterogeneity and real-time conformational changes.[176] Single-molecule techniques, 

such as single-molecule Förster resonance energy transfer (smFRET) spectroscopy, have emerged as 

ideal tools for directly measuring distances within biological molecules and observing their dynamic 

modulation over time. These techniques provide valuable insights into molecular function, motion, and 

dynamics.[189,190] 
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Fluorescence and Förster Resonance Energy Transfer (FRET). Förster Resonance Energy Transfer 

(FRET) involves two molecules, namely donor (D) and acceptor (A), whose absorption spectrum 

overlaps with the emission spectrum of the donor (Figure 12A). When the donor is excited, energy is 

transferred non-radiatively to the acceptor, resulting in acceptor fluorescence emission. This process can 

be explained using a Jablonski diagram (Figure 12B and C).[174] 

Upon absorption of a photon close to the resonance energy, a molecule in the ground singlet state (S0) 

is promoted to the lowest excited singlet state (S1). Fast relaxation brings the molecule to the lowest S1 

sublevel in picoseconds. The emission of a photon can occur within nanoseconds, returning the molecule 

to the ground state. Alternatively, collisional quenching or internal conversion can bring the molecule 

back to the ground state through non-radiative processes. Additionally, intersystem crossing (ISC) to the 

first excited triplet state (T1) can occur in organic molecules. The T1 state can be relaxed through photon 

emission (phosphorescence) or non-radiative relaxation.[191]  

When an acceptor molecule is near the donor, the fluorescence emission of the donor can be significantly 

quenched through energy transfer from the donor to the acceptor via Coulomb interaction. Consequently, 

the acceptor and donor molecules exhibit fluorescent emission following the above mentioned principles 

(Figure 12C).[191] 



 
22 Introduction 

 

 

 

Figure 12. Principle of fluorescence and FRET. A Absorption (abs) and emission (em) spectra of a donor (green) and an 
acceptor (red) dye, exemplarily shown for ATTO 488 (donor) and ATTO 643 (acceptor). The overlapping emission spectrum 
of the donor and absorption spectrum of the acceptor are shown with solid lines. B Jablonski diagram for fluorescence. When 
a molecule absorbs a photon with energy close to the resonance energy (hνa), it transitions from ground singlet state S0 to the 
lowest excited singlet state S1. The molecule can emit a photon (hνe), returning it to the ground state. Alternatively, collisional 
quenching or internal conversion can bring the molecule back to the ground state without photon emission (knr). In organic dye 
molecules, an additional process called intersystem crossing (ISC) can transfer the molecule to the first excited triplet state T1. 
The molecule can relax to the ground state through photon emission (phosphorescence) or non-radiative relaxation. C Jablonski 
diagram for FRET. FRET involves a donor (D) and an acceptor (A) molecule. Exciting the acceptor to its excited state follows 
the process described in part B. When an acceptor molecule is near the donor, the fluorescence emission of the donor can be 
significantly quenched. This quenching occurs through energy transfer from the donor to the acceptor via Coulomb interaction, 
with a rate denoted as kFRET. The acceptor and donor molecules exhibit fluorescent emission following the principles outlined 
in part B. Figure created with Microsoft PowerPoint according to Michalet et al.[191] 
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Parameters of FRET. In the presence of an acceptor molecule close (a few nanometers) to the donor 

molecule, the donor fluorescence emission can be quenched by energy transfer to the acceptor through 

Coulomb interaction. The rate of energy transfer, kFRET, depends on the distance between the donor and 

acceptor (R) and follows an inverse sixth power relationship (Equation 2) where τD0 is the donor 

fluorescence lifetime in the absence of an acceptor, and R0 is the dye-pair specific Förster radius.[189,191] 

k'()* =
1
τ+"

%
R"
R ,

,
 Equation 2 

FRET efficiency (EFRET) depends on the sixth power of the distance ratio (Equation 3), where R is the 

inter-dye distance, and R0 is the Förster radius at which EFRET = 0.5 (Figure 13A).[189,191,192] For 

commonly used fluorophores, R0 is typically around 50–100 Å and depends on the refractive index n, 

the orientation factor of the donor and the acceptor κ2, the quantum yield of the donor ΦD, and the 

overlap integral J between the emission of the donor and the absorption of the acceptor (Equation 

4).[174,193] 

E'()* =
1

1 + 2 RR"
3
, 

Equation 3 

R"(in	Å) = 0.21 ∙ (n&- ∙ Φ+ ∙ κ. ∙ 𝐽)
/
, Equation 4 

EFRET can be determined using the acceptor intensity (FA) to total emission intensity (FA + γFD) ratio 

(Equation 5), with γ incorporating the donor and acceptor quantum yields and detection efficiencies of 

both channels. Alternatively, the decreased lifetime of the donor molecule in the presence of the acceptor 

(τDA) compared to the donor’s lifetime in the absence of the acceptor (τD0) can be used to determine 

EFRET (Equation 5).[191,194] 

E'()* =
F0

F0 + γF+
= 1 −

τ+0
τ+"

 Equation 5 

The strong dependence of EFRET on R has led to FRET being commonly referred to as a “spectroscopic 

ruler”, enabling real-time observation of conformational dynamics in single molecules through 

monitoring EFRET changes (Figure 13B).[192,195] 
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Figure 13. smFRET description. A The FRET efficiency (EFRET) can be described as a function of the inter-dye distance (R) 
for a given Förster radius (R0). When the donor dye is directly excited, it can either fluoresce or transfer energy to the acceptor 
dye, depending on its proximity. At R = R0, EFRET is 0.5, indicating an equal fluorescence and energy transfer probability. 
However, EFRET is greater than 0.5 at smaller distances, favoring energy transfer, while EFRET is less than 0.5 at larger distances, 
preferring fluorescence. The curve depicts this relationship, illustrating how EFRET changes with varying inter-dye distances. 
Notably, the EFRET values adjacent to R0 exhibit a linear relationship. B An illustration of a two-color smFRET dataset. The 
data consists of recorded donor and acceptor fluorophores intensities on an immobilized dye-pair labeled protein. The anti-
correlated behavior of the donor and acceptor signals signifies that the fluctuations in intensity arise from energy transfer 
processes taking place between the fluorophores. Figure created with Microsoft PowerPoint according to Roy et al.[196]  

SmFRET methods can be divided into two categories based on the time scale of the dynamics studied: 

slow conformational dynamics (10 ms–s) observed on surface-immobilized molecules and fast 

conformational dynamics (ns–ms) studied on molecules diffusing in solution.[176] Freely diffusing single 

molecules offer more straightforward FRET measurements and provide insights into population 

distributions of inter-dye distances.[196–200] However, the ability to monitor individual molecules over 

extended periods by immobilization offers dynamic information ranging from milliseconds to 

minutes.[196]  
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Experimental Setup. Single-molecule fluorescence spectroscopy is typically conducted using confocal 

microscopy or total internal reflection fluorescence microscopy (TIRF), requiring high numerical 

aperture objectives to focus excitation light and minimize background noise. Despite using high-

efficiency filters and detectors, such setups’ collection efficiency remains below 10% (Figure 14).[191]  

In the confocal geometry, a collimated laser beam is directed into the back focal plane of an objective 

lens, focusing the excitation light to a diffraction-limited volume within the sample (Figures 14A and 

B). The emitted fluorescence from molecules within this volume is collected by the same objective and 

transmitted through dichroic mirrors, lenses, and color filters to one or multiple point detectors 

(avalanche photodiode, APD) (Figure 14E). A crucial element of this setup is the presence of a pinhole 

in the detection path, carefully sized to allow only light originating from the excitation volume region 

to reach the detectors. Light from above or below the focal plane is not focused on the pinhole and does 

not reach the detector. This enables to reject out-of-focus light.[174,197] Signals from freely diffusing 

molecules manifest as bursts of varying sizes and durations, typically within a few milliseconds (Figure 

14A). For immobilized molecules, localization using a scanning device is necessary before recording 

can begin (Figure 14B). The resulting time traces exhibit one or more fluctuating intensity levels until 

the molecule eventually undergoes photobleaching after a few seconds.[191,201,202] The ability to perform 

optical sectioning at any plane within the sample, rather than solely at interfaces with varying refractive 

indices, makes confocal microscopy more versatile than TIRF. Nevertheless, there are additional 

dissimilarities that, in certain specific applications, may promote the preference for TIRF.[203] 

In TIRF, a laser beam is carefully shaped to reach the interface between the glass and buffer at a critical 

angle θ. This configuration generates an evanescent wave (with a decay length of a few hundred 

nanometers) in the sample, selectively exciting fluorescence only from molecules near the surface, 

resulting in minimal background noise (Figures 14C and D). TIRF can be achieved by illuminating 

through the objective (Figure 14C) or coupling the laser through a prism (Figure 14D). A wide-field 

detector (camera) is employed, enabling the simultaneous recording of multiple single-molecule signals, 

albeit with potentially lower time resolution than point detectors (Figure 14F). Individual intensity 

trajectories can be extracted from recorded videos, providing similar information to that obtained using 

the confocal geometry. However, simultaneous recording of fluorescence live times is currently only 

possible to a limited extent. Wide-field setups, particularly TIRF, are primarily used for surface studies 

involving molecules bound to surfaces or embedded in membranes.[191,196] 
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Figure 14. Experimental setup for smFRET. In confocal microscopy (A, B), a laser beam focused into a diffraction-limited 
volume within the sample. The same objective lens collects fluorescence emitted by molecules within this volume. The setup 
allows the investigation of freely diffusing molecules (A) or immobile molecules (B). The latter must be initially localized 
using a scanning device denoted by two arrows (x and y axes) before data acquisition can begin. In the total internal reflection 
fluorescence (TIRF) geometry (C, D), a laser beam is carefully shaped to reach the interface between the glass and buffer at a 
critical angle. This configuration generates an evanescent wave (depicted by a semicircle) within the sample, with a few 
hundred nanometers decay length. The evanescent wave selectively excites the fluorescence of molecules near the surface. 
TIRF illumination can be achieved by directing the light through the objective lens (C) or coupling the laser through a prism 
(D). E In confocal microscopy, the emitted fluorescence signals are transmitted through dichroic mirrors, lenses, and color 
filters before reaching one or multiple point detectors (APD). F In TIRF, a wide-field detector, such as a camera, is employed. 
This detector enables the simultaneous recording of multiple single-molecule signals in parallel. Figure created with Microsoft 
PowerPoint according to Michalet et al.[191] 

Evaluation Methods. Conformational dynamics studies aim to address three key questions: (i) 

characterizing the various conformational states adopted by a molecule, (ii) quantifying the rates at 

which transitions occur between these states, and (iii) identifying transition pathways, correlations, and 

memory effects, or variations in kinetic constants over time. Fluorescence spectroscopic techniques offer 

a method to explore these questions by monitoring the temporal changes in fluorescence observables 
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such as spectrum, lifetime, polarization anisotropy, and FRET efficiency. These observables serve as 

indirect indicators of the underlying conformational dynamics of the molecule.[191] 

Fluorescence Correlation Spectroscopy (FCS). Conformational changes occurring at a rapid time scale 

often cannot be effectively captured by a simple analysis of the observable data (lifetime, EFRET, etc.), 

necessitating time correlation techniques such as fluorescence correlation spectroscopy (FCS) or related 

methods.[204–206] In FCS (Figures 15A, C and E), the autocorrelation function G of the fluorescence 

intensity F(t) (Figure 15A) is calculated for different time lags τ with 〈F(t)〉 = /
*∫ F(t)dt = 〈F(t + τ)〉*

"  

for a stationary process (Equation 6).[191,194,207,208] 

G(τ) =
〈F(t) ∙ F(t + τ)〉

〈F(t)〉.	
− 1 =

〈δF(t) ∙ δF(t + τ)〉
〈F(t)〉.

 Equation 6 

To increase the relative fluctuations δF(t) = '(2)&〈'(2)〉
〈'(2)〉

, it is crucial to minimize the number of molecules 

present within the observation volume Veff. A simple three-dimensional Gaussian profile is a commonly 

used and reasonably accurate approximation for describing Veff. When considering the absence of other 

fluorescence-modulating processes, the primary source of fluctuations arises from the diffusion of 

particles into and out of the illuminated area Veff. Under these conditions, the autocorrelation function 

can be analytically solved (Equation 7). 

G(τ) =
1

V677〈c〉
∙

1

1 + τ
τ+
∙

1

L1 +
τ

ω.τ+

=
1
N
∙

1

1 + τ
τ+
∙

1

L1 +
τ

ω.τ+

=
1
N
∙ G+#77(τ) Equation 7 

Axial and radial radii rxy and rz characterize Veff. ω expresses the ratio of these radii. The average number 

of particles in the observation volume is N, with 〈c〉 being the average concentration of particles in the 

observation volume. The diffusion time of the particle, τD, represents the time molecules spend on 

average in the observation volume. [194,207–209] 

Fluorescence autocorrelation spectroscopy is a valuable technique for investigating molecular 

concentration, mobility, transport, and diffusion (Figures 15C and E). By calculating the autocorrelation 

curve (Figure 15C), FCS enables the determination of diffusion coefficients, providing insights into the 

diffusing particle’s size or the surrounding medium’s viscosity. However, when it comes to binding 

analysis, the utility of fluorescence autocorrelation is limited to scenarios where the binding event 

significantly and selectively reduces the diffusion of the labeled species. Alternatively, both binding 

partners can be labeled, and cross-correlation analysis (FCCS) can be employed (Figures 15B, D, and 

F).[210] 

Fluorescence Cross-Correlation Spectroscopy (FCCS). When multiple observables are measured 

simultaneously, cross-correlation analysis can be employed to explore the time scales of correlated 

variations between these quantities. This analysis is particularly relevant when examining the intensity 
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fluctuations of two distinct fluorescence channels (i and j) in FRET experiments (Figure 15B). Cross-

correlation analysis investigates the presence of simultaneous fluctuations in both channels (Fi and Fj), 

indicating the simultaneous movement of two fluorophores. This can occur when a molecule labeled 

with both fluorophores or a complex formed by two singly labeled molecules enters and exits the 

observation volume. The normalized cross-correlation (Figure 15D) can be calculated by 

Equation 8.[174,194,207,211] 

G#8(τ) =
〈δF#(t) ∙ δF8(t + τ)〉
〈F#(t)〉 ∙ 〈F8(t + τ)〉

 Equation 8 

Without FRET and under the assumption of ideal conditions, where both channels have identical 

effective volume elements (Veff), and entirely separable emission spectra, the correlation curves can be 

obtained by Equation 9 (autocorrelation) and 10 (cross-correlation). Herein GDiff,i,j, and GDiff,ij are the 

motion-related parts of the correlation functions (Equation 7), ci,j are the concentrations for the single-

labeled species i and j, respectively, and cij is the concentration of the double-labeled species.[194,207]
 

Autocorrelation: G#,8(τ) =
2〈c#,8〉G+#77,#,8(τ) + 〈c#8〉G+#77,#8(τ)3

V677O〈c#,8〉 + 〈c#8〉P
.  Equation 9 

Cross-correlation: G#8(τ) =
〈c#8〉G+#77,#8(τ)

V677O〈c#〉 + 〈c#8〉PO〈c8〉 + 〈c#8〉P
 Equation 10 

In FCCS, when combined with the autocorrelation amplitudes, the cross-correlation amplitude offers 

valuable insights into binding processes, enzyme kinetics, or dynamic colocalization within small, 

diffusing entities (Figure 15D and F).[210] 

FCCS combined with FRET. The combination of FRET with FCS is attractive to study a donor (D) and 

acceptor (A) labeled system that undergoes conformational fluctuations. In the excitation volume, the 

donor is excited, and FRET occurs between the dye-pair, resulting in a burst of fluorescence photos 

originating from both the donor and acceptor.[212] Two types of information can be derived from photo 

burst analysis: (i) the time average of all photon events in the burst and (ii) the time-resolved study for 

intraburts kinetics.[194,213] Simultaneously extracted information can be absolute arrival time (intensity 

information), energy (spectral information), and fluorescence lifetime of the molecules.[214] Auto- and 

cross-correlation functions are given by Equation 11 (autocorrelation) and 12 (cross-correlation), where 

τ0,i is the relaxation time resulting in a non-fluorescent state, Si describes the ratio between a state of 

high EFRET and a state of low EFRET and their efficiency values, and τr is the relaxation time between 

these states. In the autocorrelation function, Ai depends on the average fraction of molecules in a non-

fluorescent state, e.g. triplett state.[194,215] Equations 11 and 12 notably consider only doubly labeled 
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species. The equations are more complicated for experiments in which both doubly and singly labeled 

species are observed.   

Autocorrelation: G0,+ =
G+#77,0,+(τ)
V677〈c〉

∙ %1 + A0,+ ∙ e
& :
:%, ∙ %1 + S0,+ ∙ e

& ::&, Equation 11 

Cross-correlation: G0+(τ) =
G+#77,0+(τ)
V677〈c0+〉

∙ %1 − S0+ ∙ e
& ::&, Equation 12 

The equilibrium between the state with high EFRET and the state with low EFRET results in an anti-

correlation factor between donor and acceptor fluorescence intensities.[194] Notably, the cross-correlation 

GAD encompasses a diffusion term and, in the presence of fluctuating FRET dynamics, an additional rise 

term, which accounts for the exchange rates between different FRET states. Consequently, fluctuating 

FRET dynamics delay the decay of the cross-correlation GAD compared to pure diffusion. Therefore, a 

faster decay in the cross-correlation suggests reduced FRET dynamics or the stabilization of a specific 

conformation.[216]  

Time-correlated single-photon counting (TCSPC). For time-correlated single-photon counting, the 

sample is excited with a light pulse, and the time between the excitation pulse and the observed photon 

is stored in a histogram. Notably, the conditions must be adjusted to detect considerably less than one 

photon per laser pulse (typically one photon per 100 excitation pulses).[174] Three tags allow the unique 

identification of each detected photon: (i) the channel number gives information for the spectral region 

and/or polarization of the photon, (ii) the micro time corresponds to the time elapsed between the 

excitation pulse and the photon detection, and (iii) the macro time corresponds to the number of 

excitation pulses that have occurred from the start of the experiment until the detection of the photon.[212] 

Time-resolved measurements of donor fluorescence decays are helpful for accurate FRET measurements 

offering three main advantages. (i) The FRET efficiency can be determined without instrumental 

calibrations using the lifetimes of the excited states of the donor reference sample and the donor-acceptor 

sample. (ii) The joint decay analysis of the donor-only reference and the FRET sample allows to relate 

the FRET rate constant directly to the inter-dye distance of the acceptor and donor. (iii) The histogram 

of the donor-acceptor sample contains information about the heterogeneity of the FRET sample so that 

a distance distribution can be directly resolved.[217] TCSPC analysis is usually limited to confocal 

microscopy.[174,212] However, in recent years, efforts have been made to develop detectors for wide-field 

geometries that allow TCSPC analysis.[218,219] 
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Figure 15. Evaluation of smFRET experiments. A, B Time traces collected from one (A) or two (B) fluorescent dyes for single-
color FCS and dual-color FCCS, respectively. C Autocorrelation function G(τ). The characteristic decay time of G shows the 
mobility of the particles (solid lines). The inverse amplitude of G(0), is proportional to the particle concentration (dashed lines). 
D Autocorrelation functions (red and green) and cross-correlation functions between the red and the green traces (black dashed 
lines). The relative amplitude of the cross-correlation curve is a measure of the degree of binding or colocalization. E, F 
Parameters assessed by FCS (E) and FCCS (F). Figure created with Microsoft PowerPoint according to Bacia et al.[210,211] 

Literature Described Experiments. SmFRET experiments have previously been used to study the 

conformational dynamics of diverse protein classes. Several investigations have focused on ATP-

binding cassette (ABC) transporters, membrane protein complexes that utilize ATP energy to transport 

molecules across the cell membrane.[220–223] Gouridis et al. investigated these transporters’ substrate 

binding domain (SBD) dynamics by smFRET of immobilized dye-pair labeled SBD. They showed that 

95% of the molecules are in an open conformation without substrates, while the presence of substrates 

favored the closed conformation.[220] Another extensively studied protein using smFRET is Hsp90, a 

homodimeric protein involved in the final stages of folding various client proteins, utilizing ATP as a 

fuel source. It was shown by smFRET experiments that Hsp90 dimers adopt an open V-shaped 

conformation and undergo a significant conformational change during their active cycle to form a closed 

conformation.[176,224–228]  

SmFRET can help to unravel the interaction mechanism (CS or IF) between a protein and a ligand.[229] 

Exemplarily, Kim et al. utilized two- and three-color smFRET techniques to uncover the highly debated 

 

 

 

 

t (log scale)
G

(t
)

t (log scale)

G
(t

)

cr
os

s-
co

rr
el

at
io

n

increasing
degree of
binding

red and green
autocorrelations

slower
diffusion

higher
concentration

time [s]

time [s]

flu
or

es
ce

nc
e

flu
ct

ua
tio

ns
F(

t)
flu

or
es

ce
nc

e
flu

ct
ua

tio
ns

F(
t),

 F
(t)

concentration

v
size

viscosity, 
hindered diffusion

binding

enzyme kinetics

colocalization

FCS

FCCS

timetrace correlation function parameters assesed

A

B

C

D

E

F

4 (log scale)

G
(4)

4 (log scale)
G

(4
)



 
Introduction 31 

 

 
 

mechanism[186,230,231] underlying the molecular recognition of the maltose binding protein (MBP).[232] 

Using a FRET pair (Cy3, Cy5) to label the protein, they observed a dynamic equilibrium between an 

open and a closed state for individual MBP molecules. By introducing a fluorescently labeled ligand 

(Cy7), they could capture, in real-time, the specific state(s) that the ligand recognized and interacted 

with selectively for the first time. The authors proposed MBP recognition of maltose to operate via an 

extended induced fit model, in which the protein exists in a conformational equilibrium where the ligand 

binding induces a structural transition.[232] 

1.3.4 Location of Ligand Binding  

Photoaffinity Labeling. Singh et al. introduced the concept of photoaffinity labeling (PAL) in the 

1960s, utilizing photoreactive groups (PG).[233] After acylation, they integrated diazo groups into the 

enzyme chymotrypsin, forming intramolecular cross-links during photolysis.[144,233–235] This technique 

has become crucial in studying drug targets and protein-ligand interactions. PAL enables the analysis 

and characterization of various interactions, including protein-protein, protein-nucleic acid, protein-

cofactor, and protein-ligand interactions.[234–236] It facilitates the elucidation of protein structures, 

identification of unknown ligand targets, and discovery of new binding sites in proteins. Moreover, PAL 

allows targeted investigations of different binding sites’ structures and ligands’ binding behavior. In 

PAL, photoreactive groups covalently attached to the ligands react upon light stimulation, forming a 

reactive intermediate that rapidly establishes covalent bonds with the nearest reacting partner.[144,234]  

Photoreactive Probes. An ideal photoaffinity probe should have a similar structure to the original ligand 

and exhibit comparable affinity and activity levels. It should be activated at a wavelength that does not 

harm biological molecules but generates highly reactive intermediates. Phenyldiazirines, 

benzophenones, and aryl azides are well-known examples of classical photoreactive groups (Figure 

16A).[234,236,237] 
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Figure 16. Photoreactive groups A Aryl azides, benzophenones, and phenyldiazirines are typically incorporated into 
photoaffinity probes. B Reaction of trifluoromethylphenyldiazirine with water upon irradiation at 360 nm. 

To create a photoaffinity probe, a molecule must have two mandatory functionalities, and an optional 

functionality can be added during the construction of the compound. One mandatory requirement is an 

affinity unit responsible for reversible binding to the target molecule, which can be based on a known 

inhibitor of the target protein. Another required component is a photoreactive group that forms a 

permanent covalent bond with the target molecule (protein) upon irradiation (Figure 17A and B). 

Additionally, a reporter tag can be incorporated to detect the covalent complex using imaging methods 

or to enrich labeled proteins through pull-down methods.[234,238–240] Reporter tags can be fluorescence 

dyes, radioisotopes, or biotin, which allows the photoaffinity labeled complex to be enriched. In addition 

to the direct introduction of the reporter tag (one-step mechanism, Figure 17A), a ligation handle, in the 

form of a functional group suitable for click reaction, can also be incorporated into the photoaffinity 

probe, allowing the reporter group to be attached following photoaffinity labeling of the target molecule 

(two-step mechanism, Figure 17A).[241] The ligation handle must be unreactive towards functional 

groups present in the sample, making it bioorthogonal. Azides and alkynes are the most commonly used 

ligation handles.[240] However, norbornenes (for inverse electron-demand diels-alder reaction)[242] or 

alkyl thiols, allowing click reaction with maleimides[243–245] (only for cysteine-free target proteins) are 

viable alternatives. To design an effective photoaffinity probe, it is crucial to consider the structure-
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activity relationship (SAR) and identify suitable modifiable sites in the molecule where the necessary 

functionalities can be introduced.[234] 

Figure 16B illustrates the principle of a photoreactive group using trifluoromethylphenyldiazirine and 

its reaction with water upon irradiation at a wavelength of 360 nm. During irradiation, the nitrogen bond 

in phenyldiazirine is cleaved, generating a highly reactive carbene. This carbene reacts with the nearest 

reacting partner, such as water, but ideally, the protein of interest, forming a covalent bond and liberating 

nitrogen. As a side product, a relatively stable linear diazo isomer can be formed, which reacts further 

to produce the carbene upon continued irradiation.[234,235] The products of photoaffinity labeling can be 

assessed and characterized using various methods such as LC-MS/MS analysis, SDS-PAGE, or 

HPLC.[145,234,235,246,247] If no reporter group is present, detecting the covalent bond is usually achieved by 

observing a shift in the mass peak during LC-MS analysis.[239,240]  

Detection Methods. Identifying photo adducts formed by a peptide-based photoprobe interacting with 

a receptor can yield information at three levels (Figure 17B). At the protein level, intact protein analysis 

can be achieved through LC-MS analysis or SDS-PAGE. These techniques provide information about 

the binding protein and the stoichiometry of ligand-target interactions. By incorporating a reporter group 

into the ligand, the protein’s location in the gel can be compared to the protein band detected in a 

fluorescence scan after Coomassie staining. If the positions of the bands coincide, it indicates successful 

photoaffinity labeling. To identify the specific binding site of the ligand, protein digestion followed by 

sequencing can be employed. Typically, enzymatic digestion using trypsin is performed, breaking the 

protein into smaller peptide fragments. The binding site of the ligand can be detected by analyzing these 

peptide fragments at the oligopeptide level using LC-MS/MS. Finally, the photo adduct can be analyzed 

at the amino acid level by sequencing the labeled protein fragment and using MS/MS.[234,235,248]  
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Figure 17. Principle of photoaffinity labeling and detection of photo adducts. A One-step and two-step photoaffinity labeling 
of a target protein. After incubation of the photoaffinity probe consisting of an affinity unit with a photoreactive group and a 
reporter tag (1-step labeling) or a ligation handle (2-step labeling), the covalent bond between the target enzyme and the 
photoreactive probe is formed upon irradiation (h∙ν). B Detection of photo adducts can be carried out at three levels: protein 
level via SDS-PAGE gel, oligopeptide level after enzymatic digestion via LC-MS/MS, and amino acid level after sequencing 
via MS/MS. 
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2 Projects and Objectives 
The results presented in this doctoral thesis can be assigned to two projects centering around flaviviral 

NS2B-NS3 proteases. 

2.1 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 
The first project will focus on developing and evaluating potential inhibitors for the flaviviral NS2B-

NS3 proteases. Both allosteric and competitive inhibitors can address the target proteins. Potential 

inhibitors will be designed, synthesized, and investigated as part of this project. The starting point for 

allosteric inhibitors are previously published benzo[d]thiazole compounds[108,135] (Figure 8). Systematic 

variations of the lead structures are expected to generate new potential allosteric inhibitors with high 

affinity and improved properties. In the second part of this project, a fragment-based drug design 

approach will develop competitive inhibitors targeting the ZIKV and DENV NS2B-NS3 protease. 

Structure affinity relationships (SAR) will be derived from both series of inhibitors. 

The inhibition type will be investigated for both the allosteric and competitive inhibitors. For this 

purpose, besides the Dixon analysis (see Chapter 1.3.1), the examination of inhibitory activity before 

and after the blockage of the allosteric binding pocket can be utilized. In addition to a high affinity for 

the target protein, inhibitors should exhibit good selectivity against other proteases, which will be 

examined for the most promising compounds.  

The basis of all these investigations is a fluorometric assay, a frequently employed tool in medicinal 

chemistry. Therefore, ensuring the assay’s reliability with minimal interferences is paramount. Hence, 

in this project, the optimization of the fluorometric assay will also be pursued alongside the development 

of potential inhibitors.  

The following publications are part of the results obtained in this project: 

(1) Maus, Hannah‡, Fabian Barthels‡, Stefan J. Hammerschmidt, Katja Kopp, Benedikt Millies, Andrea 

Gellert, Alessia Ruggieri, Tanja Schirmeister. “SAR of novel benzothiazoles targeting an allosteric 

pocket of DENV and ZIKV NS2B/NS3 proteases.” Bioorganic & Medicinal Chemistry 2021, 47 (2021): 

116392, doi: 10.1016/j.bmc.2021.116392. 

Own contributions: inhibitor synthesis (compounds 34g–l and 36i–n; compounds 34a–f, 36a–f and 

36m as part of my master thesis), inhibitor resynthesis (compounds 23c and 25b), DENV and ZIKV 

NS2B-NS3 inhibition assays (compounds 34g–l and 36i–n; compounds 34a–f, 36a–f and 36m as part of 

my master thesis), maleimide blockage assay, inhibitor stability assays, protease selectivity assays, and 

writing of the original draft & editing of the manuscript.  
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Contribution from other authors: protein expression & purification, inhibitor synthesis (compounds 

8a–f, 12a/b, 17, 20a/b, 23a–d, 25a–f, 27, 28), DENV and ZIKV NS2B-NS3 inhibition assays 

(compounds 8a–f, 12a/b, 17, 20a/b, 23a–d, 25a–f, 27, 28), molecular modeling, cell viability assay, 

ZIKV, and DENV replication assay, and writing parts of the original draft & editing of the manuscript. 

 

(2) Gabriel Gomes Vilela‡, Wadja Feitosa dos Santos Silva‡, Vitoria de Melo Batista, Leandro Rocha 

Silva, Hannah Maus, Stefan J. Hammerschmidt, Clara Andrezza Crisóstomo Bezerra Costa, Orlando 

Francisco da Silva Moura, Johnnatan Duarte de Freitas, Grazielle Lobo Coelho, Júlia de Andrade 

Brandão, Leticia Anderson, Ênio José Bassi, João Xavier de Araújo-Júnior, Tanja Schirmeister, Edeildo 

Ferreira da Silva-Júnior. “Fragment-based design of α-cyanoacrylates and α-cyanoacrylamides targeting 

Dengue and Zika NS2B/NS3 proteases.” New Journal of Chemistry 2022, 46 (42): 20322–20346, doi: 

10.1039/D2NJ01983C. 

Own contributions: DENV and ZIKV inhibition assays, protease selectivity assays, and manuscript 

editing. 

Contribution from other authors: molecular docking, inhibitor synthesis, protein expression & 

purification, molecular dynamics simulations, MM/PBSA calculations, cytotoxicity assays, evaluation 

of in vitro antiviral activity, quantification of viral load, and writing of the original draft & editing of the 

manuscript. 

 

(3) Hannah Maus‡, Patrick Müller‡, Mergim Meta, Sabrina N. Hoba, Stefan J. Hammerschmidt, Robert 

A. Zimmermann, Collin Zimmer, Natalie Fuchs, Tanja Schirmeister, Fabian Barthels. “Next Generation 

of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-1,3-diazol-4-yl-amides (NBD-Amides) as Class-

Spanning Protease Substrates” Chemistry – A European Journal 2023, accepted, doi: 

10.1002/chem.202301855. 

Own contributions: kinetic characterization of substrates, protease inhibition assays, investigations on 

assay interferences, writing of the first draft (kinetic characterization of NBD-based substrates, 

autocleavage of a DENV and ZIKV NS2B/NS3 protease substrate, harnessing NBD autocleavage for 

FRET substrate replacement, applications for protease inhibitor investigation, mitigation of typical 

protease assay interferences, conclusion, fluorometric assays) & editing of the manuscript. 

Contribution from other authors: substrate synthesis, inhibitor synthesis, protein expression & 

purification, substrate stability assays, molecular docking, and writing parts of the first draft 

(introduction, synthesis, smartphone-based fluorometer for usage in classroom applications, chemistry) 

& editing of the manuscript.  
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2.2 Project 2: NS2B-NS3 Protease-Ligand Interactions 
This project will examine the interactions of allosteric and competitive inhibitors with flaviviral 

proteases. Aspects considered in this context include the impact of ligands on the conformation of ZIKV 

and DENV protease, the underlying binding mechanism, and the position of the allosteric inhibitors’ 

binding. 

To investigate real-time protein conformational changes, smFRET is a particularly suitable method. In 

this project, the influence of different ligands, including an allosteric inhibitor (Ia) from project 1[249], as 

well as literature-known competitive inhibitors for the DENV (Ic
DENV)[130] and the ZIKV (Ic

ZIKV)[134] 

NS2B-NS3 protease, on the proteases’ conformation will be investigated (Figure 18) using this method. 

Additionally, the binding mechanism of the ZIKV and DENV proteases with competitive inhibitors will 

be examined by determining the kinetic rates of conformational changes through smFRET.[187,250] 

Furthermore, this project will investigate the allosteric inhibitor’s interaction location. While the binding 

site of competitive inhibitors with their target protein is known, the localization of the binding pocket 

for allosteric inhibitors is only speculative. One approach for investigating the location of the interaction 

between the ligand and the target protein is PAL, which will be employed in this work to gain 

information about the site of the allosteric inhibitor’s binding. 

 

Figure 18. Model ligands for investigating conformational dynamics of the ZIKV and the DENV NS2B-NS3 protease. The 
competitive inhibitor for the ZIKV NS2B-NS3 protease (IcZIKV) was published by Braun et al.[116] The competitive inhibitor for 
the DENV NS2B-NS3 protease (IcDENV) was published by Behnam et al.[130] My group published the allosteric inhibitor (Ia), 
part of project 1 of this doctoral thesis.[249] 
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The following publications and submitted manuscripts are part of the results obtained in this project: 

(4) Christian Götz, Gerald Hinze, Andrea Gellert, Hannah Maus, Franziska von Hammerstein, Stefan 

J. Hammerschmidt, Luca M. Lauth, Ute A. Hellmich, Tanja Schirmeister, Thomas Basché. 

“Conformational dynamics of the dengue virus protease revealed by fluorescence correlation and single-

molecule FRET studies.” The Journal of Physical Chemistry B 2021, 125 (25): 6837–6846, doi: 

10.1021/acs.jpcb.1c01797. 

Own contributions: protein labeling of S79*C-S158C with ATTO 488 and Cy5 (together with Andrea 

Gellert), protein expression and purification (as part of my internship), fluorometric enzyme assay 

(activity of dye-labeled S79*C-S158C and control experiments not described in the publication), and 

manuscript editing. 

Contributions from other authors: protein expression & purification, protein labeling, fluorometric 

enzyme assay, smFRET data curation, data analysis, and writing of the first draft & editing of the 

manuscript. 

 

(5) Hannah Maus, Gerald Hinze, Stefan J. Hammerschmidt, Thomas Basché, Tanja Schirmeister. “A 

competition smFRET assay to study ligand‐induced conformational changes of the dengue virus 

protease.” Protein Science 2023, 32 (1): e4526, doi: 10.1002/pro.4526. 

Own contributions: protein labeling, fluorometric enzyme assays, smFRET data curation, and writing 

of the first draft & editing of the manuscript. 

Contributions from other authors: protein expression & purification, smFRET data analysis, kinetic 

modeling, and manuscript editing. 

 

(6) Hannah Maus‡, Stefan J. Hammerschmidt‡ Gerald Hinze, Fabian Barthels, Victor H. Pérez Carrillo, 

Ute A. Hellmich, Thomas Basché, Tanja Schirmeister. “The effects of allosteric and competitive 

inhibitors on ZIKV protease conformational dynamics explored through smFRET, nanoDSF, DSF, and 
19F-NMR.” European Journal of Medicinal Chemistry 2023, 258 (February): 115573, doi: 

10.1016/j.ejmech.2023.115573. 

Own contributions: protein labeling for smFRET experiments, smFRET data curation, DSF 

experiments, nanoDSF experiments, CD spectroscopy experiments, fluorometric enzyme assays, 

protein labeling for 19F-NMR experiments (together with Stefan J. Hammerschmidt), 19F-NMR data 

curation (together with Stefan J. Hammerschmidt and Victor H. Pérez), and writing of the original draft 

(introduction, results, discussion, conclusion, material and methods) & editing of the manuscript. 
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Contributions of others: protein expression & purification, site-directed mutagenesis, smFRET data 

analysis, protein labeling for 19F-NMR experiments, 19F-NMR data curation, 19F-NMR data analysis, 

and writing parts of the original draft (results of 19F-NMR, material and methods) & editing of the 

manuscript. 

 

(7) Hannah Maus, Gerald Hinze, Stefan J. Hammerschmidt, Tanja Schirmeister, Thomas Basché. 

“Conformational Selection and Induced Fit: The Behavior of Two Homologous Proteases” Angewandte 

Chemie 2023, submitted. 

Own contributions: protein labeling, smFRET data curation, and writing of the original draft & editing 

of the manuscript. 

Contributions from other authors: protein expression & purification, smFRET data analysis, and 

manuscript editing. 

 

(8) Hannah Maus, Andrea Gellert, Olivia Englert, Jia-Xuan Chen, Tanja Schirmeister, Fabian Barthels. 

“Designing Photo Affinity Tool Compounds for the Investigation of the DENV NS2B-NS3 Protease 

Allosteric Binding Pocket” RSC Medicinal Chemistry 2023, submitted. 

Own contributions: tool compound synthesis, fluorometric enzyme assay, PAL experiments, SDS-

PAGE gel analysis, molecular docking experiments, and writing of the original draft & editing of the 

manuscript. 

Contributions from other authors: protein expression & purification, mass spectrometry experiments, 

and manuscript editing. 
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4 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases  

4.1 SAR of Novel Benzothiazoles Targeting an Allosteric Pocket of DENV 

and ZIKV NS2B-NS3 Proteases. 

4.1.1 Context, Project Summary, and Own Contributions 

Developing substrate-analogous inhibitors is a reasonable approach to achieving protease 

inhibition.[251,252] However, the active site’s shallow and charged nature hindered inhibitor development, 

as their high affinity binding properties did not translate well in cell-based assays due to poor membrane 

permeability.[86,253,254] Recent research efforts have made progress in overcoming these challenges, 

exemplarily by the design of allosteric inhibitors.[103,255,256] An allosteric binding pocket around Ala125 

was initially identified using surface cysteine mutagenesis and cysteine reactive probes.[103,108] Docking 

studies of previously published benzo[d]thiazole inhibitors suggested that the addressed binding site is 

near Asn152. These inhibitors demonstrated non-competitive behavior and were confirmed through 

single cysteine mutagenesis studies to bind to the allosteric site effectively.[108,135] 

We synthesized and tested new inhibitors based on these lead structures to explore SAR by 

systematically varying the amino acid linker, sulfonamide/amide connector, and heteroaromatic system 

(Figure 19). Based on docking and molecular dynamics studies of the R- and S- enantiomers predicted 

to bind with their tosyl moieties in opposing subsites, we designed Y-shaped inhibitors to combine both 

binding modes into one molecule. Additionally, we explored truncated inhibitors with only the 5,6-

dihydroxybenzo[d]thiazole fragment attached to different aromatic residues. Furthermore, we evaluated 

a scaffold hopping strategy by replacing the benzo[d]thiazole core heterocycle with different 

(hetero)aromatic structures.  

Our work optimized allosteric inhibitors for the DENV2 and ZIKV NS2B/NS3 proteases and discovered 

new lead structures with good inhibitory properties. Y-shaped and truncated inhibitors demonstrated 

promising results, showing inhibition in the low micromolar range for the DENV2 protease and 

increased ligand efficacy. Inversion of the amide bond increased the compounds’ stability under assay 

conditions. We also explored the off-target selectivity of our inhibitors against various serine and 

cysteine proteases, which yielded excellent results. In a cell-based assay, selected compounds exhibited 

antiviral potential by attenuating DENV2 and ZIKV replication. Two particularly promising 

compounds, N-(5,6-dihydroxybenzo[d]thiazol-2-yl)-4-iodobenzamide and 5,6-dihydroxy-N-

phenylbenzofuran-2-carboxamide, demonstrated good starting points for further NS2B-NS3 inhibitor 

development with ligand efficiencies above 0.4. The best Y-shaped inhibitor showed IC50 values of 

0.95 µM for ZIKV and 11.12 µM for DENV protease, respectively (Figure 19). 



 
44 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 

 

 

 

Figure 19. Most promising inhibitors of the article “SAR of Novel Benzothiazoles Targeting an Allosteric Pocket of DENV 
and ZIKV NS2B-NS3 Proteases.“[249] based on the lead structure published by Millies et al.[108]  

Own contributions: inhibitor synthesis (compounds 34g–l and 36i–n; compounds 34a–f, 36a–f and 

36m as part of my master thesis), inhibitor resynthesis (compounds 23c and 25b), DENV and ZIKV 

NS2B-NS3 inhibition assays (compounds 34g–l and 36i–n; compounds 34a–f, 36a–f and 36m as part of 

my master thesis), maleimide blockage assay, inhibitor stability assays, protease selectivity assays, and 

writing of the original draft & editing of the manuscript.  

Contribution from other authors: protein expression & purification, inhibitor synthesis (compounds 

8a–f, 12a/b, 17, 20a/b, 23a–d, 25a–f, 27, 28), DENV and ZIKV NS2B-NS3 inhibition assays 

(compounds 8a–f, 12a/b, 17, 20a/b, 23a–d, 25a–f, 27, 28), molecular modeling, cell viability assay, 

ZIKV, and DENV replication assay, and writing parts of the original draft & editing of the manuscript. 

This work has been published in Bioorganic & Medicinal Chemistry (impact factor 3.46). 

Article reprinted with permission from Bioorganic & Medicinal Chemistry 2021, 47 (2021): 116392 

“SAR of novel benzothiazoles targeting an allosteric pocket of DENV and ZIKV NS2B/NS3 proteases.” 

© 2021 Elsevier B.V. (Netherlands). 

The appended Supporting Information represents an abridged version. The full version can be accessed 

online at doi: 10.1016/j.bmc.2021.116392. 

Y-shaped truncated scaffold hopping

N-(5,6-
dihydroxybenzo[d]thiazol-2-
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5,6-dihydroxy-N-
phenylbenzofuran-2-

carboxamide

amino acid linker

sulfonamide/amide connector

(hetero)aromatic system

lead structure

(S)- IC50(ZIKV) = 2.32 µM
(S)- IC50(DENV2) = 25.2 µM
(R)- IC50(ZIKV) = 1.32 µM
(R)- IC50(DENV2) = 19.7 µM
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4.1.2 Publication 

The following publication quoted within “” from page 45 to page 72 is the same as the manuscript cited 

on page 44. 

“ 
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Supporting data for cellular experiments 

 

SI Figure 1. DENV/ZIKV RNA replication time curves for the most active inhibitors. Huh7 cells were 
treated with 10 µM test compound after electroporation and replicons were determined by the 
luciferase assay for (A) DENV NGC replicon and (B) ZIKV HPF replicon. Shown are means ± standard 
deviation (n = 3). **, P < 0.01; n.s., not significant. Statistical significance was calculated by using 2way 
ANOVA for replication curves. 

 

 

SI Figure 2. Viability of Huh7 cells treated with the respective test compounds as determined by 
CellTiter-Glo Luminescent assay (Promega). Shown are means ± standard deviation (n = 3). **, P < 0.01; 
n.s., not significant. 
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DENV-NGC  13   SADLELERAADVKWEDQAEISGSSPILSITISEDGSMSIKNEEEEQTLTILIRTGLLVIS  72 

               +ADLELERAADV+WE+QAEISGSSPILSITISEDGSMSIKNEEEEQTL             

Protein    3   AADLELERAADVRWEEQAEISGSSPILSITISEDGSMSIKNEEEEQTLGGGGSG------  56 

 

DENV-NGC  73   GLFPVSIPITAAAWYLWEVKKQRAGVLWDVPSPPPMGKAELEDGAYRIKQKGILGYSQIG  132 

                                      AGVLWDVPSPPP+GKAELEDGAYRIKQKG  GYSQIG 

Protein   57   --------------------GGGAGVLWDVPSPPPVGKAELEDGAYRIKQKGAAGYSQIG  96 

 

DENV-NGC 133   AGVYKEGTFHTMWHVTRGAVLMHKGKRIEPSWADVKKDLISYGGGWKLEGEWKEGEEVQV  192 

               AGVYKEGTFHTMWHVTRGAVLMHKGKRIEPSWADVKKDLISYGGGWKLEGEWKEGEEVQV 

Protein   97   AGVYKEGTFHTMWHVTRGAVLMHKGKRIEPSWADVKKDLISYGGGWKLEGEWKEGEEVQV  156 

 

DENV-NGC 193   LALEPGKNPRAVQTKPGLFKTNAGTIGAVSLDFSPGTSGSPIIDKKGKVVGLYGNGVVTR  252 

               LALEPGKNPRAVQTKPGLFKTN GTIGAVSLDFSPGTSGSPI+DKKGKVVGLYGNGVVTR 

Protein  157   LALEPGKNPRAVQTKPGLFKTNTGTIGAVSLDFSPGTSGSPIVDKKGKVVGLYGNGVVTR  216 

 

DENV-NGC 253   SGAYVSAIAQTEKSIEDNPEIEDDIFRK  280 

               SGAYVSAIA TEKSIEDNPEIEDDIFRK 

Protein  217   SGAYVSAIANTEKSIEDNPEIEDDIFRK  244 

SI Figure 3. Sequence alignment (Blastp) of the cellular NS2B/NS3 protein (DENV2 NGC) vs. the 
recombinantly expressed protein construct. Two mutations in the allosteric binding region were 
identified (T120A & N167Q). Sequence identity: 224/268(84%). 

 

 

SI Figure 4. Fluorometric activity determination of the DENV2 NS2B NS3 double mutant T120A Q167N 
in comparison to the DENV2 wild type. The enzymatic activity at an enzyme concentration of 125 nM 
and a substrate concentration of 100 µM (Boc-Gly-Arg-Arg-AMC) is kcat = 0.709±0.039 mAU s-1 for the 
DENV wild type and kcat = 0.447 ± 0.028 mAU s-1 for the double mutant. 
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SI Figure 5. (A) Enzyme inhibition of the DENV2 protease treated with variable concentrations of the 

inhibitor 25b analyzed by a Dixon-plot at four different substrate concentrations (Boc-Gly-Arg-Arg-

AMC: 50 µM, 100 µM, 150 µM, 200 µM). The apparent non-competitive inhibition constant was 

determined to be KI = 7.67 µM. (B) IC50 values of 23b, 25b, or 34e on wild-type (WT) and mutant T122C 
DENV2 proteases in the absence or treated with N-benzylmaleimide (BMI, 250 nM). IC50 values are 

indicated as means ± standard deviation from three independent measurements. (C) Docking pose 

superposition of the top inhibitors of each SAR series (8e: green, 23b: purple, 25b: yellow, 34e: blue) 

in the putative allosteric binding pocket of the DENV2 NS2B-NS3 protease (pdb: 2FOM). The muted 
residue T122C in close proximity to the binding pocket is shown by the stick representation. 
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SI Figure 6. Variable temperature (VT)-NMR of compound 36e (30ʹ60 °C). Duplication of the NMR 
signal set (30 °C) was due to different energetic states (rotamers). The resolution of the different 
energetic states at higher temperatures is exemplified. 
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4.2 Fragment-based Design of α-Cyanoacrylates and α-Cyanoacrylamides 

Targeting Dengue and Zika NS2B-NS3 Proteases. 

4.2.1 Context, Project Summary, and Own Contributions 

Competitive inhibitors of flaviviral proteases frequently incorporate highly charged guanidino or similar 

functional groups because of the recognition preference of the enzyme for basic residues. However, 

most competitive inhibitors show poor membrane permeability due to their charged nature and high 

molecular weight.[86,253,254] Therefore, a challenge arises to reconcile the two opposing development aims 

of pharmacodynamic and pharmacokinetic optimization, where basicity can be considered a “friend and 

foe”, respectively.[256] Consequently, designing compounds with reduced molecular size and polarity 

might help to approach the expected criteria for oral bioavailability, as described in the Lipinski rule of 

five and similar concepts.[256–258]  

Fragment-based drug design (FBDD) has been previously used to discover inhibitors against DENV2 

NS5[259] and against ZIKV and DENV2 NS2B-NS3 protease[260,261]. Based on this strategy, 

cyanoacrylates and cyanoacrylamides were designed as potential antiviral agents targeting DENV2 and 

ZIKV NS2B-NS3 proteases (Figure 20). We investigated their binding affinities, modes, and 

intermolecular interactions using fluorometric assay, molecular docking, dynamics simulations, and 

MM/PBSA calculations. Initially, a virtual library of 340 chemical fragments was screened, and 

promising fragments were selected according to their FitScore. Previous research has highlighted the 

efficacy of cyano groups as linker groups against DENV2 and West Nile virus (WNV).[262] Additionally, 

α-ketoamides and cinnamyl moieties have shown activity against DENV2 and WNV NS2B/NS3 

proteases.[263] Considering these findings, aryl cyanoacrylamides were integrated to enhance the antiviral 

activity of the selected fragments. The most promising molecules were selected for synthesis and 

biological evaluation. A total of 27 compounds were synthesized and screened against ZIKV and 

DENV2 NS2B-NS3 protease. We investigated the binding mode of the best inhibitors for DENV2 

NS2B-NS protease. The experimental data confirmed that the designed compounds are competitive 

inhibitors binding to the protease’s active site. Dynamics simulations indicated good stability of NS2B-

NS3-ligand complexes, and MM/PBSA calculations showed similar binding energies for the analyzed 

compounds. Similar binding modes were suggested in docking studies, indicating interactions with key 

protease residues. 

One compound exhibited good antiviral activity against ZIKV-infected cells, reducing viral RNA copy 

numbers, consequently representing a potential inhibitor of viral replication. Overall, this study provided 

an alternative approach to design hit compounds against DENV2 and ZIKV NS2B-NS3 protease, with 

the potential for further optimization to enhance their inhibitory activities and expand the therapeutic 

arsenal against these flaviviruses. 



 
74 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 

 

 

 

Figure 20. Potent competitive inhibitors of the ZIKV and DENV2 protease discovered by fragment-based drug design.  

Own contributions: DENV and ZIKV inhibition assays, protease selectivity assays, and manuscript 

editing. 

Contribution from other authors: molecular docking, inhibitor synthesis, protein expression & 

purification, molecular dynamics simulations, MM/PBSA calculations, cytotoxicity assays, evaluation 

of in vitro antiviral activity, quantification of viral load, and writing of the original draft & editing of the 

manuscript. 

This work has been published in New Journal of Chemistry (impact factor: 3.93). 

Article reprinted with permission from New Journal of Chemistry 2022, 46 (42): 20322–20346 

“Fragment-based design of α-cyanoacrylates and α-cyanoacrylamides targeting Dengue and Zika 

NS2B/NS3 proteases.” © 2022 Royal Society of Chemistry (United Kingdom). 

The Supporting Information can be accessed online at doi: 10.1039/D2NJ01983C. 
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4.2.2 Publication 

The following publication quoted within “” from page 75 to page 99 is the same as the manuscript cited 

on page 74. 

“ 

 

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022 New J. Chem.

Cite this: DOI: 10.1039/d2nj01983c

Fragment-based design of a-cyanoacrylates and
a-cyanoacrylamides targeting Dengue and Zika
NS2B/NS3 proteases†

Gabriel Gomes Vilela,‡ab Wadja Feitosa dos Santos Silva, ‡ab

Vitoria de Melo Batista,b Leandro Rocha Silva,ab Hannah Maus, c

Stefan Josef Hammerschmidt, c Clara Andrezza Crisóstomo Bezerra Costa,d

Orlando Francisco da Silva Moura,d Johnnatan Duarte de Freitas,d

Grazielle Lobo Coelho, e Júlia de Andrade Brandão, e Leticia Anderson, ef

Ênio José Bassi, e João Xavier de Araújo-Júnior, b Tanja Schirmeisterc and
Edeildo Ferreira da Silva-Júnior *ab

Viruses belonging to the Flaviviridae family account for millions of cases of infections worldwide, mainly

Dengue (DENV) and Zika (ZIKV) viruses. Both mosquito-borne flaviviruses are transmitted by bites of

infected Aedes vectors, which are mainly endemic in tropical and sub-tropical countries. DENV and ZIKV

are composed of structural and non-structural (NS) proteins that are initially expressed as a single

precursor polyprotein. NS2B/NS3 is a serine protease complex that has a critical role during the viral

replication cycle since the polyprotein processing is also accomplished by this enzyme. As an approach

for developing novel NS2B/NS3 inhibitors, a virtual fragment-based drug design protocol was developed

to select small fragments for new inhibitors. Based on this, we developed a series of a-cyanoacrylates

and a-cyanoacrylamides targeting ZIKV and DENV NS2B/NS3 proteases. Among them, LQM467, 471,

472, and 474 were found to be active against both proteases, with Ki values ranging from 7.8 to 20 mM.

Dynamics simulations revealed good stability during 200 ns for all enzyme inhibitor-complexes. Further,

the MM/BPSA approach revealed that these active compounds present similar energetic profiles,

corroborating our experimental data. Additionally, docking analyses showed that the compounds share

similar binding poses involving the catalytic residues. Subsequently, these compounds were screened for

their cytotoxic effects, showing that only LQM474 is toxic to Vero E6 cells. Thus, LQM467, LQM471,

and LQM472 were evaluated on ZIKV-infected cells to determine their antiviral potential. As a result, it

was verified that LQM471 is the most promising compound, exhibiting an EC50 value of 35.07 mM.

Finally, in order to obtain insights into its mechanism of action, a qPCR was performed, exhibiting that

LQM471 is able to reduce the viral RNA copies compared to the untreated ZIKV-infected cells,

suggesting that this compound can be a promising inhibitor of virus replication. This study presents an

interesting alternative to design new hit compounds against DENV-2 and ZIKV NS2B/NS3 proteases

contributing to the development of new therapeutic agents against these flaviviruses.
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E-mail: edeildo.junior@iqb.ufal.br; Tel: +55-82-9-9610-8311

b Laboratory of Medicinal Chemistry, Post-Graduation Program in Pharmaceutical Sciences, Institute of Pharmaceutical Sciences, Federal University of Alagoas, Lourival
Melo Mota Avenue, AC. Simões Campus, 57072-970, Maceió, Alagoas, Brazil
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1. Introduction
In recent years, arthropod-borne viruses (or arboviruses) have
spread significantly around the world.1–5 Flaviviruses belong to the
Flaviviridae family, composed of 53 different species of viruses that
are related to several medicinally important pathogens, including
Yellow fever viruses (YFV), the Japanese encephalitis virus (JEV), the
West Nile fever virus (WNV), the Tick-borne encephalitis virus
(TBEV),6,7 the Hepatitis C virus (HCV),8,9 and the Pestis virus,9 as
well as Dengue viruses (DENV), and the Zika virus (ZIKV).10

Interestingly, flaviviruses are mainly transmitted by mosquitoes
from the genus Aedes spp.11,12 In contrast to other arboviruses,
ZIKV can also be transmitted from person to person through sexual
and non-sexual bodily fluids. In addition, mother-to-child trans-
mission is possible both during prenatal, perinatal (during birth)
and postnatal (during breastfeeding) periods.13–15 The disease
is associated with a variety of flu-like and neurological symptoms,
such as Guillain–Barré syndrome, microcephaly in newborns,
cognitive disfunctions, as well as epileptic episodes.16,17 By the
end of July 2019, 87 countries had reported ZIKV cases, including
Africa, America, Southeast Asia, and the Western Pacific regions.18

Additionally, thousands of DENV cases have been reported by the
Pan American Health Organization (PAHO), where only in 2021,
more than 55 800 cases were registered, with 4297 reported in
Nicaragua and 4118 in Colombia. Paraguay, Mexico, and Ecuador
had 3790, 1951, and 1670 reported cases, respectively. Among
those, about 210 patients developed Dengue Shock Syndrome
(DSS), being responsible for 13 fatal cases.19

The members of the Flaviviridae family have high simila-
rities in their life cycles. Typically, diverse cellular receptors
are responsible for binding to virus superficial glycoproteins,
such as DC-SIGN, L-SIGN, Tyro3, MertK, and AXL.20,21 The virus
internalization occurs by a clathrin-dependent endocytosis
mechanism, leading to the membranes’ fusion (pH B 6) and
then, releasing the viral genome.22 Subsequently, genome repli-
cation occurs in the Golgi apparatus membrane.23 The genomic
RNA is used to produce a single polyprotein by the action of host
ribosomes, which is translocated to the endoplasmic reticulum
membrane. Posteriorly, this polyprotein is cleaved in different viral
components, namely three structural proteins (pre-membrane
(prM), envelope (E), and capsid (C)) and seven non-structural (NS)
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).7,24

Then, the mature virions are transported and released from the
host cell.10,25 The three structural proteins are involved in the
virions formation. The C protein is highly basic (11 kDa) and
encapsulates the viral genome. Moreover, prM comprises a
segment of 20 amino acids at the N-terminus, which involves
three pH-sensitive histidines. The M protein (8 kDa) is a small
proteolytic fragment of the prM, produced after being cleaved by
the protease furin of host cells.26 The E protein (50 kDa)
mediates the virus binding and membrane fusion during virus
entry.27 Regarding the NS proteins, the NS1 is a glycoprotein that
has been associated with the E protein for the detection of
different DENV serotypes.28 The NS2A is a hydrophobic protein
(B22 kDa) that exhibits a critical role in the virus organization.29

In contrast, NS2B (27 kDa) is associated with the virus

membrane, which constitutes a complex with NS3. This protease
complex is responsible for the polyprotein processing.30,31 NS4A
(16 kDa) and NS4B (27 kDa) proteins are hydrophobic and
associated with the organization of the RNA replication.32

Furthermore, NS5 is a multifunctional protein (103 kDa), which
displays methyltransferase and RNA-polymerase activities.33,34

In flaviviruses, the viral replication depends on the non-
structural protein 3 protease (NS3pro, 70 kDa), which is only
fully active when associated with NS2B, acting as a cofactor to
increase the efficiency of enzymatic activity against peptide
substrates 300 to 7600 fold.24,35–37 NS3pro harbors a trypsin-
like serine protease domain with two b-barrels consisting of six
b-sheets, comprising 180 amino acids. Between both lobes of
these barrels, a catalytic cleft is formed, featuring four specifi-
cally well-defined pockets.38 NS3pro contains a functional cata-
lytic triad consisting of His51, Asp75, and Ser135 residues.39 In
general, cleavage of its peptide substrate starts with a nucleo-
philic attack of Ser135 on P1 carbonyl from the substrate. Since
the hydroxyl group from Ser135 is inherently a weak nucleo-
phile, it needs to be activated by the action of the adjacent His51

in an acid–base mechanism. The decomposition of the tetra-
hedral intermediate, which is stabilized by Asp75, results in the
cleavage of the C-terminal portion and the release of an amine
fragment. The N-terminal region remains covalently bound to
the protease via an ester bond, which is subsequently hydro-
lyzed. In this step, His51 again acts as a base to elevate the
nucleophilic character of the involved water molecule. Finally,
the N-terminal portion of the cleaved product is released via
re-protonation of the carboxylic acid, starting a new catalytic
cycle.10,31,39 The cocrystallization of specific inhibitors with the
protein is a great challenge, mainly due to the protein’s con-
formational flexibility.40 Different orientations of the NS2B
cofactor to NS3pro are referred to as ‘‘open’’ or ‘‘closed’’.41 In
the closed conformation of the DENV-2 protease, often
observed in presence of active site inhibitors, NS2B surrounds
almost the entire protease domain, allowing the deduction of
specific S1–S3 pockets.42,43 In the open conformation of the
DENV-2 protease, the N-terminal domain of NS2B is only
partially wrapped around the protease domain whereas its
C-terminal domain remains largely unstructured.44 Initially, two
allosteric inhibition mechanisms for the protease were postu-
lated. In the first, a ligand is able to stabilize the open state of
NS2B/NS3pro.45 In the second, the mobility of NS2B is restricted
or a disruption of the interaction between NS2B and NS3pro is
observed, preventing the conformational change of this pro-
tease to its active form.46 Allosteric inhibition is thought to be
related to the bifunctional Asn152 residue, which is involved
in both substrate recognition, via hydrogen interaction with
Gly82 residue from the NS2B b-hairpin in the closed conforma-
tion and the formation of an allosteric site in the open
conformation. Additionally, it was identified that the most
commonly found allosteric site is characterized by a predomi-
nantly hydrophobic cleft anterior to the classical catalytic site,
which also includes the Ala125 residue.47 The importance of Asn152

residue is underlined by its conservation in all flaviviral proteases.
Furthermore, it is known that mutations of Asn152 lead to the
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complete inactivation of these proteases.48 Consequently, the
rational design of inhibitors targeting the Asn152 residue could
stabilize the open conformation and inhibit the formation of a
proteolytic b-hairpin structure.49 On the other hand, inter-
actions with Lys74, which is immediately adjacent to Asp75

from the catalytic triad, could lead to a decreased activity by a
ligand-induced conformational change.45,50 Furthermore, Val78

and Met84 residues from NS2B, and Lys73, Glu88, Trp89, Thr118,
Thr120, Thr122, Gly124, and Val147 from NS3 are potentially
associated with the binding of allosteric protease inhibitors.51

Considering these structural and functional aspects of the
NS2B/NS3pro, our research team has published several
reviews10,31,52 and original studies focused on the development
of DENV and ZIKV NS2B/NS3pro inhibitors.53–56

The protease complex represents an attractive target for drug
design and development of new antiviral agents.10,51 Herein, we
reported the rational fragment-based design of cyanoacrylates
and cyanoacrylamides against DENV-2 and ZIKV NS2B/NS3
proteases. Additionally, their binding affinities and binding
modes were experimentally investigated. Finally, in silico studies
were performed by applying molecular docking, dynamics simu-
lations (at 200 ns), and MM/PBSA calculations to obtain informa-
tion on the main intermolecular interactions, complex stability,
and energetic terms, such as van der Waals, electrostatic, and
total energies.

2. Results and discussion
2.1. Rational fragment-based design of cyanocinnamyl
derivatives targeting DENV-2 and ZIKV NS2/NS3 proteases

Regarding that fragment-based drug design (FBDD) has been
used to discover inhibitors against DENV-2 NS5,57 and also ZIKV
and DENV-2 NS2B/NS3pro,58,59 we decided to utilize this strategy to
identify small chemical fragments that could become promising
NS2B/NS3pro inhibiting compounds. Initially, an in-house virtual
library of 340 chemical fragments was screened by molecular
docking simulations on DENV NS2B/NS3pro. These small
fragments presented FitScore values ranging from 14.0 (lowest
affinity) to 53.9 (highest affinity). Different aldehydes, acids,
cyanoesters, and primary and secondary amines were retrieved
as promising fragments. Since the FBDD is based on the identifi-
cation of small chemical fragments that typically bind with weak
affinity to the macromolecular target and which are further
used to generate molecules with higher affinities than their
precursors,60 we decided to perform a fragment growth approach
for combining fragments with FitScore values higher than 35.0 to
obtain molecules with FitScores higher than 65.0.

Previously, cyano groups acting as linker groups have been
reported as an interesting chemical fragment against DENV-2
and WNV. Considering that serine proteases can be targeted by
different electrophile warheads, leading to covalent-reversible or
covalent-irreversible binding modes, electrophiles promise to be
interesting scaffolds. Moreover, their reactivity can be adjusted
to match the requirements for a specific target, by retaining their
selectivity and stability.61 Additionally, a-ketoamides have been

described as active compounds against DENV-2 and WNV NS2B/
NS3 proteases and were effective in DENV-infected cell culture.62

A cinnamyl moiety has been identified as a promising fragment,
which can provide potent inhibitors of NS2B/NS3pro when bound
to electrophilic groups.61,62 In this context, the nitrile group can
be an interesting candidate for improving the antiviral activity of
the cinnamyl moiety.61 Since it may act as an electrophilic trap
for the nucleophilic catalytic Ser135, it can perform dipole–dipole
interactions or even enable a reversible-covalent binding mode
between the inhibitor and the proteases.61,63–65 Additionally, aryl
and amide moieties surrounding the nitrile group can interact
with S1 and S10 subsites from NS2B/NS3pro, respectively.61

Furthermore, cyanohydrazone groups in biphenyl and benzo-
furan derivatives have demonstrated broad-spectrum in vivo
activity against ZIKV, DENV, and JEV.66 However, hydrazone
moieties are associated with pan-assay interference scaffolds
(PAINS).67–73 Therefore, we decided to develop aryl cyanoacry-
lates and cyanoacrylamides as Michael acceptors, avoiding a
hydrazone moiety by performing retroisosterism. This approach
is based on the inversion of a determined functional group
present in the active compound structure, producing a new
isostere with the same function and similar activities.74,75 These
compounds exhibited FitScore values higher than 65. Thereof,
the most promising molecules were selected for synthesis and
biological evaluation. Fig. 1 depicts the workflow performed in
this study to design compounds targeting DENV NS2B/NS3pro.

2.2 Chemistry

First, cinnamoyl analogs (LQM448, 449, and 452–455) were
prepared via Knoevenagel condensation in 25–99% yields.76–79

Herein, 3-chlorocarboxaldehyde or cyclic ketones and cyanoesters
were dissolved in ethanol at room temperature, then triethyl-
amine was added as catalyst base. Alternatively, ethyl-2-cyano-
acetate was converted into secondary or tertiary cyanoamides by
reaction with either primary or cyclic secondary amines at room
temperature and solvent-free conditions, via an aminolysis
mechanism. Then, these amides were used without additional
purification to obtain LQM450, 451, and 456–474 also via
Knoevenagel condensation, reacting with 3-chlorocarboxaldehyde
(72–85%), biphenyl-4-carboxaldehyde (24–85%) and phenyl-5-
furfural (29–89%), respectively. These biphenyl aldehydes were
prepared via Suzuki–Miyaura cross-coupling reaction,80–82 involving
different boronic acids and 4-bromocarboxaldehyde. All synthetic
routes are presented in Scheme 1.

2.3 Enzymatic inhibition assays toward DENV-2 and ZIKV
proteases

After the successful synthesis of all 27 rationally designed
compounds, they were screened against ZIKV and DENV-2
NS2B/NS3pro at 20 mM compound concentration. The mean
inhibitory concentration (IC50) was determined for compounds
that exhibited at least 40% inhibition at 20 mM. The results at
the different targets are shown in Table 1. Moreover, the IC50

determination curves are shown in Fig. 2. Furthermore, the Ki

values were calculated using the Cheng Prusoff equation.
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To evaluate the binding mode of the best inhibitors, the hit
compound LQM467 was used as an example. Its binding mode
was investigated for DENV-2 NS2B/NS3pro. Inhibitors that bind
to the active binding site of the enzyme compete with the
substrate for this binding site. The IC50 value of these com-
pounds is thus dependent on the substrate concentration used.

Therefore, to investigate the binding mode in more detail, the
IC50 of the model compound LQM467 was first determined
at different substrate concentrations (50, 100, and 150 mM).
The IC50 was found to increase with increasing substrate concen-
tration (Table 2), indicating that the active site of the protease
is targeted. Plotting the IC50 values against the substrate

Scheme 1 Synthetic routes used in this study to obtain the targeted compounds. Reaction conditions: (i) aldehyde or ketone, ethyl or propyl
cyanoacetate, ethanol, triethylamine, room temperature, overnight; (ii) Suzuki–Miyaura method: 4-bromobenzaldehyde, palladium(II) acetate, boronic
acids, potassium hydroxide, dioxane : water (2 : 1), 100 1C, 48 h.

Fig. 1 Workflow for designing compounds targeting DENV NS2B/NS3pro. Initially, 340 small chemical fragments were investigated toward the open and
closed conformation of the DENV-2 NS2B/NS3pro (PDB’s: 2FOM and 2M9P, respectively) by using molecular docking studies. Then, an FBDD approach
was used to combine the chemical fragments with FitScore values higher than 35. The final compounds (FitScore Z 65) were designed to have a reactive
nitrile trap, and a Michael acceptor, and to exclude PAINS.
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Table 1 Inhibition of ZIKV and DENV-2 NS2B/NS3 proteases by a-cyanoacrylates and a-cyanoacrylamides

Code R R0
ZIKV IC50 ! SDa (mM)/
% inh. ! SDa/Ki ! SDa (mM)

DENV-2 IC50 ! SD (mM)/
% inh. ! SDa/Ki ! SDa (mM)

LQM448 — N.I. N.I.

LQM449 — N.I. N.I.

LQM450 — N.I. N.I.

LQM451 — N.I. N.I.

LQM452 — N.I. N.I.

LQM453 — N.I. N.I.

LQM454 — N.I. N.I.

LQM455 — N.I. N.I.

LQM456 H N.I. N.I.

LQM457 H N.I. N.I.

LQM458 3,4-Di-Cl 15 ! 11% N.I.

LQM459 3,4-Di-Cl N.I. N.I.

LQM460 4-CH3 N.I. N.I.

LQM461 4-CH3 11 ! 8% N.I.

LQM462 4-CH3 N.I. N.I.

LQM463 H 17 ! 9% N.I.

LQM464 2-CF3 N.I. N.I.

NJC Paper



 
80 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 

 

 

 

  

New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

concentration yields a straight line at whose intersection with the
y axis the Ki can be determined as 9.1 mM.

To support this observation, a Dixon Plot was generated
(Fig. 3). The position of the interface of the straight lines

Table 1 (continued )

Code R R0
ZIKV IC50 ! SDa (mM)/
% inh. ! SDa/Ki ! SDa (mM)

DENV-2 IC50 ! SD (mM)/
% inh. ! SDa/Ki ! SDa (mM)

LQM465 3,4-Di-Cl N.I. N.I.

LQM466 3,4-Di-Cl N.I. N.I.

LQM467 3,4-Di-Cl 20.0 ! 1.3 /15.1 ! 0.9 18.2 ! 1.0/7.79 ! 0.43

LQM468 2-CF3 17 ! 2% N.I.

LQM469 3,4-Di-Cl 36 ! 2% 30 ! 4%

LQM470 3,4-Di-Cl 32 ! 6% N.I.

LQM471 3,4-Di-Cl 17.4 ! 1.2 /13.2 ! 0.8 21.1 ! 1.4/9.03 ! 0.60

LQM472 3,4-Di-Cl 20.9 ! 2.6/15.8 ! 2.0 24.4 ! 2.4/10.4 ! 1.0

LQM473 3,4-Di-Cl 26 ! 2% 11 ! 3%

LQM474 3,4-Di-Cl 26.8 ! 2.8 /20.3 ! 2.1 39.9 ! 2.4/17.0 ! 1.0

a IC50 and Ki values are indicated by mean ! standard deviation (SD) from three independent measurements. Percentage inhibition was
determined at 20 mM inhibitor concentration; N.I. means no inhibition.

Fig. 2 Mean inhibitory concentration (IC50) determination curves for LQM467, 471, 472, and 474 toward DENV-2 and ZIKV NS2B/NS3pro. IC50 values are
indicated by mean ! standard deviation (SD) from three independent measurements.

Paper NJC



 
Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 81 

 

 
 

 

  

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022 New J. Chem.

resulting from the different substrate concentrations provides
information about the binding mode of ligands. For the model
compound LQM467, the intersection point is located in the 2nd
quadrant of the coordinate system. This supports the assumption
that LQM467 is a competitive inhibitor. Thus, its Ki value could
be determined from the Dixon plot as the intersection of trend
lines, being 6.27 ! 0.72 mM. By applying the Cheng–Prusoff
equation, the Ki value was found to be 7.79 ! 0.43 mM, which is
in good accordance. Both the substrate dependence of inhibitory
activity and the Dixon plot show that LQM467 is a competitive
inhibitor. To further confirm these findings, IC50 values of LQM467
upon DENV NS2B/NS3pro mutant T122C were determined before
and after blockade with N-benzylmaleimide (BMI). These experi-
ments are based on the fact that T122C is found located into
the allosteric binding pocket of DENV-2 NS2B/NS3 protease. The
blockade with BMI consequently leads to an attenuation of
the inhibitory effect of allosteric inhibitors.54 However, this was
not observed for LQM467. Finally, IC50 values for DENV/T122C and
DENV/T122C+BMI were found to be 10.3! 1.0 and 8.78! 0.68 mM,
respectively. In summary, all experimental data confirm that
LQM467 is a competitive inhibitor binding to the active and not
the allosteric site of the protease.

2.4 Structure–activity relationship (SAR)

The cyanocinnamyl derivatives turned out to have similar activities
toward ZIKV NS2B/NS3pro since DENV-2 and ZIKV proteases
share 43.2% sequence identity (see Fig. S1 and S2 in ESI†).
In general, all 3-chlorophenyl cyanoacrylates LQM448–451, and

cyclic cyanoacrylates LQM452–455 are completely inactive
against both proteases. Also biphenyl analogs are completely
inactive, except for compounds LQM458 and LQM461, which
displayed very weak inhibition. Concerning the 5-phenylfuran
analogs, three of them were inactive against ZIKV NS2B/NS3pro

(LQM464, LQM465, and LQM466), and five against DENV-2
NS2B/NS3pro (LQM463–466, LQM468, and LQM470). Compound
LQM463 presented poor inhibition of ZIKV NS2B/NS3pro (17 !
9% at 20 mM), while it was inactive against DENV-2 protease.
When 2-trifluoromethyl or 3,4-dichloro groups are introduced
at the 5-phenylfuran moiety, inactive molecules towards both
proteases are obtained (LQM464 and LQM465). When maintaining
the 3,4-dichloro substituents and reducing the spacer group
(methylene) between the terminal phenyl and amide function, a
completely inactive molecule is generated as well (LQM466).
Surprisingly, when this spacer group is even more reduced by
removing another methylene group, a very active analog is obtained
(LQM467), exhibiting Ki values of 15.1 ! 0.9 mM and 7.79 !
0.43 mM against ZIKV and DENV-2 NS2B/NS3pro, respectively. It
was seen that LQM467 presents hydrophobic interactions with
Ser135 residue via closed contact with its benzyl group (see Section
2.8). In contrast, when this N-ethylphenyl group is replaced with a
pyrrolidine (LQM469), its activity is drastically reduced (36 ! 2 and
30 ! 4% inhibition of ZIKV and DENV-2 NS2B/NS3pro at 20 mM,
respectively). Furthermore, the activity is even more reduced when
the 3,4-dichloro groups are substituted by 2-trifluoromethyl
(LQM468), inhibiting ZIKV NS2B/NS3pro only by 17 ! 2%, while
being completely inactive against DENV-2 protease at 20 mM.
Modifying LQM469 by replacing the pyrrolidine group with a
piperidine substituent, a molecule (LQM470) with similar activity
against ZIKV NS2B/NS3pro is obtained (32! 6% at 20 mM), although
it is completely inactive against DENV-2 NS2B/NS3pro. By replacing
the piperidine with an N-phenylpiperazine group, a less active
analog (LQM473) is produced (26 ! 2% at 20 mM). The compound
displayed moderate inhibition of DENV-2 NS2B/NS3pro (11! 3% at
20 mM) when compared to its precursor (LQM470). When the
N-phenylpiperazine moiety is replaced with an N-methylpiperazine
group, an active compound is obtained (LQM474), exhibiting
Ki values of 20.3 ! 2.1 mM and 17.0 ! 1.0 mM against ZIKV and
DENV-2 NS2B/NS3pro, respectively. Moreover, it was revealed that its
methylpiperazine ring is found protonated at physiological condi-
tions, allowing an electrostatic interaction with the negatively-
charged Asp75 residue, which is associated with active compounds
(see Section 2.8). Finally, when this N-methylpiperazine group is
replaced with a thiomorpholine, an even more active compound is
obtained (LQM471), exhibiting Ki values of 13.2 ! 0.8 mM and
9.03 ! 0.60 mM towards ZIKV and DENV-2 NS2B/NS3pro, respec-
tively. Its thiomorpholine ring is placed close to the Asp75 and His51

residues, performing hydrophobic interactions, while its furan ring
is found near to Ser135 residue (see Section 2.8). When a classical
bioisoster replacement is performed by using a morpholine ring,
a compound with equivalent activity is generated (LQM472), dis-
playing Ki values of 15.8 ! 2.0 mM and 10.4 ! 1.0 mM toward ZIKV
and DENV-2 NS2B/NS3pro, respectively. Moreover, this new ring is
also found to be oriented to the Asp75 and His51 residues, as
observed for its precursor (LQM471). In contrast, the morpholine

Table 2 IC50 values for LQM467 with different substrate concentrations

Substrate concentration [mM] IC50 (DENV) [mM]

50 13.4 ! 0.9
100 18.2 ! 1.0
150 22.4 ! 2.0

Fig. 3 Dixon plot for DENV-2 NS2B/NS3pro with LQM467. The reciprocal
turnover rate is blotted against the inhibitor concentration. Each linear
regression fit represents the turnover rate for a single substrate concen-
tration. The intersection of these trend lines shows the Ki value of 6.27 !
0.72 mM.
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ring prevents the interaction with Ser135 residue (see Section 2.8).
Alltogether, it could be shown that cyclic non-aromatic amine
substituents are promising fragments for the design of NS2B/
NS3pro inhibitors.

2.5 Off-target selectivity

To investigate how the phenyl-5-furan inhibitors affect the
activity of other serine and cysteine proteases, a selectivity
panel was constructed involving LQM467, 471, 472, and 474
inhibitors and six different proteases, namely the serine pro-
teases trypsin, urokinase plasminogen activator (uPA), human
matriptase (MT), and the cysteine proteases cathepsin-L, SARS-
CoV-2 Mpro, and PLpro. Since NS2B/NS3pro is a trypsin-like
protease, it is structurally mostly related to trypsin, but the
latter does not have an NS2B cofactor and thus does not feature
an allosteric binding pocket.53 This fact explains the activity of
all these acrylamide analogs upon trypsin since they can
address the NS3pro active site.83 Additionally, LQM471 was
active towards the cysteine protease cathepsin-L, although with
a Ki value higher than that for ZIKV and DENV NS2B/NS3pro.
Besides, LQM472 and LQM474 also exhibited activity against
uPA. Furthermore, none of these compounds displayed appre-
ciable inhibition values at 20 mM concentration toward MT,
SARS-CoV-2 Mpro, and PLpro. All results associated with the
protease inhibition selectivity are summarized in Table 3.

2.6 Molecular dynamics simulations

Molecular dynamics (MD) simulations can be utilized to study the
time-dependent interaction and behavior of small molecules with
the target.84 In this context, this in silico approach has been
frequently used in studies involving structural aspects and active
compounds toward NS2B/NS3pro.85–90 Considering that LQM467,
471, 472, and 474 are competitive inhibitors, we decided to
investigate their interactions with the catalytic site of DENV-2
NS2B/NS3pro in the closed conformation (PDB: 2M9P). In all MD
simulations, the complexes were initially heated at 0 K and then
continue up to 300 K for 2 ns. Then, these complexes were
equilibrated at constant pressure (1 atm). Subsequently, 200 ns
MD simulations for all inhibitors in complex with NS2B/NS3pro

were performed to investigate their structural stability via the
root mean square deviation (RMSD). Ramachandran plots
were also generated to check the stereochemical quality of these

complexes. Additionally, other parameters such as root mean
square fluctuation (RMSF) and hydrogen-bonding interactions
(H-bonds) were calculated to obtain insights into changes in the
structural stability of the complexes at 300 K. Therefore, RMSF
was used to understand the flexibility of NS2B/NS3pro by analyzing
the alpha carbon (Ca) atoms after interaction with the ligands, by
analyzing individual residue flexibilities (or fluctuations).

In general, RMSD and RMSF values are interesting data that are
used to check the stability and conformation of the protein and
protein–ligand complex within the simulation time. Regarding the
native protein, low RMSD values for the protein–ligand complex
of less than 1.5 Ångström (Å) or even better less than 1 Å are
acceptable, representing a trustworthy binding mode of a
ligand into a cavity (or binding site) from a native protein.84

Since all acrylamide inhibitors exhibited a competitive binding
mode as observed by our experimental approaches, their results
towards 2M9P will be discussed in detail. However, all results
for Ramachandran plots for all protease–ligand complexes can
be found in Fig. S3–S6 in the ESI.† For the 2M9P–LQM467
complex, the Ramachandran plot revealed that the NS2B/NS3pro

structure has 85.8% of its amino acids in the most favored
regions, while 12.6% are found in additional allowed regions.
Similar results were obtained for the 2M9P–LQM471 complex,
having 87.9% of its amino acids in the most favored regions,
while 11.1% and 1.1% are found in the additional allowed and
generously allowed regions, respectively. The 2M9P–LQM472
complex displayed 88.9% of its amino acids in the most favored
regions, while the other 10.5% amino acids are found in
additional allowed regions. Moreover, the 2M9P–LQM474
complex presented 80% of its amino acids placed in the most
favored regions and 17.9% in additional allowed regions.
Finally, none of these inhibitors complexed with 2M9P present
any residues found in disallowed regions (outliers), suggesting
that the force field used was efficient to simulate the native
environment. RMSD plots for the 2M9P–LQM467 complex
(Fig. 4A) predict structural stability during the whole simula-
tion time, with no meaningful changes observed. Initially, the
protein RMSD value gradually increases at the first 35–40 ns
and slightly decreases during 50–55 ns. Then, it continuously
raises at 56–100 ns and maintains its stability from 110 to
190 ns. However, after 175 ns it increases again and maintains a
variation of B1.3 Å till the end of the simulation time, similar

Table 3 Protease inhibition selectivity of LQM467, 471, 472, and 474 towards other serine and cysteine proteases

Protease

% inhibition at 20 mM/IC50 ! SDa (mM)/Ki ! SDa (mM)

LQM467 LQM471 LQM472 LQM474

Trypsin 80%/12.1 ! 0.9/7.8 ! 0.09 54%/30.2 ! 3.3/19.5 ! 2.1 67%/22.7 ! 2.2/14.6 ! 1.4 74%/27.3 ! 3.1/17.6 ! 2.0
uPA 31% 27% 48%/23.8 ! 2.0/13.1 ! 1.1 68%/22.1 ! 2.9/12.2 ! 1.6
MT 31% 33% 24% 23%
Cathepsin-L 33% 57%/24.5 ! 2.3/12.4 ! 1.2 29% 32%
SARS-CoV-2 Mpro N.I. N.I. 7% 8%
SARS-CoV-2 PLpro 24% 29% 26% 38%

a Enzymatic inhibition values at 20 mM compound concentrations are indicated by mean ! standard deviation from three independent
measurements. IC50 values were only determined when the compound presented % inhibition Z 40. The enzyme activity is expressed relative
to the DMSO control in [%]. N.I. means no inhibition.
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to a study performed by Nutho et al. (2019).85 However, this
value has been considered acceptable according to Kumar et al.
(2021).84 The 2M9P–LQM467 RMSD presented a similar
stability profile as the free NS2B/NS3pro (Fig. 4A), except that no
increase was observed at the first 35–40 ns. These findings suggest
that this complex is likely to be stable ranging from 100 to 175 ns.
Moreover, 2M9P–LQM471 (Fig. 4A) displayed a similar stability
profile as the corresponding LQM467 complex during the whole
simulation time (variation of B1.5 Å). However, its higher stability
was observed from 75 to 180 ns. Regarding the 2M9P–LQM472
and 2M9P–LQM474 complexes, which exhibit similar IC50 values,
also similar RMSD profiles (Fig. 4A) were found mainly from 50 to
200 ns. In contrast, 2M9P–LQM472 exhibited a lower RMSD
variation (B0.25 Å) after 50 ns. Regarding structural fluctuations
verified by RMSF plots, it is possible to verify that LQM467, 471,
472, and 474 inhibitors induce meaningful structural changes
in residues numbered from 50 to 75 when compared to NS2B/NS3
free protease (Fig. 4B), suggesting that these compounds perform
similar binding modes at the catalytic site of NS2B/NS3pro.
In contrast, LQM467 induces minimal structural changes on the

NS2B/NS3pro, having a similar profile as free protease. On the
contrary, it is observed that LQM472 induces the highest struc-
tural changes in His51 and Ser135 residues, with 5.3 and 8.8 Å,
respectively. This suggests that the steric volume of LQM472
induces relevant changes at the catalytic site of NS2B/NS3pro when
compared with the free protease. Moreover, all compounds per-
form changes in Trp89, Thr120, and Val147 residues, which have
been associated with potential antiviral agents.46,50 For binding
recognition and NS2B/NS3-mediated cleavage of individual sub-
strates, intermolecular H-bonds located between the substrate
and surrounding amino acid residues at the binding site are
extremely important.85 Concerning the H-bonds constituted in
the most stable complexes within the simulation time (100–
175 ns), it was verified that LQM467, 471, and 474 preferably
perform two H-bonds, while LQM472 complexes involve only one
H-bond (Fig. 4C). However, complexes involving three or four
H-bonds can be visualized within 200 ns simulation, although
these are scarce. All hydrophobic and H-bond interactions of the
inhibitors will be further discussed in detail (see Section 2.8).
Finally, the solvent-accessible surface area (SASA) and radius of

Fig. 4 Trajectories for (A) RMSD, (B) RMSF, and (C) H-bonds obtained by molecular dynamics simulations for 200 ns at 300 K of free NS2/NS3 protease
and protease complexed with LQM467, 471, 472, and 474 inhibitors.

NJC Paper



 
84 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 

 

 

 

  

New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

gyration (Rg) plots revealed a constant aspect for the formation of
all complexes, exhibiting values of B50–75 Å2 and B15–16 Å,
respectively. This fact suggests that all these compounds are
similarly placed into the binding site and their interactions are
not capable of altering the structural compactness of the target
(see Fig. S7 and S8 for SASA and Rg plots, respectively, in the ESI†).

2.7 Molecular mechanics Poisson–Boltzmann surface area
(MM/PBSA) calculations

The MM/PBSA approach combines three energetic terms to
obtain changes in the free energy of binding. The first energetic
term is associated with a change in the potential energy in
the vacuum, including both bonded (such as bonds, angles,
and torsion energies) and non-bonded (van der Waals and
electrostatic interactions) terms; the second term is related to
the desolvation of chemical species, which quantifies the sum
of two energetic terms (non-polar and polar solvation energies
using implicit solvation model).91–94 Finally, a third term that is
capable of obtaining configurational entropy energy related to the
complex formation in the gas phase, is used.95 Thus, changes in
free binding energies or binding affinities are used to determine
potential molecules, predicting potential inhibitors based on their
binding strength with the target. MM/PBSA is a computationally
efficient approach, which is broadly used for the estimation of
the accurate relative free binding energies.84,95 It incorporates
conformational fluctuations and entropic contributions to binding
energies of ligands, after dynamics simulations.95,96 To estimate
the free binding energies of LQM467, 471, 472, and 474 in complex
with the catalytic site of NS2B/NS3pro, the MM/PBSA approach was
used in this study, in which the non-polar solvation term is
obtained by the solvent-accessible surface area (SASA).85 All corres-
ponding energy contributions (Table 4) were estimated by using
50 ns from the most stable fragment of their MD trajectories (100–
150 ns) after the cluster analyses of all the complexes.

In general, MM/PBSA calculations revealed that the a-acryl-
amide derivatives exhibit a similar affinity for the catalytic site
of NS2B/NS3pro, considering all energetic terms calculated in
this study. Concerning the van der Waals energy term (DEvdW),
LQM472 presents more favorable hydrophobic interactions
with the catalytic site of the NS2B/NS3 protease among the
other analogs, even having a different hydrophobic volume
than LQM467. It suggests that the morpholine group could
efficiently perform van der Waals interactions with NS2B/NS3pro.

Additionally, negative values of DEvdW favor the stabilization of
the ligand–protease complex.85 Differently, LQM474 demon-
strated the most favorable DEelec value, suggesting the N-methyl-
piperazine substituent could be more effective to perform
interactions with charged residues since it is found protonated
at physiological pH. Nevertheless, the highly unfavorable
contributions of polar solvation free energy (DGpolar

solv ) for all
inhibitors were calculated using a PB model. Meanwhile, van
der Waals interactions and non-polar solvation free energy
(DGnon-polar

solv ) are favorable contributions to the total free binding
energy for all complexes. Moreover, it was observed that all of
these inhibitors display similar DGnon-polar

solv values for the catalytic
site, as expected since these compounds have closely-related
chemical structures. However, LQM474 exhibits a slightly higher
value of DGnon-polar

solv when compared to the other derivatives,
suggesting that it is less solvent accessible during the complex
formation. The contrary is observed for LQM471, which displays
the most favorable DGnon-polar

solv term. Moreover, the polar con-
tribution (DGpolar

solv ) plays a significant role for inhibitors’ binding
since negatively charged residues can interact with the inhibitors
via attractive electrostatic interactions and hydrogen bonds.85

In addition, the higher values for the solvation term (DGsolv)
indicate that 2M9P is highly solvated, with similar values for all
complexes. Concerning the binding energy of protease–inhibitor
complexes (DEMM), it was found that LQM472 presents the
highest preference for the NS2B/NS3pro catalytic site among its
analogs. However, for inhibitors investigated by using the MM/
PBSA approach, it could be assumed that all these compounds
display almost equivalent binding energy values, corroborating
our experimental results, which suggest these are competitive
inhibitors toward NS2B/NS3pro with similar inhibition values. By
considering the DEMM term, the main contribution to the total
free binding energy of all complexes is the hydrophobic inter-
action (DEvdW). Yotmanee et al. (2015)86 obtained similar values
when studying NS2B/NS3 polypeptide substrates by using mole-
cular mechanics energies combined with a generalized Born and
surface area continuum solvation (MM/GBSA) approach. Lastly,
it is worth noting that all free binding energies obtained in our
study by using MM/PBSA calculations do not provide an absolute
energy value compared to the experimental results since the free
binding energy is related to the difference between the large
desolvation energy and the protein–ligand complex energy, but
these are still useful for establishing trends of relative binding

Table 4 Different MM/PBSA terms for the relative change in the enthalpy of NS2B/NS3 catalytic site in complex with LQM467, 471, 472, and 474
inhibitors at 300 K

Energy term LQM467 (kcal mol!1) " SD LQM471 (kcal mol!1) " SD LQM472 (kcal mol!1) " SD LQM474 (kcal mol!1) " SD

DEvdW !28 " 1 !36 " 1 !39 " 2 !34 " 1
DEelec !3 " 1 !13 " 1 !13 " 3 !14 " 3
DGnon-polar

solv !21 " 0 !19 " 0 !20 " 0 !22 " 0
DGpolar

solv 2188 " 37 2576 " 43 2444 " 42 1564 " 37
DGsolv 2210 " 37 2595 " 44 2465 " 42 1587 " 38
DEMM !42 " 1 !52 " 2 !53 " 4 !49 " 2

Catalytic site: 2M9P; vdW: van der Waals; Elec: electrostatic; SD: standard-deviation. DGsolv values were determined by the equation DGsolv = (DGpolar
solv +

DGnon-polar
solv ), Gpolar, and Gnon-polar are the electrostatic and non-electrostatic contributions to the solvation free energy respectively, in accordance with

Kumari et al.95
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efficiency of inhibitors towards NS2B/NS3pro.85 Notwithstanding
this challenging task, these large values could be responsible for
minimal errors in the method, leading to the possible artifacts
on the binding energy values.85,97,98

2.8 Molecular docking studies

Molecular docking has been considered an essential and powerful
tool for drug design and discovery, which has resulted in promis-
ing inhibitors targeting proteins of medicinal interest.99–103 The
goal of the docking studies is to predict the predominant binding
pose(s) of a ligand into a protein, performing searches in high-
dimensional spaces effectively by applying different scoring
functions to rank hit compounds.104 Unfortunately, the protein
targeted is generally considered as a rigid structure. Thus, it is
necessary to consider molecular dynamics simulations for this
macromolecule in order to improve the results.105 Regarding this
fact, the most stable ligand–NS2B/NS3 complexes obtained after
the dynamics simulations were assumed as starting points for our
docking studies. The cluster analysis revealed that all acrylamide
inhibitors present a similar binding pose into the catalytic site of
NS2B/NS3pro, except LQM467 which is placed in a different
orientation (Fig. 5A). Still, LQM471 and 472 have a similar binding
mode, which probably could be associated with their similar
Ki values (see Table 1). LQM467 and LQM474 seem to be more
solvent-accessible, being in accordance with the results obtained
by MM/PBSA calculations when considering the DGnon-polar

solv values.
In general, all inhibitors hydrophobically interact with the Leu128

residue, which – in accordance with Qamar et al. 2016106 – is
involved in interactions with promising NS2B/NS3pro inhibitors.
Also, interactions with Gly151, Gly153, and Pro132 have been
reported in the interactions of inhibitors with this protease.107

Regarding the interactions of the inhibitors, LQM467 presents
seven hydrophobic interactions, including the catalytic triad
(Fig. 5B). Moreover, LQM471 performs five hydrophobic

interactions (Fig. 5C). Additionally, its thiomorpholine group
is involved in hydrophobic interactions, as evidenced by the
MM/PBSA calculations. Similar interactions are observed for
LQM472 (Fig. 5D). However, interactions with Ser135 were not
verified. Surprisingly, LQM474 also does not exhibit interactions
with Ser135. Electrostatic interactions between the protonated
nitrogen at the piperazine ring and the Asp75 residue were
observed at a distance of 2.61 Å (Fig. 5E), corroborating with
the MM/PBSA calculations.

2.9 Evaluation of in vitro cytotoxicity and antiviral activity
against ZIKV

The evaluation of in vitro cytotoxicity of LQM467, 471, 472, and
474 was performed on Vero E6 cells at 25, 50, 100, and 200 mM
concentrations to find the maximum non-toxic concentrations
(MNTCs) of these compounds. The MNTCs for LQM467, 471,
and 472 were found to be 50, 100, and 25 mM, respectively.
In contrast, LQM474 was significantly cytotoxic at the lowest
tested concentration (25 mM), in addition to solubility issues at
conditions for testing. Therefore, further investigations were not
performed for this compound. Thus, the 50% cytotoxic concen-
tration (CC50) was found to be 4 200 mM for LQM467 and 4
100 mM for both LQM471 and LQM472. On ZIKV-infected cell-
based antiviral assays, virus adsorption was performed on Vero
E6 cells followed by the treatment with LQM467, 471, and 472
in several concentrations starting from their corresponding
MNTCs, in which their percentage of viral inhibition was
assessed after 52 hours. LQM467 and LQM472 did not achieve
a 50% inhibition value for the MNTC tested for each compound
(22.2 ! 8.6% at 50 mM/MNTC for LQM467, while 42.0 ! 7.2% at
25 mM/MNTC for LQM472). In contrast, significant antiviral
activity was detected for LQM471 (80.0 ! 10.9% at 100 mM/
MNTC) (Fig. 6A). Moreover, LQM471 (100 mM) remarkably
reduced the ZIKV-induced cytopathogenic effect when compared

Fig. 5 The cluster of inhibitors placed into the catalytic site of NS2B/NS3pro (A) and their interactions with the amino acid residues (B–E). The structure of
the protease is represented using the surface model and colored in rainbow style. In (A): LQM467 (magenta), LQM471 (cyan), LQM472 (blue), and
LQM474 (yellow). In (B): LQM467 interactions; In (C): LQM471 interactions; In (D): LQM472 interactions; In (E): LQM474 interactions. Electrostatic
interaction is represented as a red dashed line, with distance computed in Ångström (Å). Illustration elaborated by using PyMols v.0.99.
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to untreated cells. The EC50 (concentration of the compound that
promotes 50% of viral inhibition) value was found to be 35.1 mM.
To confirm this promising anti-ZIKV activity of LQM471, the
viral load was quantified in the supernatants of both treated
and untreated ZIKV-infected Vero E6 cells by qPCR. As result,
untreated ZIKV-infected cells showed a viral RNA (vRNA) concen-
tration of 3.9 ! 104 copies per mL in the qPCR reaction, while the
treatment with LQM471 (100 mM/MNTC) notably reduced the viral
load under the lowest point of the standard curve (lower than
7.5 ! 102 copies per mL, Fig. S9 in the ESI†), reinforcing that its
mechanism of action could be the inhibition of viral replication.

3. Conclusions
In total, 27 compounds were virtually designed by a fragment-
based drug design approach, targeting the ZIKV and DENV
NS2B/NS3pro. The target structures were then synthesized by
aminolysis and/or Knoevenagel reactions. In general, four
5-phenylfuran-containing a-cyanoacrylamides (LQM467, 471,
472, and 474) were found to be active against both serine
proteases. Moreover, the Dixon plot revealed that these
chemical entities exhibit a competitive inhibition mode. Poster-
iorly, it was observed that these active compounds could be
active against other proteases, primarily against trypsin, which
has a similar binding pocket. Cathepsin-L and uPA proteases
were also inhibited by LQM471 and 474. Dynamics simulations
at 200 ns showed that all NS2B/NS3pro–ligand complexes pre-
sent good stabilities. LQM472 induced more conformational
alterations in the binding site, verified in the RMSF plot. MM/
PBSA calculations suggested that these compounds present

similar binding energies toward the NS2B/NS3pro catalytic site.
In this context, it was verified that the DEvdW term represents the
main energetic contribution to the complexes’ stabilization. Docking
studies displayed that these compounds exhibit similar binding
modes and also similar interactions. Further investigations demon-
strated interactions with His51, Asp75 as well as Leu128 for all
inhibitors. For LQM472, it was observed that the N-methylpiper-
azine group is found protonated at physiological pH and it can
perform an electrostatic interaction with Asp75. Cytotoxicity
assay demonstrated that LQM474 is toxic even at the minimal
tested concentration (25 mM). In contrast, LQM467, 471, and 472
were investigated for their antiviral activities toward ZIKV-
infected cells, in which was displayed that only LQM471 exhibits
promising results, showing an EC50 value of 35.1 mM. Further
investigation by using qPCR revealed that this compound is
capable of decreasing the viral RNA copy number compared to
the untreated ZIKV-infected cells. These findings suggest that
this compound can be a promising inhibitor of viral replication
into cells. In summary, this study presents an interesting alter-
native to design new hit compounds against DENV-2 and ZIKV
NS2B/NS3pro, which could be further optimized to improve their
inhibitory activities, increasing the potential therapeutic arsenal
against these flaviviruses in the future.

4. Experimental section
4.1 Protein preparation

DENV-2 and ZIKV proteases were expressed in Escherichia coli
BL21-Gold (DE3) (Agilent Technologies) cells, as reported by
Hammerstein et al. (2019).108 Cells were grown in LB media

Fig. 6 In vitro evaluation of antiviral activity of LQM467, LQM471, and LQM472 on ZIKV-infected Vero E6 cells. The virus adsorption was performed for
90 min followed by the addition of each compound in several concentrations starting at MNTCs. (A) The viral inhibition (%) was assessed for each
compound after 52 h. The plotted values were the mean " SD of three independent experiments performed in triplicate. * p r 0.05; ** p r 0.01;
**** p r 0.0001 compared to ZIKV. (B) Micrographs showing the ZIKV-induced cytopathogenic effect, such as cell refringence changes and aggregates
(200! magnification). ZIKV = infected untreated cells. CC = uninfected cellular control. (C) The EC50 (concentration of the compound that promotes
50% of viral inhibition in the MTT assay) for LQM471 was calculated by using nonlinear regression curve fitting.
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containing 100 mg mL!1 ampicillin at 37 1C. The overexpression
was induced by adding 1 mM IPTG at an OD600 of B0.8 nm and
incubation at 20 1C for 16 h. Cells were harvested by centrifugation,
shock frozen in liquid nitrogen, and stored at !20 1C. For
purification, cells were resuspended in lysis buffer (20 mM
Tris–HCl pH 8, 300 mM NaCl, 2 mM imidazole, 0.1% (v/v)
TritonX-100, RNase, and lysozyme) and lysed by sonication
(Sonopuls, Bandelin). After centrifugation to remove cell debris,
affinity chromatography using a HisTrap HP column (GE
Healthcare, Chicago, USA) was used to isolate hexahistidine-
tagged protein from the supernatant. Subsequently increased
amounts of elution buffer (20 mM Tris–HCl pH 8, 300 mM
NaCl, 250 mM imidazole) were used to remove histidine-rich
proteins and other impurities. For further purification, fractions
containing DENV-2 or ZIKV protein were subjected to size exclu-
sion chromatography (SEC) using a HiLoad 16/600 Superdex
75 pg column (GE Healthcare, Chicago, USA) in SEC buffer
(20 mM Tris–HCl pH 8, 150 mM NaCl). Lastly, prior to storage
at !80 1C, proteins were concentrated, and flash-frozen with
liquid nitrogen. All these procedures are in agreement with our
recent publications.53,54

4.2 Enzyme inhibition assays

To investigate the inhibitory activity of the compounds against
DENV-2 and ZIKV proteases, an assay based on the fluorogenic
substrate Boc-Gly-Arg-Arg-AMC (Bachem, Bubendorf, Switzerland)
was performed. The tested compounds and substrates were
prepared as DMSO-stock solutions. Subsequently, these com-
pounds were plated in white flat-bottom 96-well microtiter plates,
being 90 mL buffer, 2.5 mL enzyme solution, 5 mL inhibitor in
DMSO (or pure DMSO as control), and 2.5 mL solution of the
corresponding substrate, totalizing 100 mL per well. All fluores-
cence values were measured using a Tecan Infinite F2000 PRO
plate reader. In general, all results were obtained and analyzed
from technical triplicates. A concentration of 20 mM for the
inhibitors was chosen for initial screenings. Then, IC50 values
were determined with dilution series ranging from 0.01 and
100 mM. The fluorescence was measured every 30 seconds for
10 min at 25 1C with 380 nm for excitation and 460 nm as the
emission wavelength. IC50 values were calculated using GraFits

v. 6.0.12 (Erithacus Software Limited, East Grinstead, West Sussex,
UK)109 by fitting the remaining enzymatic activity to four-para-
meters IC50 eqn (1):

Y ¼ Ymax ! Ymin

1þ ½I%
IC50

! "s þ Ymin (1)

where Y [DF/min] is the substrate hydrolysis rate, Ymax represents
the maximum value of the dose–response curve, measured at
inhibitor concentrations of [I] = 0 mM, Ymin is the minimum value,
obtained at high inhibitor concentrations, and s representing the
Hill coefficient.110 Furthermore, in order to elucidate if the
compounds are competitive or non-competitive, we performed
IC50 measurements of LQM467 in presence of several substrate
concentrations (50, 100, 150, and 200 mM), generating a Dixon
plot. To verify the findings of the Dixon plot, we compared the Ki

obtained from the dissection point of the Dixon plot with the
Ki value determined by the Cheng–Prusoff equation (eqn (2))
(KM(Boc-Gly-Arg-Arg-AMC) = 74.8 mM); where Ki is the constant
of inhibition, Km is the Michaelis–Menten constant for the sub-
strate, and [S] represents the concentration of the substrate.111–113

Additionally, its IC50 value against DENV mutant T122C was
evaluated before and after blockade with N-benzylmaleimide
(BMI). Finally, all these procedures are in agreement with our
recent publications.53,54

Ki ¼
IC50

1þ ½S%
Km

(2)

For off-target selectivity, similar approaches for determining
inhibitory potency at 20 mM were applied. Noteworthy, in the case
of SARS-CoV-2 Mpro, a FRET-based substrate was applied.

Buffers and substrates. SARS-CoV-2 Mpro (125 nM enzyme,
20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM NaCl, 1 mM DTT,
50 mM Dabcyl-KTSAVLQSGFRKME-Edans),114 DENV-2 NS2B/
NS3 (250 nM enzyme) and ZIKV NS2B/NS3 (50 nM enzyme)
(50 mM Tris pH 9.0, 20% (v/v) glycerol, 1 mM Chaps, 100 mM
Boc-Gly-Arg-Arg-AMC),115 uPA (2.5 U enzyme, 50 mM Tris pH
7.4, 50 mM NaCl, 0.5 mM EDTA, 240 mM Z-Gly-Gly-Arg-AMC),116

trypsin (250 ng mL!1 enzyme, 50 mM Tris pH 8.0, 100 mM
NaCl, 5 mM EDTA, 40 mM Z-Phe-Arg-AMC),117 MT2 (1.25 nM
enzyme, 25 mM Tris pH 8.0, 150 mM NaCl, 5 mM CaCl2, 0.01%
Triton-X100, 100 mM Boc-Leu-Arg-Arg-AMC),118 and cathepsin-L
(220 ng mL!1 enzyme, 50 mM Tris pH 6.5, 5 mM EDTA, 200 mM
NaCl, 2 mM DTT, 6.25 mM Z-Phe-Arg-AMC),119 and SARS-CoV-2-
PLpro (75 nM enzyme, 20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM
NaCl, 1 mM DTT, 50 mM Z-Arg-Leu-Arg-Gly-Gly-AMC).120

4.3 Fragment-based design of inhibitors targeting NS2B/NS3
and molecular docking procedures

All molecular docking simulations were performed in a Dells

notebook, (Texas, USA), model 5500U, with an Intels CoreTM
5th generation i-7 processer, CPU 2.4 GHz, 16 GB RAM, and running
at Windowss 8.1 platform (Redmond, USA). Fragment-based drug
design (FBDD) has emerged as an interesting, promising, and
effective alternative to high-throughput screening (HTS) for the
identification of bioactive compounds in drug discovery in the past
decades.60,121,122

In total, 340 small in-house chemical fragments were drawn,
converted into three-dimensional structures, and energetically
minimized by the application of the semi-empiric method
Austin Model 1 (AM1), by using ArgusLabs v. 4.0.1 (Richland,
USA) (https://www.arguslab.com).123 3D-structures of open-
conformation DENV-2 NS2B/NS3 (PDB: 2FOM),44 and closed-
conformation of DENV-2 NS2B/NS3 (PDB: 2M9P)124 proteins were
obtained at the Research Collaboratory for Structural Bioinfor-
matics Protein Data Bank (RCSB PDB, San Diego, USA), website
(https://www.rcsb.org). Pretreatment of these macromolecules and
molecular docking simulations were performed using GOLDs

v. 5.8.1 software (Cambridge, UK) (https://www.ccdc.cam.ac.uk/
solutions/csd-discovery/components/gold/).125 Subsequently, all
co-crystallized ligands were removed, including water molecules
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and ions. Then, H-bond acceptors and donors were assumed as
solvent accessible. Additionally, Chemical Piecewise Linear
Potential (CHEMPLP) was used as a scoring function for our
protocol. Furthermore, all intermolecular interactions (H-bond,
hydrophobic, and van der Waals) were individually analyzed by
using AutoDock Tools v. 1.5.6 (San Diego, USA) (https://ccsb.
scripps.edu/mgltools/).126 All illustrations were generated by
using PyMols software, v. 0.99 (https://pymol.org/2/).127 Moreover,
ligand–NS2B/NS3 docking complexes were used in molecular
dynamics simulations to determine the complexes’ stabilities.
Lastly, all these procedures performed in this study are in
accordance with recently published works by our research team
involving in silico approaches.101,128–134 Primary and secondary
amines, as well as, aldehydes, carboxylic acids, and cyano analogs
emerged as promising fragments. Thus, those fragments pre-
senting FitScore values Z35 were selected for performing
fragment growing approach, by combining them into molecules.
Also, in full agreement with the rule of three for fragments (MW r
300 Da, H-bond donor r 3, H-bond r 3, and log P r 3),135,136

and some additional parameters, such rotatable bonds r 3 and
polar surface are (PSA) r 60 Å2.121 In sense, the molecules with
FitScore values Z65.0 were filtered by applying a step using a Pan-
Assay Interference Scaffold (PAINS) filter, implemented by SWIS-
SADME (https://www.swissadme.ch/index.php).137 Finally, the
most promising non-PAIN molecules were selected for synthesiz-
ing and further investigations.

4.4 Molecular dynamics simulations

All molecular dynamics simulations were performed in an
Asuss desktop (Taipei, Taiwan), with a Xeons Core 2nd gen-
eration processer, CPU 3.2 GHz, 8 GB RAM, Video card Asus
TUF NVIDIAs GeForce RTX 2060 – 6GB GDDR6 192 bits Dual,
1920 NVIDIA CUDAs cores, and running at Linuxs platform.
Then, NS2B/NS3 in complex with LQM467, 471, 472, and 474
complexes were initially obtained by molecular docking studies,
as aforementioned. Subsequently, all water molecules were
removed, while charges and hydrogens were added, using the
DockPrep module from the Chimeras software.138 Then, the
CHARMM27 force field was employed, while TIP3P was selected
for the solvation model.139 Ligands’ topologies were generated by
using the SwissParams (https://www.swissparam.ch/) webtool.140

Thus, a 1.0 nm triclinic box was created, adding water, Na+ and
Cl! ions at the physiological concentration (0.15 M). The system
was then initially equilibrated in 20 000 steps by the conjugate
gradient method, followed by the system’s total minimization in
100 000 steps. Thus, the initial system was energetically mini-
mized to relax potential steric clashes in the structure, and then it
was equilibrated. NVT (constant Number of particles, volume, and
temperature) and NPT (constant number of particles, pressure,
and temperature) equilibrations were performed at 300 K, during
2 ns. Posteriorly to the system assembled, 200 ns molecular
dynamics (MD) simulations were performed using the
GROMACSs v. 2018.3 software,141 with the free-protein and then
ligands-complexed. Root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), solvent-accessible surface area
(SASA), radius of gyration (Rg), and hydrogen bonds (H-bond) were

calculated, in which plots were generated using the Xmgraces

software.142 In this context, RMSD plots were calculated by using
eqn (3), as shown below:

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1
ðXm

i ! X1
i Þ2 þ ðYm

i ! Yl
i Þ2 þ ðZm

i ! Zl
iÞ2

vuut

(3)

where N is the number of atoms, Xm, Ym, and Zm are Cartesian
coordinates of the initial structure, while Xl, Yl, and Zl are the
coordinates for the trajectory at a frame t. Regarding the RMSF
plot, it is obtained by the following eqn (4):

RMSF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T

XT

i¼1
ðXi ! !XÞ2

vuut (4)

where T is the number of trajectory frames and %X is the time of
averaged position. SASA is a widely used non-polar method.
In that case, it is based on the fact that the SASA parameter
depends on linearly on the Gnon-polar term, calculated by eqn (5):

Gnon-polar = gA + b (5)

where, g is a coefficient associated with the surface tension of the
solvent, while A is SASA and b is the fitting parameter.93,94,143–146

The Rg parameter is a rough measure for the compactness of a
structure, which can be calculated as shown by eqn (6):

Rg ¼

P
i

rik k2mi

P
i
mi

0

@

1

A

1
2

(6)

where mi represents the mass of atom i and ri the position of this
atom with respect to the center of mass of the molecule.147

Furthermore, all specified donor–hydrogen acceptor triplets or
H-bonds observed during the complex formation between NS2B/
NS3 proteases and the most active ligands within the simulation
time were determined. The lifetime of H-bonds was estimated
from the average over all autocorrelation functions of the existing
functions of all H-bonds,147 as described in eqn (7):

C(t) = hSi(t)Si(t + t)i (7)

where Si(t) = {0,1} for H-bond i at time t, while C(t) represents
the complete autocorrelation function, in which it provides a
rough estimate of the average H-bond lifetime tHB,147 as shown
in eqn (8):

tHB ¼
ð1

0
C tð Þdt (8)

Moreover, UCSF Chimeras software was used to perform the
cluster analyzes for each complex to obtain the most stable
complex structures for further investigations (see ESI†). This
protocol is in agreement with others previously published
works from our research team.148–150 Finally, the stereochemical
quality of NS2B/NS3 was determined by Ramachandran plots
using the web software SAVES (https://saves.mbi.ucla.edu/) by
applying the PROCHECK tool.151
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4.5 MM/PBSA calculations

The MM/PBSA method has been reported in studies involving the
prediction of binding free energies, allowing the evaluation of the
relative stabilities of different ligands and targets.144,145,152–155 In
this respect, MM/PBSA has been applied in high-throughput
molecular docking and MD simulations studies in order to
remove false positives and to distinguish between inactive and
active lead compounds by re-scoring their energetic profiles.156–161

Herein, MD simulations were used to obtain an ensemble of
binding modes for LQM467, 471, 472, and 474 in the presence
of explicit water, in which the MM/PBSA method was employed to
estimate their accurate binding energies. To perform MM/PBSA
calculations, g_mmpbsa package was used via GROMACS, which
includes several python scripts to perform all final statistical
analyzes of energetic terms, being able to determine the energetic
contributions of each amino acid residue in the protein–ligand
complex. More detail associated with g_mmpbsa package can be
found available at https://rashmikumari.github.io/g_mmpbsa.
The binding energy can be decomposed on a per residue basis
by using g_mmpbsa tool, in which the energy components
EMM (eqn (9)),162–164 Gpolar (eqn (10)),155,165,166 and Gnon-polar

(eqn (11))167–169 of individual atoms are initially calculated in
bonded and unbonded forms, as well as, their contribution to the
binding energy DRBE

x of residue x. These correlations are displayed
in eqn (12), where, Abound

i and Afree
i are the energetic terms of i

atom from residue x in the bonded and unbonded forms,
respectively.95

EMM = Ebonded + Eunbonded (9)

r[e(r)r+(r)] ! e(r)k(r)2sinh[+(r)] + 4ppf(r)/kT = 0 (10)

Gnon-polar = Gcavity + GvdW (11)

DRBE
x ¼

Xn

i¼0
ðAbound

i ! Afree
i Þ (12)

Then, the determination of energy components (van der Waals
and electrostatic energies) of each complex, including also free
protease and ligands energies, were calculated for snapshots
extracted every 0.5 ns from the most stable complex formed
during the production trajectories.

4.6 Cytotoxicity assay

Vero E6 cells were seeded at 2 % 104 cells per well in 96-well
plates and maintained at 37 1C and 5% CO2 atmosphere. After
reaching B80–90% confluency and, to find the maximum non-
toxic concentrations (MNTCs), monolayers were treated with
each of the compounds (LQM467, 471, 472, and 474) at
concentrations from 25 to 200 mM in DMEM low-glucose
(Sigma-Aldrich) culture media supplemented with 2% fetal
bovine serum (Gibco), and 1% antibiotic antimycotic solution
(Gibco) for 52 hours. Cell viability was then assessed by MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium) (Sigma-
Aldrich) cytotoxicity assay by adding MTT solution to a final
concentration of 0.5 mg mL!1, followed by incubation for 3 hours.
The supernatant was removed and then 150 mL of dimethyl
sulfoxide (DMSO) was added and incubated for 15 min.

The absorbance of each well was measured using ThermoPlate
TP-READER at 492 nm wavelength and the cellular viability
percentage was calculated as previously detailed. The absor-
bance value of blank control (only the culture media) was
subtracted from the absorbance values obtained for all the
samples.101

4.7 Evaluation of in vitro antiviral activity against ZIKV

Firstly, a serial dilution of ZIKV stock was performed and the
viral dilution that reduced cell viability by at least 50% after
52 hours was used in antiviral assays. Therefore, Vero E6 cells
were submitted to virus adsorption by incubation with ZIKV at
a 1 : 7.5 ratio for 90 min, with homogenization every 15 min.
Afterward, the viral inoculum was removed and monolayers
were washed with phosphate-buffered saline followed by treat-
ment with several concentrations starting at the MNTC of each
compound (LQM467 from 50 to 6.25 mM; LQM471 from 100 to
12.5 mM; LQM472 from 25 to 3.125 mM). Cell viability was
assessed after 52 h by MTT assay and the percentage of viral
inhibition was calculated as previously described.101

4.8 Quantification of viral load by qPCR

Viral RNA (vRNA) was isolated from cell supernatant by using
the ReliaPrept Viral TNA Miniprep System (Promega), in accor-
dance with the manufacturer’s instructions. Moreover, the
complementary DNA (cDNA) was synthesized with 2 mL of vRNA
and 1 mM of specific reverse primer for the ZIKV genome
(50-CCAGTGCTTCTTTGTTGTTCC) with a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems), in agreement
with the manufacturer’s instructions. The obtained cDNA was
diluted at 1 : 5 in nuclease-free water. A standard curve was
prepared using a 94 bp cDNA amplicon of the ZIKV genome
(forward primer: 50-TTGGTTCACAAGGAGTGGTTC and reverse
primer: 50-CCAGTGCTTCTTTGTTGTTCC) obtained by a PCR
reaction using GoTaq Master Mix (Promega). The amplicon
was purified from 2% agarose gel with Wizards SV Gel and
PCR Clean-Up System (Promega), as recommended by the man-
ufacturer’s instructions. The purified amplicon concentration
was quantified with Qubitt 4 (Invitrogen) using the Qubitt
dsDNA BR Assay kit (Invitrogen). Nucleic acid molecular weight
(M.W.) conversion was obtained through the formula M.W. of
dsDNA = (# nucleotides % 607.4) + 157.9 (according to Thermo
Fisher Scientific instructions), then resulting in the dsDNA
copy number used to be serially diluted obtaining the seven
standard curve points (from 7.5 % 108 copies per mL to 7.5 % 102

copies per mL). Furthermore, the qPCR assay for absolute quan-
tification was performed in a 10 mL reaction mix containing 5 mL
of Power SYBRt Green PCR Master Mix (Applied Biosystems),
2.5 mL of forward and reverse primers (0.8 mM each), and 2.5 mL
of diluted sample cDNA or standard curve points. The qPCR was
run in QuantStudiot 3 Real-Time PCR System (Applied Biosys-
tems). All data were analyzed at Thermo Fisher Connect software
(Applied Biosystems) in the standard curve mode converting
cycle threshold (Ct) values into vRNA copy numbers. The effi-
ciency of the qPCR standard curve presented a slope of!3.4 and
a coefficient of correlation of 0.987% (Fig. S9 in the ESI†).

NJC Paper



 
90 Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 

 

 

 

  

New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

4.9 Statistical analysis

The statistical analyses were performed in the GraphPad Prisms

v.6.0 software (San Diego, CA, USA), using One-Way ANOVA
followed by Dunnett multiple comparison tests, in which the
p r 0.05 value was considered statistically significant.

4.10 Synthesis of a-cyanoacrylates and a-cyanoacrylamides

Initially, the a-cyanoacrylates were prepared by a direct reaction
involving cyanoesters and a 3-chlorobenzaldehyde (LQM448
and 449) or cyclic ketones (LQM452–455), via the Knoevenagel
condensation mechanism of addition.78,170 In a tube was added
100 mg ethyl or propyl-2-cyanoacetate (94 or 97 mL, respectively)
and 1 eq. triethylamine (123 mL), under stirring, room temperature,
and solvent-free. After 30 min, 1 eq. of corresponding aldehyde or
ketone diluted in 1 mL ethanol was added into the reactional
mixture dropwise. Then, the reaction was kept under stirring and at
room temperature overnight. Posteriorly to the reaction completion
(verified by thin-layer chromatography – TLC, using hexane : ethyl
acetate 8 : 2 as eluent), the workup was initiated by removing the
ethanol. The crude reaction was then extracted by using 20 mL
dichloromethane (DCM) and 3 ! 10 mL distilled water (added
by 10 mL glacial acetic acid). Subsequently, all fractions were
put together, filtrated using anhydrous Na2SO4, and then dried
under reduced pressure at 30 1C to obtain the pure products.
For the biphenyl cyanoacrylamides (LQM456–462), some
biphenyl-4-carboxaldehydes were prepared by cross-coupling
Suzuki–Miyaura reactions.171–173 Thus, 100 mg 4-bromo-
benzaldehyde, 0.2 eq. palladium(II) acetate (24 mg), and a
mixture of dioxane : water 2 : 1 (1.5 mL) were added to a tube
for reaction. This reactional mixture was kept under stirring
and at room temperature for 15 min. Then, 1 eq. of corres-
ponding boronic acids and 2 eq. potassium hydroxide (116 mg)
were also added to this mixture and, then, the tube was sealed.
The reaction was kept under stirring and at 100 1C for 48 h.
After the reaction completion (verified by TLC, using hexane as
eluent), the workup was initiated for obtaining the desired
aldehyde. Then, an extraction using 30 mL DCM and 3 ! 10 mL
distilled water was performed. All fractions were put together,
filtrated using anhydrous Na2SO4, and then dried under
reduced pressure at 60 1C. This residual material was then
purified by column chromatography using a mixture of hexane :
chloroform 9 : 1 (60 mL), monitoring by TLC. Finally, all pure
fractions were put together and dried under reduced pressure,
yielding pure intermediates. These aldehydes were confirmed
by High-Performance Liquid Chromatogram (HPLC) using
standard samples. For the preparation of a-cyanoacrylamides
(LQM456–474), the cyanoamide intermediates were initially
synthesized, reacting ethyl-2-cyanoacetate and primary or sec-
ondary amines by aminolysis of esters under free-solvent
conditions.174,175 Thus, 100 mg ethyl-2-cyanoacetate (94 mL)
and 1.1 eq. primary or secondary amines were added to a
bottom flask. This reactional mixture was stirred at room
temperature for 48 h. The reaction completion was verified by
HPLC detecting at 200 nm for the wave length. Subsequently,
the resulting cyanoamide intermediates were not isolated,

being utilized directly in the next step of the a-cyanoacrylamide
synthetic route. Lastly, the a-cyanoacrylamides were then obtained
by reacting these cyanoamide intermediates with 1 eq. of corres-
ponding aldehydes in presence of 1 eq. triethylamine, via
Knoevenagel condensation, as aforementioned.

4.11 Chemical characterization of a-cyanoacrylates and a-
cyanoacrylamides

4.11.1 Reagents and solvents. All solvents and starting
reagents were acquired from Merck/Sigma-Aldrichs Company
(St. Louis, MO, USA), which were commercial supplies of high
purity (498%), as well as, the deuterated solvents utilized in
the NMR analyses. For the synthetic routes and column chro-
matography, all solvents were subjected to distillation prior to
use for removing possible impurities. Besides, all HPLC runs
were performed by using methanol HPLC degree from Tedias

Company (Fairfield, OH, USA) was used as eluent.
4.11.2 High-performance liquid chromatography with

diode-array detection – (HPLC-DAD). To determine the reten-
tion time (RT) and purity degree (%), a Shimadzus (Kyoto,
Japan) LC equipment model SIL-20AHT, with a Lunas 5 mm
C18(2) 100 Å column (250 ! 4.6 mm) was used in wavelengths
(l) of 254 nm. As the mobile phase, methanol HPLC degree
(Z99%) was utilized in all HPLC-DAD runs. In this context, a
specific parametrization was assumed for analysis, being (a)
1 mg mL"1 for the sample concentration; (b) 1 mL min"1 for
the flowrate; (c) 10 min total time; and (d) 5 mL for the volume
injected. Finally, all HPLC RT values were computed in minutes
(min), while the absorbance was computed as milli-absorbance
unities (mAU).101,176

4.11.3 Melting point determination – (mp). An MSTecnopons

(Piracicaba, Brazil), model PFMII Digital, equipment was used
to determine the melting point (mp) for each final compound.
All measurements were performed by using glass capillaries
containing the samples. For the initial temperature, 30 1C was
admitted and then a temperature increase by 1 1C min"1 was
utilized. Furthermore, all mp are uncorrected and a range of
1–2 1C was assumed.101,177

4.11.4 Attenuated total reflectance-Fourier transformed
infrared spectroscopy – (ATR-FTIR). All infrared spectra were
obtained using a spectrophotometer from Shimadzus (Kyoto,
Japan), model IRPrestige-21, employing the attenuated total reflec-
tance (ATR) technique, in the range from 4000 to 400 cm"1.101

All spectra were treated by using Shimadzu IRsolutions software,
version 1.50, 2008. Finally, all bond stretches (v) and angle defor-
mations (d) for the main functional group from the final com-
pounds were computed in transmittance (T%) and wavenumber
(cm"1).178

4.11.5 1H and 13C nuclear magnetic resonance spectro-
scopy – (NMR). To correctly characterize all chemical
compounds synthesized in this study, a Brukers equipment
(Billerica, USA), model UltraShield 600 MHz, was used to obtain
all 1H and 13C NMR spectra. Moreover, deuterated dimethyl
sulfoxide (DMSO-d6) and chloroform (CDCl3) were employed
as analytical solvents for the solubilization of the samples.
For hydrogen and carbon nuclei was used a total of 16 and
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2048 scans, respectively. Thus, the chemical shifts (d) were
recorded in parts per million (ppm). Still, coupling constants (J)
for 1H signals were computed in hertz (Hz). In the spectra,
signal multiplicities were attributed as singlet (s), broad singlet
(br s), doublet (d), double-doublets (dd), triplet (t), quartet (q),
quintent (qi), septet (sep), and multiplet (m).101,102,179,180

Finally, all NMR spectra were treated and analyzed by using
the academic licensed Bruker TopSpins software, version 4.0.8,
2019 (https://www.bruker.com/de/products-and-solutions/mr/
nmr-software/topspin.html).

4.11.6 Gas chromatography-mass spectrometry – (GC-MS).
All samples were dissolved in methanol HPLC degree
(1 mg mL!1), into a glass vial, and then analyzed on a gas
chromatograph coupled to a mass spectrometer detector GC/
MS-GCMS-QP2010CN Ultra (Shimadzu, Kyoto, Japan) equipped
with a split/splitless injector (250 1C), using a split ratio of
1 : 10. Posteriorly, an injection volume of 1 mL was used for all
analyzes. A capillary SH-RXI-5Ms column (Shimadzu, Kyoto,
Japan) was used, with a stationary phase composed of
(5%-phenyl)-methylpolysiloxane, 30 m length, 0.25 mm inter-
nal diameter, and 0.25 mm film thickness. The temperature of
the program used was 40 to 150 1C, increasing by 15 1C min!1.
Posteriorly, the temperature was increased to 300 1C, during
20 min. Both ionization chamber and interface temperatures
were established as 280 1C. He carrier gas (145.2 kPa), the flow
of 2.67 mL min!1. The mass spectrometer operated with
ionization energy of 70 eV in Full Scan mode, using the
chemical ionization method. Finally, all data obtained were
analyzed by using the Lab Solution software (Shimadzu, Kyoto,
Japan), in which all GC RT values were registered in minutes
(min). All procedures and methods were adapted from Santos-
Júnior et al. (2021).181

4.11.7 Chemical description of the compounds. In general,
all final compounds were obtained with purities ranging from
95.0 to 99.9%, verified by HPLC experiments. Attenuated total
reflectance (ATR) analyses were performed for all final com-
pounds. In this context, it was verified that the vibrational
stretching (v) for nitrile group (CRN) is found ranging from
2573 to 2198 cm!1, while carbonyl signal (vCQO) was observed
from 1867 to 1556 cm!1. Additionally, angular deformations (d)
for aromatic hydrogens (Ar–H) were identified between 1618
and 1406 cm!1, while methine deformation (dCQCene

) was found
varying from 831 to 771 cm!1. Furthermore, for the secondary
amide-containing derivatives, the characteristic stretching
(vN!H) was exhibited ranging from 3658 to 3332 cm!1, while
the tertiary amide-containing analogs displayed a signal varying
from 2976 to 2846 cm!1 for the carbonyl-nitrogen stretching
(vNter!C). Concerning 1H NMR spectra, a singlet in 7.97–
9.03 ppm for methine (CH) was assumed to confirm the pro-
ducts of Knoevenagel. In 13C NMR spectra, this methine carbon
signal was observed in 148–158 ppm. In contrast, for compounds
LQM452–455 has been verified the absence of acidic hydrogens
in 1H NMR spectra and the presence of a signal in 179–187 ppm
for the quaternary carbon from the fused ring, corroborating
these Knoevenagel products. Furthermore, the carbonyl carbon
signal from the amide in 13C NMR spectra was found ranging

from 161 to 162 ppm for acrylates and from 159 to 166 ppm for
acrylamides. Then, the nitrile carbon signal was observed
varying from 114 to 115 ppm for acrylates and from 115 to
118 ppm for acrylamides. Finally, GC/MS experiments were
able to identify the corresponding molecular mass (m/z) for all
compounds.

Furthermore, all physicochemical data obtained to characterize
the molecules synthesized in this study are presented below:

Ethyl (E)-3-(3-chlorophenyl)-2-cyanoacrylate (LQM448). Yield:
99%; aspect: white crystalline powder; HPLC RT: 3.26 min;
purity: 99.3%; mp: 107–110 1C; ATR-IR (cm!1): 2222 v(CRN);
1722 v(CQO); 1606, 1564, 1481, and 1433 d(Ar–H); 792
d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d 1.43 (t, 3H,
CH3, J = 7.0 Hz), 4.41 (q, 2H, CH2, J = 7.1 Hz), 7.47 (t, 1H, CHAr,
J = 7.9 Hz), 7.54 (d, 1H, CHAr, J = 7.9 Hz), 7.92 (d, 2H, CHAr, J =
6.7 Hz), 8.2 (s, 1H, CH). 13C NMR (150 MHz, CDCl3, ppm) d
14.12, 62.97, 104.75, 114.91, 128.60, 128.68, 130.53, 130.84,
133.04, 135.39, 153.17, 162.00. GC RT: 13.92 min; MS (m/z):
C12H10ClNO2 calc.: 235.67; found: 235.60.

Isopropyl (E)-3-(3-chlorophenyl)-2-cyanoacrylate (LQM449).
Yield: 95%; aspect: white amorphous powder; HPLC RT: 3.37 min;
purity: 99.9%; mp: 125–127 1C; ATR-IR (cm!1): 2218 v(CRN); 1726
v(CQO); 1608, 1558, and 1471 d(Ar-H); 796 d(CQCene);

1H NMR
(600 MHz, CDCl3, ppm) d 1.40 (d, 6H, (CH3)2, J = 6.2 Hz), 1.41 (s, 3H,
CH3), 5.23 (sep, 1H, CH, J = 6.2 Hz), 7.47 (t, 1H, CHAr, J = 7.9 Hz),
7.54 (d, 1H, CHAr, J = 7.9 Hz), 7.91 (s, 1H, CHAr), 7.94 (d, 1H, CHAr,
J = 7.8 Hz), 8.18 (s, 1H, CH). 13C NMR (150 MHz, CDCl3, ppm) d
21.69, 71.11, 105.27, 114.92, 128.52, 130.50, 130.82, 132.92, 133.16,
135.35, 152.89, 161.47. GC RT: 14.13 min; MS (m/z): C13H12ClNO2

calc.: 249.69; found: 249.50.

(E)-3-(3-Chlorophenyl)-2-cyano-N-phenethylacrylamide (LQM450).
Yield: 85%; aspect: white crystalline powder; HPLC RT: 3.35 min;
purity: 99.9%; mp: 185–186 1C; ATR-IR (cm!1): 3361 v(N–H); 2222
v(CRN); 1676 v(CQO); 1602, 1529, 1498, and 1450 d(Ar-H); 790
d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d 2.94 (t, 2H, CH2, J =
7.0 Hz), 3.71 (q, 2H, CH2, J = 6.6 Hz), 6.44 (br s, 1H, NH), 7.25–7.29
(m, 3H, CHAr), 7.36 (t, 2H, CHAr, J = 7.6 Hz), 7.45 (t, 1H, CHAr, J =
7.8 Hz), 7.51 (d, 1H, CHAr, J = 7.9 Hz), 7.82 (d, 1H, CHAr, J = 7.7 Hz),
7.88 (s, 1H, CHAr), 8.27 (s, 1H, CH). 13C NMR (150 MHz, CDCl3,
ppm) d 35.48, 41.84, 105.67, 116.32, 126.87, 128.34, 128.71, 128.86,
130.29, 130.46, 132.52, 133.47, 135.33, 138.07, 151.11, 159.60. GC
RT: 21.29 min; MS (m/z): C18H15ClN2O calc.: 310.78; found: 310.65.

(E)-3-(3-Chlorophenyl)-2-cyano-N-(3-phenylpropyl)acrylamide
(LQM451). Yield: 72%; aspect: pale yellow crystalline powder;
HPLC RT: 3.41 min; purity: 95.4%; mp: 195–197 1C; ATR-IR
(cm!1): 3348 v(N–H); 2222 v(CRN); 1664 v(CQO); 1521, 1473,
and 1452 d(Ar-H); 790 d(CQCene); 1H NMR (600 MHz, CDCl3,
ppm) d 1.97 (qi, 2H, CH2, J = 7.3 Hz), 2.72 (t, 2H, CH2, J =
7.5 Hz), 3.47 (q, 2H, CH2, J = 6.7 Hz), 6.38 (br s, 1H, NH), 7.20–
7.22 (m, 3H, CHAr), 7.31 (t, 2H, CHAr, J = 7.5 Hz), 7.44 (t, 1H,
CHAr, J = 7.9 Hz), 7.50 (d, 1H, CHAr, J = 8.0 Hz), 7.82 (d, 1H,
CHAr, J = 7.7 Hz), 7.87 (s, 1H, CHAr), 8.26 (s, 1H, CH). 13C NMR
(150 MHz, CDCl3, ppm) d 30.77, 33.15, 40.25, 105.68, 116.47,
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126.19, 128.33, 128.58, 130.28, 130.46, 132.51, 133.49, 135.33,
140.90, 151.11, 159.61; GC RT: 23.00 min; MS (m/z):
C19H17ClN2O calc.: 324.81; found: 324.75.

Ethyl 2-cyano-2-cyclopentylideneacetate (LQM452). Yield: 65%;
aspect: dark brown powder; HPLC RT: 3.16 min; purity: 99.9%;
mp: 49–50 1C; ATR-IR (cm!1): 2227 v(CRN); 1728 v(CQO);
1618, 1589, and 1440 d(Ar-H); 813 d(CQCene); 1H NMR
(600 MHz, CDCl3, ppm) d 1.36 (t, 3H, CH3, J = 7.0 Hz), 1.83
(q, 2H, CH2, J = 6.9 Hz), 1.88 (q, 2H, CH2, J = 6.8 Hz), 2.82 (t, 2H,
CH2, J = 7.1 Hz), 3.01 (t, 2H, CH2, J = 7.1 Hz), 4.28 (q, 2H, CH2,
J = 7.0 Hz). 13C NMR (150 MHz, CDCl3, ppm) d 14.15, 25.09,
26.56, 35.42, 37.77, 61.52, 100.89, 115.56, 161.94, 187.28. GC RT:
9.07 min; MS (m/z): C10H13NO2 calc.: 179.22; found: 179.16.

Ethyl 2-cyano-2-cyclohexylideneacetate (LQM453). Yield: 25%;
aspect: dark brown oil; HPLC RT: 3.23 min; purity: 98.8%; ATR-IR
(cm!1): 2227 v(CRN); 1730 v(CQO); 1598 and 1446 d(Ar-H);
775 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d 1.36 (t, 3H,
CH3, J = 7.0 Hz), 1.67 (qi, 2H, CH2, J = 5.7 Hz), 1.75 (qi, 2H, CH2,
J = 5.7 Hz), 1.82 (qi, 2H, CH2, J = 5.7 Hz), 2.68 (t, 2H, CH2, J =
6.2 Hz), 2.99 (t, 2H, CH2, J = 6.1 Hz), 4.28 (q, 2H, CH2, J = 7.0 Hz).
13C NMR (150 MHz, CDCl3, ppm) d 14.06, 25.63, 28.22, 31.59,
36.87, 41.96, 61.69, 102.10, 115.57, 162.02, 179.86. GC RT:
10.64 min; MS (m/z): C11H15NO2 calc.: 193.25; found: 193.15.

Ethyl 2-cyano-2-cycloheptylideneacetate (LQM454). Yield: 30%;
aspect: dark brown oil; HPLC RT: 3.41 min; purity: 98.1%; ATR-IR
(cm!1): 2222 v(CRN); 1722 v(CQO); 1587 and 1446 d(Ar-H);
773 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d 1.36 (t, 3H,
CH3, J = 7.3 Hz), 1.58 (s, 4H, CH2), 1.74–1.76 (m, 2H, CH2), 1.78–
1.80 (m, 2H, CH2), 2.83 (t, 2H, CH2, J = 6.1 Hz), 3.05 (t, 2H, CH2,
J = 6.1 Hz), 4.28 (q, 2H, CH2, J = 7.3 Hz). 13C NMR (150 MHz,
CDCl3, ppm) d 13.96, 24.35, 26.21, 28.65, 33.81, 38.01, 43.88,
61.56, 104.23, 115.78, 161.96, 183.33. GC RT: 11.97 min; MS (m/z):
C12H17NO2 calc.: 207.27; found: 207.15.

Ethyl 2-cyano-2-cyclooctylideneacetate (LQM455). Yield: 45%;
aspect: dark brown oil; HPLC RT: 3.52 min; purity: 99.9%; ATR-
IR (cm!1): 2222 v(CRN); 1722 v(CQO); 1579 and 1446 d(Ar-H);
779 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d 1.33–1.40
(m, 5H, CH2 and CH3), 1.52–1.58 (m, 4H, CH2), 1.87–1.91
(m, 3H, CH2), 1.92–1.96 (m, 1H, CH2), 2.42 (t, 2H, CH2, J = 6.1 Hz),
2.76 (t, 1H, CH2, J = 6.0 Hz), 2.98 (t, 1H, CH2, J = 5.9 Hz), 4.29
(q, 2H, CH2, J = 7.4 Hz). 13C NMR (150 MHz, CDCl3, ppm) d
14.08, 24.72, 25.66, 27.18, 32.75, 37.52, 41.93, 63.00, 103.77,
112.95, 115.95, 162.84, 186.27. GC RT: 12.93 min; MS (m/z):
C13H19NO2 calc.: 221.30; found: 221.20.

(E)-3-([1,10-Biphenyl]-4-yl)-2-(piperidine-1-carbonyl)acrylonitrile
(LQM456). Yield: 85%; aspect: yellow crystalline powder; HPLC
RT: 3.43 min; purity: 98.4%; mp: 70–72 1C; ATR-IR (cm!1): 2860
v(Nter–C); 2204 v(CRN); 1647 v(CQO); 1597, 1552, 1487, and
1433 d(Ar-H); 779 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d
1.71 (s, 6H, CH2), 3.63–3.64 (m, 4H, CH2), 7.41 (t, 1H, CHAr, J =
7.3 Hz), 7.48 (t, 2H, CHAr, J = 7.6 Hz), 7.64 (dd, 2H, CHAr, J = 7.3
and 0.9 Hz), 7.71 (d, 2H, CHAr, J = 8.3 Hz), 7.73 (s, 1H, CH), 7.97
(d, 2H, CHAr, J = 8.3 Hz). 13C NMR (150 MHz, CDCl3, ppm) d

24.35, 106.39, 116.27, 127.16, 127.64, 128.30, 129.00, 130.54,
131.27, 139.67, 144.80, 150.94, 162.89. GC RT: 25.30 min; MS (m/z):
C12H20N2O calc.: 316.40; found: 316.30.

(E)-3-([1,10-Biphenyl]-4-yl)-2-cyano-N-(3-phenylpropyl)acrylamide
(LQM457). Yield: 74%; aspect: white amorphous powder; HPLC
RT: 3.62 min; purity: 99.2%; mp: 120–122 1C; ATR-IR (cm!1):
3371 v(N–H); 2212 v(CRN); 1666 v(CQO); 1593, 1519, 1487, and
1450 d(Ar-H); 794 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d
2.00 (qi, 2H, CH2, J = 7.3 Hz), 2.75 (t, 2H, CH2, J = 6.1 Hz), 3.49
(q, 2H, CH2, J = 6.4 Hz), 6.41 (br s, 1H, NH), 7.22 (d, 3H, CHAr, J =
7.2 Hz), 7.33 (t, 2H, CHAr, J = 7.4 Hz), 7.43 (t, 1H, CHAr, J = 7.4 Hz),
7.50 (t, 2H, CHAr, J = 7.6 Hz), 7.66 (d, 2H, CHAr, J = 7.2 Hz), 7.74
(d, 2H, CHAr, J = 8.4 Hz), 8.03 (d, 2H, CHAr, J = 8.3 Hz), 8.37 (s, 1H,
CH). 13C NMR (150 MHz, CDCl3, ppm) d 30.86, 33.16, 40.19,
103.48, 117.24, 126.16, 127.19, 127.75, 128.35, 128.45, 128.57,
129.07, 131.23, 139.55, 140.99, 145.48, 152.30, 154.44, 160.30. GC
RT: 32.18 min; MS (m/z): C25H22N2O calc.: 366.46; found: 366.35.

(E)-N-Benzyl-2-cyano-3-(30,40-dichloro-[1,10-biphenyl]-4-yl)acrylamide
(LQM458). Yield: 65%; aspect: white amorphous powder; HPLC RT:
3.86 min; purity: 99.3%; mp: 183–185 1C; ATR-IR (cm!1): 3658
v(N–H); 2218 v(CRN); 1556 v(CQO); 1471 and 1462 d(Ar-H); 831
d(CQCene);

1H NMR (600 MHz, DMSO-d6, ppm) d 4.43 (d, 2H, CH2,
J = 5.8 Hz), 7.26–7.27 (m, 1H, CHAr), 7.34–7.36 (m, 4H, CHAr), 7.75
(d, 1H, CHAr, J = 8.3 Hz), 7.78 (dd, 1H, CHAr, J = 8.4 and 1.3 Hz), 7.94
(d, 2H, CHAr, J = 8.3 Hz), 8.05 (d, 3H, CHAr, J = 8.3 Hz), 8.26 (s, 1H,
CH), 9.03 (‘‘t’’, 1H, NH, J = 5.8 Hz). 13C NMR (150 MHz, DMSO-d6,
ppm) d 43.72, 106.90, 116.84, 127.43, 127.59, 127.93, 127.98, 128.79,
129.23, 131.23, 131.63, 131.70, 132.26, 132.42, 139.30, 139.77, 141.34,
150.38, 161.50. GC RT: 37.63 min; MS (m/z): C23H16Cl2N2O calc.:
406.06; found: 406.00.

(E)-2-Cyano-3-(30,40-dichloro-[1,10-biphenyl]-4-yl)-N-phenethyl-
acrylamide (LQM459). Yield: 53%; aspect: white amorphous
powder; HPLC RT: 4.03 min; purity: 95.1%; mp: 226–228 1C;
ATR-IR (cm!1): 3369 v(N–H); 2218 v(CRN); 1668 v(CQO);
1598, 1543, 1471, and 1450 d(Ar-H); 790 d(CQCene); 1H NMR
(600 MHz, CDCl3, ppm) d 2.95 (t, 2H, CH2, J = 6.9 Hz), 3.71
(q, 2H, CH2, J = 6.4 Hz), 6.45 (br s, 1H, NH), 7.26–7.30 (m, 3H,
CHAr), 7.36–7.38 (m, 2H, CHAr), 7.47 (dd, 1H, CHAr, J = 8.3 and
1.8 Hz), 7.56 (d, 1H, CHAr, J = 8.3 Hz), 7.68 (d, 2H, CHAr, J =
8.2 Hz), 7.73 (d, 1H, CHAr, J = 1.7 Hz), 8.02 (d, 2H, CHAr, J = 8.2 Hz),
8.36 (s, 1H, CH). 13C NMR (150 MHz, CDCl3, ppm) d 35.53, 41.82,
104.28, 116.85, 126.32, 126.85, 127.60, 128.72, 128.85, 129.01,
131.00, 131.30, 131.52, 132.77, 133.30, 138.14, 139.52, 142.76,
151.84, 160.04. GC RT: 41.44 min; MS (m/z): C24H18Cl2N2O calc.:
421.32; found: 421.25.

(E)-N-Benzyl-2-cyano-3-(40-methyl-[1,10-biphenyl]-4-yl)acrylamide
(LQM460). Yield: 34%; aspect: white amorphous powder; HPLC
RT: 3.66 min; purity: 95.2%; mp: 197–201 1C; ATR-IR (cm!1):
3394 v(N–H); 2218 v(CRN); 1660 v(CQO); 1587, 1519, 1452, and
1415 d(Ar-H); 794 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d
2.41 (s, 3H, CH3), 4.53 (t, 2H, CH2, J = 6.6 Hz), 6.62 (br s, 1H, NH),
7.29–7.40 (m, 6H, CHAr), 7.47–7.50 (m, 3H, CHAr), 7.54 (d, 1H,
CHAr, J = 7.4 Hz), 7.65 (d, 1H, CHAr, J = 7.8 Hz), 7.71 (d, 1H, CHAr,
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J = 7.9 Hz), 8.01 (d, 1H, CHAr, J = 7.8 Hz), 8.40 (s, 1H, CH). 13C
NMR (150 MHz, CDCl3, ppm) d 21.07, 44.62, 113.19, 127.00,
127.10, 127.29, 128.02, 128.22, 128.90, 129.04, 129.61, 129.76,
131.29, 137.17, 137.80, 143.37, 152.79, 161.31. GC RT: 29.45 min;
MS (m/z): C24H20N2O calc.: 352.44; found: 352.35.

(E)-2-Cyano-3-(40-methyl-[1,1 0-biphenyl]-4-yl)-N-phenethylacryl-
amide (LQM461). Yield: 68%; aspect: white amorphous powder;
HPLC RT: 3.61 min; purity: 97.1%; mp: 205–207 1C; ATR-IR
(cm!1): 3361 v(N–H); 2214 v(CRN); 1660 v(CQO); 1600, 1589,
1494, and 1446 d(Ar-H); 771 d(CQCene); 1H NMR (600 MHz,
CDCl3, ppm) d 2.44 (s, 3H, CH3), 2.95 (t, 2H, CH2, J = 7.1 Hz),
3.71 (q, 2H, CH2, J = 6.6 Hz), 6.43 (br s, 1H, NH), 7.26–7.28 (m,
3H, CHAr), 7.30 (d, 2H, CHAr, J = 8.1 Hz), 7.37 (t, 2H, CHAr, J =
7.4 Hz), 7.56 (d, 2H, CHAr, J = 8.0 Hz), 7.22 (d, 2H, CHAr, J =
8.3 Hz), 8.01 (d, 2H, CHAr, J = 8.2 Hz), 8.36 (s, 1H, CH). 13C NMR
(150 MHz, CDCl3, ppm) d 21.14, 35.57, 41.78, 103.22, 117.11,
126.80, 127.00, 127.46, 128.71, 128.82, 129.76, 130.44, 131.24,
136.64, 138.22, 138.52, 145.48, 152.33, 160.34. GC RT: 31.31 min;
MS (m/z): C25H22N2O calc.: 366.46; found: 366.35.

(E)-2-Cyano-3-(40-methyl-[1,10-biphenyl]-4-yl)-N-(3-phenylpropyl)-
acrylamide (LQM462). Yield: 24%; aspect: white amorphous
powder; HPLC RT: 3.93 min; purity: 97.3%; mp: 162–164 1C;
ATR-IR (cm!1): 3356 v(N–H); 2218 v(CRN); 1662 v(CQO); 1597,
1516, 1498, and 1450 d(Ar-H); 788 d(CQCene); 1H NMR (600 MHz,
CDCl3, ppm) d 2.00 (qi, 2H, CH2, J = 7.2 Hz), 2.44 (s, 3H, CH3),
2.75 (t, 2H, CH2, J = 7.3 Hz), 3.49 (q, 2H, CH2, J = 6.6 Hz), 6.39
(br s, 1H, NH), 7.22–7.23 (m, 3H, CHAr), 7.30–7.34 (m, 4H,CHAr),
7.56 (d, 2H, CHAr, J = 8.0 Hz), 7.72 (d, 2H, CHAr, J = 8.3 Hz), 8.01
(d, 2H, CHAr, J = 8.3 Hz), 8.36 (s, 1H, CH). 13C NMR (150 MHz,
CDCl3, ppm) d 21.14, 30.85, 33.16, 40.17, 103.24, 117.28, 126.14,
127.01, 127.46, 128.33, 128.56, 129.76, 130.46, 131.22, 136.65,
138.51, 140.98, 145.45, 152.32, 160.35. GC RT: 35.87 min; MS (m/z):
C26H24N2O calc.: 380.49; found: 380.30.

(E)-2-Cyano-3-(5-phenylfuran-2-yl)-N-(3-phenylpropyl)acrylamide
(LQM463). Yield: 35%; aspect: yellow amorphous powder; HPLC
RT: 3.46 min; purity: 98.8%; mp: 160–162 1C; ATR-IR (cm!1):
3332 v(N–H); 2214 v(CRN); 1867 v(CQO); 1604, 1543, 1492, and
1454 d(Ar-H); 792 d(CQCene); 1H NMR (600 MHz, DMSOd-6,
ppm): d 1.81 (qi, 2H, CH2, J = 7.38 Hz), 2.60 (t, 2H, CH2, J =
7.61 Hz), 3.23 (q, 2H, CH2, J = 6.6 Hz), 7.17 (t, 1H, CHAr, J =
7.27 Hz), 7.21 (d, 2H, CHAr, J = 7.0 Hz), 7.26 (s, 1H, CHAr), 7.28
(d, 1H, CHAr, J = 7.7 Hz), 7.33 (d, 1H, CHAr, J = 3.7 Hz), 7.42–7.44
(m, 2H, CHAr), 7.52 (t, 2H, CHAr, J = 7.52 Hz), 7.91 (d, 1H, CHAr,
J = 7.27 Hz), 7.95 (s, 1H, CH), 8.38 (t, 1H, NH, J = 5.59 Hz). 13C
NMR (150 MHz, CDCl3, ppm): d 30.90, 31.03, 32.99, 100.63,
110.12, 117.23, 124.93, 125.16, 126.21, 128.75, 129.18, 129.67,
130.01, 135.36, 142.11, 148.26, 158.07, 158.12, 161.48. GC RT:
28.89 min; MS (m/z): C23H20N2O2 calc.: 356.43; found: 356.35.

(E)-2-Cyano-N-(3-phenylpropyl)-3-(5-(2-(trifluoromethyl)phenyl)-
furan-2-yl)acrylamide (LQM464). Yield: 85%; aspect: yellow
amorphous powder; HPLC RT: 3.47 min; purity: 99.2%; mp:
153–155 1C; ATR-IR (cm!1): 3381 v(N–H); 2208 v(CRN); 1666
v(CQO); 1608, 1521, and 1442 d(Ar-H); 806 d(CQCene); 1H NMR

(600 MHz, CDCl3, ppm) d 1.98 (qi, 2H, CH2, J = 7.3 Hz), 2.73
(t, 2H, CH2, J = 7.6 Hz), 3.47 (q, 2H, CH2, J = 6.6 Hz), 6.37 (br s,
1H, NH), 7.02 (d, 1H, CHAr, J = 3.5 Hz), 7.22–7.23 (m, 3H, CHAr),
7.26 (d, 1H, CHAr, J = 3.7 Hz), 7.31–7.33 (m, 2H, CHAr), 7.54 (t,
1H, CHAr, J = 7.6 Hz), 7.71 (t, 1H, CHAr, J = 7.6 Hz), 7.81 (d, 1H,
CHAr, J = 7.8 Hz), 7.88 (d, 1H, CHAr, J = 7.8 Hz), 8.09 (s, 1H, CH).
13C NMR (150 MHz, CDCl3, ppm) d 30.91, 33.13, 40.13, 100.10,
113.86, 113.89, 113.93, 116.98, 122.90, 126.14, 126.89, 12.78,
128.34, 128.55, 129.25, 130.25, 132.32, 136.50, 140.99, 148.74,
155.00, 160.33. GC RT: 26.31 min; MS (m/z): C24H19F3N2O2 calc.:
424.42; found: 424.35.

(E)-2-Cyano-3-(5-(3,4-dichlorophenyl)furan-2-yl)-N-(3-phenylpropyl)-
acrylamide (LQM465). Yield: 72%; aspect: yellow amorphous pow-
der; HPLC RT: 3.84 min; purity: 99.9%; mp: 189–190 1C; ATR-IR
(cm!1): 3365 v(N–H); 2212 v(CRN); 1712 v(CQO); 1608, 1527,
1492, and 1450 d(Ar-H); 794 d(CQCene);

1H NMR (600 MHz, DMSO-
d6, ppm) d 1.82 (qi, 2H, CH2, J = 7.2 Hz), 2.61 (t, 2H, CH2, J =
7.5 Hz), 3.23 (q, 2H, CH2, J = 6.5 Hz), 7.22 (d, 1H, CHAr, J = 7.4 Hz),
7.28 (d, 1H,CHAr, J = 7.4 Hz), 7.55 (d, 1H, CHAr, J = 3.7 Hz), 7.6
(d, 1H, CHAr, J = 3.7 Hz), 7.80–7.83 (m, 3H, CHAr), 7.84–7.88 (m, 2H,
CHAr), 7.97 (s, 1H, CHAr), 8.16 (s, 1H, CH), 8.40 (t, 1H, NH, J =
6.5 Hz). 13C NMR (150 MHz, DMSO-d6, ppm) d 30.99, 32.98, 62.62,
97.48, 101.78, 112.25, 116.41, 125.23, 126.21, 127.04, 128.75,
129.41, 132.07, 132.66, 138.75, 142.10, 148.63, 155.32, 156.69,
162.73. GC RT: 39.75 min; MS (m/z): C23H18Cl2N2O2 calc.: 425.31;
found: 425.25.

(E)-2-Cyano-3-(5-(3,4-dichlorophenyl)furan-2-yl)-N-phenethylacryl-
amide (LQM466). Yield: 89%; aspect: yellow amorphous powder;
HPLC RT: 3.90 min; purity: 99.1%; mp: 172–174 1C; ATR-IR
(cm!1): 3361 v(N–H); 2218 v(CRN); 1656 v(CQO); 1612, 1523,
1498, and 1452 d(Ar-H); 802 d(CQCene); 1H NMR (600 MHz,
CDCl3, ppm) d 2.94 (t, 2H, CH2, J = 6.6 Hz), 3.71 (q, 2H, CH2,
J = 6.3 Hz), 6.41 (br s, 1H, NH), 6.90 (d, 1H, CHAr, J = 3.5 Hz), 7.17
(d, 1H, CHAr, J = 3.2 Hz), 7.25–7.29 (m, 3H, CHAr), 7.35–7.38 (m,
2H, CHAr), 7.54 (d, 1H, CHAr, J = 8.3 Hz), 7.69 (dd, 1H, CHAr, J = 8.3
and 1.8 Hz), 7.89 (d, 1H, CHAr, J = 1.8 Hz), 8.04 (s, 1H, CH). 13C
NMR (150 MHz, CDCl3, ppm) d 35.59, 41.72, 109.60, 117.02,
123.34, 124.18, 126.75, 126.82, 128.72, 128.80, 128.83, 131.24,
133.49, 133.53, 135.99, 138.20, 148.72, 156.41. GC RT: 35.85 min;
MS (m/z): C22H16Cl2N2O2 calc.: 411.28; found: 411.20.

(E)-N-Benzyl-2-cyano-3-(5-(3,4-dichlorophenyl)furan-2-yl)acrylamide
(LQM467). Yield: 84%; aspect: yellow amorphous powder; HPLC RT:
3.73 min; purity: 99.1%; mp: 257–260 1C; ATR-IR (cm!1): 3365
v(N–H); 2202 v(CRN); 1666 v(CQO); 1608, 1562, 1521, and
1456 d(Ar-H); 802 d(CQCene); 1H NMR (600 MHz, CDCl3, ppm) d
4.63 (d, 2H, CH2, J = 5.7 Hz), 6.67 (‘‘t’’, 1H, NH, J = 5.6 Hz), 6.92
(d, 1H, CHAr, J = 3.7 Hz), 7.20 (d, 1H, CHAr J = 3.4 Hz), 7.33–7.41
(m, 5H, CHAr), 7.56 (d, 1H, CHAr, J = 8.4 Hz), 7.70 (dd, 1H, CHAr,
J = 8.4 and 1.9 Hz), 7.90 (d, 1H, CHAr, J = 1.9 Hz), 8.10 (s, 1H,
CH). 13C NMR (150 MHz, CDCl3, ppm) d 44.57, 109.68, 117.13,
123.62, 124.20, 126.01, 126.80, 127.86, 127.92, 128.79, 128.91,
131.27, 133.66, 137.18, 147.74, 148.76, 156.53, 158.58, 160.25.
GC RT: 33.51 min; MS (m/z): C21H14Cl2N2O2 calc.: 397.26; found:
397.16.
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(E)-2-(Pyrrolidine-1-carbonyl)-3-(5-(2-(trifluoromethyl)phenyl)-
furan-2-yl)acrylonitrile (LQM468). Yield: 35%; aspect: yellow
amorphous powder; HPLC RT: 3.31 min; purity: 95.0%; mp:
144–146 1C; ATR-IR (cm!1): 2208 v(CRN); 1643 v(CQO); 1602,
1543, 1469, and 1425 d(Ar-H); 779 d(CQCene); 1H NMR
(600 MHz, CDCl3, ppm) d 1.71 (s, 4H, CH2), 3.65 (s, 4H, CH2),
6.99 (d, 1H, CHAr, J = 3.5 Hz), 7.24 (d, 1H, CHAr, J = 3.7 Hz), 7.52
(t, 1H, CHAr, J = 7.6 Hz), 7.63 (s, 1H, CH), 7.69 (t, 1H, CHAr, J =
7.6 Hz), 7.8 (d, 1H, CHAr, J = 7.9 Hz), 8.05 (d, 1H, CHAr, J = 7.8 Hz).
13C NMR (150 MHz, CDCl3, ppm) d 24.37, 25.75, 102.65, 113.59,
116.34, 120.96, 122.94, 124.75, 126.78, 127.95, 129.02, 130.25,
132.25, 136.98, 148.98, 148.98, 154.14, 162.58. GC RT: 27.83 min;
MS (m/z): C19H15F3N2O2 calc.: 360.34; found: 360.26.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(pyrrolidine-1-carbonyl)-
acrylonitrile (LQM469). Yield: 29%; aspect: yellow amorphous
powder; HPLC RT: 3.79 min; purity: 97.7%; mp: 222–224 1C;
ATR-IR (cm!1): 2573 v(CRN); 1714 v(CQO); 1629, 1587, and
1481 d(Ar-H); 815 d(CQCene);

1H NMR (600 MHz, CDCl3, ppm): d
1.25 (s, 2H, CH2), 1.4 (s, 2H, CH2), 1.58 (s, 2H, CH2), 4.38 (s, 2H, CH2),
6.92 (s, 1H, CH), 7.33 (s, 1H, CHAr), 7.55 (s, 1H, CHAr), 7.71 (s, 1H,
CHAr), 7.93 (d, 2H, CHAr, J = 49.7 Hz). 13C NMR (150 MHz, CDCl3,
ppm): d 14.19, 62.60, 98.59, 109.92, 115.67, 124.18, 124.36, 126.86,
128.62, 131.30, 133.51, 133.78, 138.07, 148.43, 157.08, 162.72. GC RT:
37.30 min; MS (m/z): C18H14Cl2N2O2 calc.: 361.22; found: 361.15.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(piperidine-1-carbonyl)-
acrylonitrile (LQM470). Yield: 62%; aspect: yellow amorphous
powder; HPLC RT: 3.80 min; purity: 99.8%; mp: 188–190 1C;
ATR-IR (cm!1): 2198 v(CRN); 1629 v(CQO); 1591, 1539, 1467,
and 1406 d(Ar-H); 815 d(CQCene); 1H NMR (600 MHz, CDCl3,
ppm): d 1.63 (s, 2H, CH2), 1.94–1.98 (m, 2H, CH2), 2.01–2.05
(m, 2H, CH2), 3.63 (t, 2H, CH2, J = 6.8 Hz), 3.86 (t, 2H, CH2, J =
6.5 Hz), 6.89 (d, 1H, CHAr, J = 3.6 Hz), 7.20 (d, 1H, CHAr, J =
3.5 Hz), 7.53 (d, 1H, CHAr, J = 8.4 Hz), 7.69 (dd, 1H, CHAr, J = 8.3
and 1.8 Hz), 7.89 (s, 1H, CH), 7.91 (d, 1H, CHAr, J = 1.8 Hz). 13C
NMR (150 MHz, CDCl3, ppm): d 24.01, 26.77, 47.80, 48.62,
101.67, 109.45, 116.80, 122.36, 124.11, 126.68, 128.96, 131.16,
133.27, 133.43, 137.75, 149.00, 155.88, 160.98. GC RT: 22.04 min;
MS (m/z): C19H16Cl2N2O2 calc.: 375.25; found: 375.20.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(thiomorpholine-4-car-
bonyl)acrylonitrile (LQM471). Yield: 36%; aspect: yellow amor-
phous powder; HPLC RT: 3.82 min; purity: 95.0%; mp: 225–
227 1C; ATR-IR (cm!1): 2208 v(CRN); 1633 v(CQO); 1608, 1566,
1546, and 1463 d(Ar-H); 800 d(CQCene); 1H NMR (600 MHz,
DMSO-d6, ppm) d 2.81 (s, 4H, CH2), 3.24 (s, 4H, CH2), 7.26
(d, 1H, CHAr, J = 3.21 Hz), 7.39 (d, 1H, CHAr, J = 3.20 Hz), 7.76–
7.79 (m, 2H, CHAr), 7.82–7.84 (m, 1H, CHAr), 8.11 (s, 1H,CH). 13C
NMR (150 MHz, DMSO-d6, ppm) d 24.71, 45.47, 111.24, 119.11,
121.32, 124.68, 126.39, 130.14, 131.54, 131.87, 132.56, 134.07,
135.87, 149.78, 153.93, 163.74. GC RT: 32.90 min; MS (m/z):
C18H14Cl2N2O2S calc.: 393.28; found: 393.15.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(morpholine-4-carbonyl)-
acrylonitrile (LQM472). Yield: 36%; aspect: yellow amorphous
powder; HPLC RT: 3.49 min; purity: 98.0%; mp: 227–229 1C;

ATR-IR (cm!1): 2218 v(CRN); 1714 v(CQO); 1610, 1558, 1539,
and 1477 d(Ar-H); 796 d(CQCene); 1H NMR (600 MHz, DMSO-d6,
ppm) d 2.78 (s, 4H, CH2), 3.21 (s, 4H, CH2), 7.23 (d, 1H, CHAr,
J = 3.1 Hz), 7.36 (d, 1H, CHAr, J = 3.2 Hz), 7.73–7.77 (m, 2H, CHAr),
7.79–7.81 (m, 1H, CHAr), 8.09 (s, 1H, CH). 13C NMR (150 MHz,
DMSO-d6, ppm) d 24.61, 24.69, 45.37, 45.45, 111.14, 119.01,
121.21, 124.58, 124.82, 126.29, 126.55, 129.64, 131.76, 132.46,
133.96, 149.67, 153.83, 163.64. GC RT: 27.60 min; MS (m/z):
C18H14Cl2N2O3 calc.: 377.22; found: 377.15.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(4-phenylpiperazine-
1-carbonyl)acrylonitrile (LQM473). Yield: 52%; aspect: yellow
amorphous powder; HPLC RT: 3.91 min; purity: 97.5%; mp:
105–107 1C; ATR-IR (cm!1): 2846 v(Nter–C); 2212 v(CRN); 1643
v(CQO); 1602, 1494, and 1458 d(Ar-H); 796 d(CQCene); 1H NMR
(600 MHz, DMSO-d6, ppm) d 3.12 (t, 2H, CH2, J = 5.0 Hz), 3.18
(t, 2H, CH2, J = 4.9 Hz), 3.5 (t, 2H, CH2, J = 4.9 Hz), 3.60 (t, 2H,
CH2, J = 5.0 Hz), 6.81 (t, 1H, CHAr, J = 7.3 Hz), 6.95 (d, 2H, CHAr,
J = 8.1 Hz), 7.23 (t, 2H, CHAr, J = 7.8 Hz), 7.55–7.56 (m, 1H,
CHAr), 7.61 (d, 1H, CHAr, J = 3.7 Hz), 7.84 (d, 1H, CHAr, J =
8.4 Hz), 7.88 (dd, 1H, CHAr, J = 8.4 and 1.6 Hz), 8.17 (s, 1H, CH),
8.19 (t, 1H, CHAr, J = 1.6 Hz). 13C NMR (150 MHz, DMSO-d6,
ppm) d 14.51, 25.19, 48.50, 53.64, 104.17, 112.28, 116.33,
119.84, 125.26, 127.07, 127.63, 129.46, 132.09, 132.75, 138.76,
148.66, 151.09, 156.75, 160.08, 166.97. GC RT: 23.87 min; MS
(m/z): C24H19Cl2N3O2 calc.: 452.34; found: 452.10.

(E)-3-(5-(3,4-Dichlorophenyl)furan-2-yl)-2-(4-methylpiperazine-
1-carbonyl)acrylonitrile (LQM474). Yield: 40%; aspect: yellow
amorphous powder; HPLC RT: 2.88 min; purity: 98.1%; mp:
213–215 1C; ATR-IR (cm!1): 2976 v(Nter–C); 2231 v(CRN); 1726
v(CQO); 1618 and 1585 d(Ar-H); 819 d(CQCene); 1H NMR
(600 MHz, DMSO-d6, ppm) d 2.97 (s, 4H, CH2), 3.30 (s, 3H, CH3),
3.31 (s, 4H, CH2), 7.16 (d, 1H, CHAr, J = 3.5 Hz), 7.25 (d, 1H, CHAr,
J = 15.6 Hz), 7.35 (d, 1H, CHAr, J = 3.5 Hz), 7.57 (d, 1H, CHAr, J =
15.6 Hz), 7.76 (d, 1H, CHAr, J = 8.41), 7.89 (d, 1H, CHAr, J = 8.4 Hz),
8.18 (s, 1H, CH). 13C NMR (150 MHz, DMSO-d6, ppm) d 23.61,
23.69, 25.98, 44.37, 44.45, 110.14, 118.01, 120.21, 123.58, 123.82,
125.29, 125.55, 128.64, 130.76, 131.46, 132.96, 148.67, 152.83,
162.64. GC RT: 18.90 min; MS (m/z): C19H17Cl2N3O2 calc.: 389.26;
found: 389.10.
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Chem., 2019, 27, 3963–3978.

32 F. Preugschat, C. W. Yao and J. H. Strauss, J. Virol., 1990,
64, 4364–4374.

33 Y. Zhou, D. Ray, Y. Zhao, H. Dong, S. Ren, Z. Li, Y. Guo,
K. A. Bernard, P.-Y. Shi and H. Li, J. Virol., 2007, 81,
3891–3903.

34 I. J. dos, S. Nascimento, P. F. da, S. Santos-Júnior, T. M. de
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M. D. de, A. Dantas, J. C. C. Santos, I. M. Figueiredo, M.-A.
Bazin, P. Marchand, T. G. da Silva and F. J. B. Mendonça
Junior, Curr. Top. Med. Chem., 2019, 19, 1075–1091.

131 R. A. Marques, A. O. C. V. Gomes, M. V. de Brito,
A. L. P. dos Santos, G. S. da Silva, L. B. de Lima,
F. M. Nunes, M. C. de Mattos, F. C. E. de Oliveira, C. do,
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4.3 Next Generation of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-

1,3-diazol-4-yl-amides (NBD-Amides) as Class-Spanning Protease 

Substrates. 

4.3.1 Context, Project Summary, and Own Contributions 

Fluorometric assays are widely used in medicinal chemistry to analyze protease-inhibiting drug 

candidates due to their time efficiency and availability of fluorogenic protease substrates.[146,147] 

Fluorometric protease assays work by cleaving an amide bond in the substrate, changing fluorescence 

properties. Increasing fluorescence is measured, providing information on the reaction rate.[151] 

Inhibitors attenuate the enzyme’s reaction rate, giving information about their inhibitory activity. 

However, it is crucial to address non-specific interference effects that can lead to false positive or 

negative results.[264–267] Shifting the assay wavelengths to the lower-energy range of light can mitigate 

these interferences.[268–270] The 7-nitrobenz-2-oxa-1,3-diazol-4-amine (NBD) fluorophore offers 

excitation and emission maxima in the fluorescein wavelength range, potentially avoiding common 

interferences associated with AMC and EDANS fluorophores.[148,150,271–273] 

Within this study, we synthesized peptide-based NBD-amides and designed FRET substrate alternatives 

based on the observed Smiles rearrangement mechanism of selected NBD derivatives. The study 

describes the synthesis of substrates for ten different proteases from the cysteine, serine, and 

metalloprotease classes, including carboxypeptidases and endopeptidases (Figure 21). To validate the 

suitability of the NBD substrates, we determined enzyme- and substrate-specific kinetic parameters (KM 

and kcat) and compared them to the parent AMC and FRET substrates. In addition, the inhibition 

constants (Ki and kinact) of known inhibitors determined with the new NBD substrates further confirmed 

the efficacy of the NBD substrates for various applications. 

One notable advantage of using NBD substrates is their ability to avoid typical assay interferences 

encountered in medicinal chemistry-related assays, such as the inner filter effect, fluorophore quenching, 

and autofluorescence decay.[267,269] This was shown for an exemplarily NBD substrate compared to the 

corresponding AMC substrate.  

In summary, we demonstrated that NBD substrates offer a suitable alternative to previously used 

fluorophores and have the potential to serve as the foundation for a new generation of fluorometric 

assays. Their successful synthesis and characterization, along with the favorable results obtained in 

enzyme kinetics and inhibitor studies, highlight the efficacy of NBD-based substrates for protease 

analysis in drug discovery applications. 
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Figure 21. Development of NBD-based substrates. Excitation and detection wavelengths are shifted to higher wavelengths 
compared to AMC, which allows for avoiding typical assay interferences. Substrates for ten different proteases were 
synthesized, and their suitability for use in the fluorometric assay was confirmed. 

Own contributions: kinetic characterization of substrates, protease inhibition assays, investigations on 

assay interferences, writing of the first draft (kinetic characterization of NBD-based substrates, 

autocleavage of a DENV and ZIKV NS2B/NS3 protease substrate, harnessing NBD autocleavage for 

FRET substrate replacement, applications for protease inhibitor investigation, mitigation of typical 

protease assay interferences, conclusion, fluorometric assays) & editing of the manuscript. 

Contribution from other authors: substrate synthesis, inhibitor synthesis, protein expression & 

purification, substrate stability assays, molecular docking, and writing parts of the first draft 

(introduction, synthesis, smartphone-based fluorometer for usage in classroom applications, chemistry) 

& editing of the manuscript. 

This work has been published in Chemistry – A European Journal (impact factor: 5.02). 

Article reprinted with permission of Chemistry – A European Journal 2023 “Next Generation of 

Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-1,3-diazol-4-yl-amides (NBD-Amides) as Class-

Spanning Protease Substrates.” © 2023 WILEY-VCH Verlag GmbH & Co. KGaA (Germany). 

The appended Supporting Information represents an abridged version. The full version can be accessed 

online at doi: 10.1002/chem.202301855. 
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4.3.2 Publication 

The following publication quoted within “” from page 102 to page 130 is the same as the manuscript 

cited on page 101. 
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Abstract: Fluorometric assays are one of the most frequently used 
methods in medicinal chemistry. Over the last 50 years, the reporter 
molecules for the detection of protease activity have evolved from 
first-generation colorimetric p-nitroanilides, through FRET substrates, 
and 7-amino-4-methyl coumarin (AMC)-based substrates. The aim of 
further substrate development is to increase sensitivity and reduce 
vulnerability to assay interferences. Here, we describe a new 
generation of substrates for protease assays based on 7-nitrobenz-2-
oxa-1,3-diazol-4-yl-amides (NBD-amides). In this study, we 
synthesized and tested substrates for 10 different proteases from the 
serine-, cysteine-, and metalloprotease classes. Enzyme- and 
substrate-specific parameters as well as the inhibitory activity of 
literature-known inhibitors confirmed their suitability for application in 
fluorometric assays. Hence, we were able to present NBD-based 
alternatives for common protease substrates. In conclusion, these 
NBD substrates are not only less susceptible to common assay 
interference, but they are also able to replace FRET-based substrates 
with the requirement of a prime site amino acid residue. 

Introduction 

Fluorescence is one manifestation of the interaction of 
electromagnetic radiation with matter which is ubiquitously used 
for the analysis of all kinds of parameters in the life sciences.[1] It 
is widely used for the characterization of protein structures and 
protein/ligand interactions.[2] This comprises the analysis of 
protein structural changes, localization of proteins in cells, 
organisms, and the determination of binding affinities between 
proteins and their ligands.[3–6] Proteolytic enzymes represent a 
current field of research, because of their mechanistic 
involvement in many diseases from virus infections to cancer 
progression and immunological disorders.[7–9] Since 1964, more 
than 64 protease inhibitors were approved by the Food and Drug 
Administration (FDA) for application in human therapies[10,11]; 

exemplarily, the recently approved cysteine protease inhibitor 
Nirmatrelvir is being used to treat the SARS-CoV 2 infection.[12] 
This implies, that proteases are still important targets, and the 
scientific community strives for discovering new protease-
targeting drugs.[13,14] 
Due to their time efficiency and steadily growing supply of 
commercially available fluorogenic protease substrates, 
fluorometric assays are one of the most frequently used methods 
in medicinal chemistry to analyze protease-inhibiting drug 
candidates.[15,16] The first, in 1973 introduced fluorogenic 
substrates used for the measurement of protease activities were 
FRET-based (Förster resonance energy transfer) substrates 
which harbor a quencher and fluorophore molecular pair (Figure 
1).[17] These replaced the previously utilized colorimetric p-
nitroanilide (pNA) substrates, because of their higher detection 
sensitivity.[18] Only a few years later, in 1976, the corresponding 
amides of a fluorescent coumarin derivative (7-amino-4-methyl 
coumarin, AMC) were implemented as a new fluorogenic 
protease substrate which decreased the vulnerability to assay 
interferences compared to the FRET-based and colorimetric pNA 
substrates.[19] 
In general, the principle of fluorometric protease assays is 
described as follows: The target enzyme cleaves an amide bond 
of the substrate, which leads to a change in fluorescence 
properties of the fluorogenic reporter, for example by separation 
of the quencher from the fluorophore (FRET substrate) or 
cleavage of the internally quenched fluorogenic residue from the 
substrate (AMC substrate).[20] The fluorophore is then excited 
within a cuvette fluorometer or a microplate reader at a specific 
excitation wavelength and the resulting fluorescence can be 
detected at its corresponding emission wavelength. The 
increasing fluorescence intensity over time describes a scale of 
enzymatic activity. By the addition of an inhibitor, the reaction rate 
of the enzyme is attenuated which gives information about the 
inhibitory activity by different evaluation methods. However, not 
less important is the resilience of a fluorometric assay system 
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regarding non-specific interference effects, that originate from 
various sources of errors like assay components, including the 
analyzed drug compounds themselves.[21–23] Assay interferences 
lead to both false positive and false negative results, which makes 
it necessary to validate potential hits with an additional, 
orthogonal methodology.[24] 
A known strategy for mitigation of intrinsic assay interferences is 
based on the fact that many of the interfering physicochemical 
transitions do occur in the near UV-light spectrum, due to the 
molecular properties of mostly aromatic drug-like inhibitors.[25] 
One option to avoid inhibitor-induced interferences is to shift the 
assay wavelengths to the lower-energy range of light, and hence, 
there are existing biochemical methods using fluorescent dyes 
(BODIPY, Cy5, etc.) with their excitation and emission maxima in 
the red wavelength region (>580 nm), leading to minimized 
interferences.[26,27] Over the last 30 years, FRET substrates were 
optimized by an overall shift to longer wavelengths like 
Dabcyl/EDANS resulting in optimized sensitivity, photochemical, 
and low-interference properties.[28] In contrast to the most 
frequently used AMC- (ୣߣ୶ = 380 nm, ୣߣ୫ = 460 nm) and FRET-
based (Dabcyl/EDANS; ୣߣ୶ = 340 nm ୫ୣߣ , = 490 nm ) 
fluorogenic substrates, the 4-amino-7-nitro-benzofurazane (NBD) 
fluorophore displays excitation and emission maxima in the 
fluorescein wavelength magnitude (ୣߣ୶ = 485 nm, ୣߣ୫ = 535 nm) 
and might consequently avoid common interferences associated 
with AMC and EDANS fluorophores.[17,19,29–31] 
Applications for NBD-based chemosensors have already been 
described in the literature, leading to several hundreds of 
publications and the development of numerous commercial 
probes which have already been summarized in reviews.[32] For 
the analysis of enzymatic turnover, however, the use of NBD-

based derivates has been only described for the study of histone 
acetyltransferases, deacetylases, and esterases.[33–37] To expand 
the scope, herein, we report the synthesis and characterization of 
peptide-based NBD-amides as substrates for various protease 
targets. Additionally, due to the observed Smiles rearrangement 
mechanism of selected NBD derivates, we were able to design 
substrates suited as corresponding FRET substrate alternatives 
(Figure 1).[38,39] 
To evaluate the substrate affinity and turnover rate of the NBD-
based substrates, we determined KM and kcat values. Both 
substrate benchmarks were compared with the corresponding 
literature known, AMC- or FRET-derived parent substrates. To 
demonstrate that this new assay protocol provides comparable 
results to the literature-described assays, Ki values were 
determined for model inhibitors known from the literature. 
Afterward, the mitigation of common assay interferences of 
conventional fluorogenic substrates was investigated by 
comparing a NBD-based substrate with its AMC-based 
counterpart. 

Results and Discussion 

Synthesis 

All NBD substrates were prepared in a two-step synthetic 
procedure. First, the variable peptide sequences 2a–j spanning 
from the P2-site to the N-capped terminus were synthesized 
following a standard fluorenylmethoxycarbonyl (Fmoc)-solid 
phase peptide synthesis (SPPS) protocol using a 2-chlorotrityl 
resin.[40] 

 
Figure 1. Timeline of protease substrates development with selected example substrates including p-nitroanilides (first described in 1962), FRET- (1973), and AMC-
based (1976) fluorogenic substrates. In this study, we report the development of newly designed NBD-based protease substrates for biochemical and medicinal 
chemistry assays. 
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The second step in the synthetic sequence was the preparation 
of the fluorogenic reporter group through a nucleophilic aromatic 
substitution of precursor 3 in a methanolic ammonia solution.[41] 
Subsequently, the NBD amine 4 was coupled with the respective 
tert-butoxycarbonyl (Boc)-protected P1 amino acid 5, using the in 
situ activating agents O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium-hexafluorophosphate (HATU) or 
benzotriazole-1-yl-oxytripyrrolidinophosphonium-
hexafluorophosphate (PyBOP), and the organic base N,N-
diisopropylethylamine (DIEA). The amino group of the 
intermediate 6a–d was deprotected by trifluoroacetic acid, and 
subsequently, coupled with the remaining peptide sequence 2 to 
yield the desired fluorogenic substrates 7a–j (Scheme 1, Table 1). 

Kinetic Characterization of NDB-based Substrates 

To verify and analyze the suitability of the proposed NBD-based 
substrates for fluorometric protease assays, the enzyme kinetic 
parameters Km, vmax, kcat, and the catalytic efficiency kcat/KM were 
determined for both the NBD substrates and their corresponding 
parent substrates. Proteolytic cleavage of the substrate release 
was detected in 96-well plate format (typically 200 µL). NBD 
substrates were excited at 485 nm, and the emission was 
detected at 535 nm.[42,43] The increase in fluorescence intensity 
over time (reaction rate) is a measure of the activity of the 
protease, and thus, the fluorescent progress traces follow the 
Michaelis Menten equation (Eq.1) which was used for enzyme 
kinetic analysis: 

଴ݒ =
௩ౣ౗౮ή[ௌ]
௄౉ା[ௌ]

    (1) 

where v0 is the initial reaction rate, at a given substrate 
concentration [S]. vmax is the maximum reaction rate, while KM 
indicates [S] at which the conversion rate is half-maximal. 
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Z-Val-Val-OH                  
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Bz-Leu-Pro-Ala-Thr(OtBu)-OH
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Ac-Gly-Arg(Pbf)-OH
Z-Pro-Leu-Gly-OH
Bz-Gly-Phe-OH (commercially available)
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2g
2h
2i
2j

Boc-Arg(Pbf)-NBD           
Boc-Gln-NBD                  
Boc-Gly-NBD
Boc-Met-NBD

6a
6b
6c
6d

 
Scheme 1. SPPS/solution phase synthesis of the NBD-based substrates suited for cysteine-, serine-, and metalloproteases. 

Table 1. Synthesized NBD-based substrates and their corresponding AMC-/FRET-based parent substrates. 

Protease Protease class NBD-based substrate Reference/parent substrate 

T. brucei rhodesain Cysteine Z-Phe-Arg-NBD (7a) Z-Phe-Arg-AMC[44] 

Cathepsin S (human) Cysteine Z-Val-Val-Arg-NBD (7b) Z-Val-Val-Arg-AMC[45] 

SARS-CoV 2 Mpro Cysteine Boc-Abu-Tle-Leu-Gln-NBD (7c) Boc-Abu-Tle-Leu-Gln-AMC[46] 

S. aureus SrtA Cysteine Bz-Leu-Pro-Ala-Thr-Gly-NBD (7d) Abz-Leu-Pro-Glu-Thr-Gly-Dap(Dnp)–OH[47] 

SARS-CoV 2 PLpro Cysteine Z-Arg-Leu-Arg-Gly-Gly-NBD (7e) Z-Arg-Leu-Arg-Gly-Gly-AMC[48] 

uPA (human) Serine Z-Gly-Gly-Arg-NBD (7f) Z-Gly-Gly-Arg-AMC[49] 

DENV 
NS2B/NS3 Serine 

Bz-Nle-Lys-Lys-Arg-NBD (7g) 

Ac-Gly-Arg-Arg-NBD (7h) 

Bz-Nle-Lys-Lys-Arg-AMC[50] 

Ac-Gly-Arg-Arg-AMC[51] ZIKV 

MMP9 (human) Metallo Z-Pro-Leu-Gly-Met-NBD (7i) Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-NH2[52] 

Thermolysin Metallo Bz-Gly-Phe-NBD (7j) N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide (FAGLA)[53,54] 
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The fluorescence progress curves were acquired for at least six 
different substrate concentrations for the corresponding substrate 
with at least a technical triplicate. KM and vmax values were then 
calculated from the respective Michaelis-Menten curves (Table 2 
and Figures S55–S63). Exemplarily, fluorescence progress 
curves for different substrate concentrations and the resulting 
Michaelis-Menten plot are shown for the cysteine protease 
rhodesain in Figure 2. The signal-to-noise ratio, as described by 
the detector-independent reaction rate slope ([auڄs–1] vs. [S]), was 
~3 times higher for NBD than for AMC-based substrates 
(calculated by the gain factor-independent initial slope of Figure 
2C vs. 2D). Consequently, the NBD-based fluorescence assays 
can be performed at lower enzyme and/or substrate 
concentrations than with the corresponding parent substrate. 
Especially for highly affine ligands, this might provide an 
advantage to avoid tight-binding inhibition ([E]>Ki).[55] 
In general, the KM values for the NBD-based substrates were 
found to be in the same order of magnitude or better than the KM 
values determined for the AMC-based parent substrates, 
indicating similar or increased affinity compared to their AMC 
counterpart. While the KM value of the cysteine proteases 
rhodesain, CatS, and Mpro substrates is virtually unchanged by the 
exchange of the fluorophore from AMC to NBD, the affinity of uPA, 
DENV/ZIKV NS2B/NS3, and PLpro substrates is increased by up 
to a factor of ~40. The affinity increase was reasoned by analyzing 
the binding poses predicted by molecular docking. Comparing the 
docking poses of the AMC and the NBD substrate, it is noticeable 
that the positioning of the substrate peptide is mostly not affected 
by the exchange of the fluorophore residue. However, the 

positioning of the fluorophore itself might differ depending on the 
individual topology of the binding pocket. By its chemical nature, 
the NBD substructure can form more hydrophilic interactions 
compared to AMC as highlighted by the interaction analysis 
(Figure 3 and Figure S73). The formation of productive 
interactions with the charge-polarized catalytic dyad of a protease 
could be the reason for the improved affinity of NBD-based 
substrates. Some examples in which the NDB residue mediates 
increased affinity for protein and lipid surfaces have been 
previously documented.[32] 
Considering the kinetics of catalytic cleavage, for the rhodesain, 
uPA, and PLpro substrates, kcat is lower for these NBD-based 
substrates than for the AMC-based substrates (10–100×). For the 
other enzymes, the kcat values are in the same magnitude or 
slightly higher for the NBD-based substrates. Thus, no clear trend 
is apparent regarding the substrate cleavage rate, which seems 
to be an individual characteristic for each protease probably 
depending on the positioning of the susceptible amide bond 
towards the nucleophilic enzyme residue. Except for the 
rhodesain substrate, the catalytic efficiency kcat/KM of the NBD-
based substrates was found to be as high as or higher than the 
one of the AMC-based substrates. In the case of the rhodesain 
NBD substrate (7a) the reduction of the kcat value actually 
represents an advantage over the AMC substrate, since the 
fluorescence progress curves remain linear for a longer time in 
the steady-state regiment (Figure 2A) and there is no early 
saturation of the fluorescence by reaching an equilibrium, as is 
the case with the AMC substrate (Figure 2B). 

 
Figure 2. Exemplary fluorometric enzyme assay graphs for rhodesain. (A) Fluorescence progress curves for the conversion of different concentrations of the Z-
Phe-Arg-NBD (7a) substrate by rhodesain. (B) Fluorescence progress curves for Z-Phe-Arg-AMC by rhodesain. (C) Michaelis-Menten plot for Z-Phe-Arg-NBD (7a). 
(D) Michaelis-Menten plot for Z-Phe-Arg-AMC.  

10.1002/chem.202301855

Ac
ce

pt
ed

 M
an

us
cr

ip
t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

 15213765, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202301855 by U

niversitätsbibliothek M
ainz, W

iley O
nline Library on [14/07/2023]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License



 
Project 1: Inhibitors for Flaviviral NS2B-NS3 Proteases 107 

 

 
 

 

  

RESEARCH ARTICLE    

5 
 

Table 2. Enzyme- and substrate-specific kinetic constants for NBD-based and corresponding AMC-based substrates. Michaelis-Menten constant (KM), maximum 
turnover rate (vmax), turnover number (kcat), catalytic efficiency (kcat/KM). 

protease 

NBD substrate AMC substrate 

KM 

[µM] 

vmax 

[nMڄmin–1] 

kcat 

[min–1] 

kcat/KM 

[Lڄµmol–1 min–1] 

KM 

[µM] 

vmax 

[nMڄmin–1] 

kcat 

[min–1] 

kcat/KM 

[Lڄµmol–1 min–1] 

Rhodesain 2.84 ± 0.22 73.8 ± 2.6 59.0 ± 2.1 20.8 ± 1.8 3.08 ± 0.41 679 ± 43 1056 ± 66 343 ± 50 

uPA 10.2 ± 0.63 174 ± 6 [a] [b] 347 ± 35 1847 ± 90 [c] [d] 

CatS 28.0 ± 2.68 70.0 ± 3.1 7.00 ± 0.31 0.25 ± 0.03 34.4 ± 3.06 111 ± 23 0.45 ± 0.09 0.013 ± 0.003 

DENV 

NS2B/NS3 
88.1 ± 11.7 762 ± 37 3.05 ± 0.15 0.035 ± 0.005 869 ± 67 41.8 ± 1.9 0.17 ± 0.01 (1.92 ± 0.17) 10–4 

ZIKV 

NS2B/NS3 
33.6 ± 1.51 252 ± 5 10.1 ± 0.2 0.30 ± 0.01 1381 ± 371 161 ± 34 1.29 ± 0.27 (9.3 ± 3.3) 10–4 

PLpro 40.6 ± 4.11 151 ± 8 1.51 ± 0.08 0.037 ± 0.004 1332 ± 161 7049 ± 427 70.5 ± 4.3 0.053 ± 0.007 

Mpro 18.9 ± 1.38 10.9 ± 0.4 2.62 ± 0.09 0.14 ± 0.01 56.7 ± 11.6 2.06 ± 0.16 0.50 ± 0.04 0.009 ± 0.002 

The concentration of the uPA protein in molڄL–1 is unknown but given in units (U) by the vendor: [a] (����Â��-5 �� ����Â��-7) molڄmin–1ڄU–1;  
[b] (1.71 ± 0.12) Lڄmin–1ڄU–1; [c] �����Â��-4 ������Â��–6) molڄmin–1ڄU–1; [d] (0.53 ± 0.06) Lڄmin–1ڄU–1. 

 
Figure 3. Predicted binding poses for the NBD- and AMC-based substrates for uPA and PLpro. (A) Z-Gly-Gly-Arg-NBD (7f) in the active site of the crystal structure 
of uPA (pdb: 1LMW). (B) Z-Gly-Gly-Arg-AMC in the crystal structure of uPA (pdb: 1LMW). (C) Z-Arg-Leu-Arg-Gly-Gly-NBD (7e) in the crystal structure of PLpro (pdb: 
7RBS). (D) Z-Arg-Leu-Arg-Gly-Gly-AMC in the crystal structure of PLpro (pdb: 7RBS). 

Autocleavage of a DENV and ZIKV NS2B/NS3 Protease 
Substrate 

Remarkably, in contrast to all other substrates presented in this 
study, our first DENV and ZIKV NS2B/NS3 protease substrate 7g 
with the sequence Bz-Nle-Lys-Lys-Arg-NBD (Table 1) showed a 
fluorescence increase even in the absence of any enzyme. In an 
alkaline buffered solution, this fluorescence increase was found 
to be higher than at neutral pH values (Figure 4A and B). To 
analyze the molecular mechanism of this non-enzymatic 
fluorescence activation, the reaction mixture of the NS2B/NS3 

substrate conversion was analyzed by HPLC/MS. By this, two LC 
peaks of the same mass (405.70 Da) but different fluorescence 
properties were detected, one corresponding to the substrate 
educt 7g and the other to a fluorescent product 8, suggesting an 
intramolecular rearrangement mechanism for fluorescence auto-
activation (Figure S49). In the literature, an intramolecular Smiles 
rearrangement for NBD derivatives incorporating primary amine 
groups has been described during a histone deacetylase assay 
development.[37,39] 
From these and the literature results, we hypothesized that 
substrate auto-cleavage is enabled by the presence of free amine 
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groups in the substrate sequence (Figure 4C). Appropriately, we 
found that substrates without lysine residues are stable in their 
respective assay buffer. This was confirmed both by mass 
spectroscopy and by fluorescence spectroscopy (Figures S50–
S52). Nonetheless, we aimed to develop a functional substrate for 
the NS2B/NS3 proteases, and thus, we replaced the lysine 
residues with arginine residues, resulting in a stable and 
functional substrate for both proteases (Ac-Gly-Arg-Arg-NBD 7h, 
Table 2). Noteworthy, even high concentrations of buffers 
containing free amines (e.g., Tris 100 mM) do not lead to 
instability of the NBD substrates, however, the application scope 
of NBD-based substrates should be limited to lysine-free protease 
substrates. However, this does not represent a practical 
disadvantage in the development of protease substrates since 
there is no known protease that only tolerates lysine and not 
arginine. 

Harnessing NBD-Amide Autocleavage for FRET 
Substrate Replacement 

We developed the idea of harnessing the characteristic NBD 
autocleavage behavior for a FRET substrate replacement (Figure 
5A). By this strategy, endopeptidases with a requirement for a 
specific amino acid in their prime site (S1’) might also become 
accessible to the repertoire of NBD substrates. Such proteases 
that have specificity for a S1’ amino acid usually must be assayed 
with a matching FRET substrate because AMC substrates usually 
do not fulfill the S1’ specificity requirement either. To test the 
hypothesis if a free N-terminus of an H2N-Xaa-NBD derivative is 
able to drive the Smiles rearrangement, a minimal substrate (H2N-
Arg(Pbf)-NBD 21a) was analyzed fluorometrically and by LC/MS 
with enzyme-free assay conditions (100 mM Tris, 100 mM NaCl, 
variable pH) which highlighted that fluorescence auto-activation 
proceeds as expected (Figure S53), while at pH value between 5 
and 8 the chemical turnover rate was moderately efficient (k = 
0.01 min–1). Outside this pH range the Smiles rearrangement 
might be less efficient but at very low or high pH values most 
proteases do not show enzymatic activity either. 
We designed several NBD substrates from commonly known 
FRET-based parent substrates where the N-terminus of the prime 
site (S1’) amino acid can induce a Smiles rearrangement, 
resulting in fluorescence increase after proteolytic cleavage and 
subsequent rearrangement (Figure 5A). Exemplary, such 
substrates were designed for the proteases SrtA (Figure 5B–C), 
MMP9, and thermolysin. LC/MS spectra of the enzymatic 
conversion can be found in the SI (Figure S54). Similar to the 
above-described non-prime site substrates, the NBD-based 
substrates for thermolysin, SrtA, and MMP9 showed similar or 
better affinities (KM) compared to their parent substrates (Table 3). 
Both the turnover rates kcat and catalytic efficiency kcat/KM of these 
NBD substrates were lower than those of the parent substrate. 
This might be explained by the two-step reaction mechanism 
which is limited by the second step of the chemical rearrangement 
with moderate efficiency. However, the disadvantage of a lower 
processivity will be outweighed by the higher detection sensitivity 
and decreased susceptibility to assay interferences (see below). 

 
Figure 4. Autocleavage of the Bz-Nle-Lys-Lys-Arg-NBD (7g) substrate. (A) 
Enzyme-independent fluorescence increase at different pH values (100 µM Bz-
Nle-Lys-Lys-Arg-NBD in DENV NS2B/NS3 buffer). (B) pH-dependence of the 
non-enzymatic turnover. (C) Putative Smiles rearrangement of lysine-containing 
substrates. 

Applications for Protease Inhibitor Investigation 
To confirm the applicability of the NBD-based substrates in drug 
discovery-relevant fluorometric assays, the inhibition constants Ki 
of literature-known inhibitors were determined for each protease 
using NBD-based and the matching parent substrates (Table S2 
and Figures S64–S72). Inhibition constants (Ki) were determined 
from the fluorescence progress curves using the Cheng-Prusoff 
equation (Eq. 2).[56] 

୧ܭ =
ூ஼ఱబ

ଵା൬ [ೄ]಼౉
൰
     (2) 

By this, inhibition values were corrected to the zero-substrate 
concentration, which 1.) allowed the comparison between 
different substrate affinities and their concentrations; and 2.) 
showed that the determined KM values for NBD substrates 
(Tables 2 and 3) are valid compared to their reported parent 
substrates. Here, we could show that Ki values of NBD-based and 
parent substrates differ usually by less than 10% and in some 
cases by max. a factor of three. It can therefore be assumed that 
the NBD-based substrates are a well-suitable alternative for 
fluorometric assays in drug discovery. 
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Mitigation of Typical Protease Assay Interferences 

The excitation and detection wavelengths of the NBD fluorophore 
( ୶ୣߣ = 485 nm ୫ୣߣ , = 535 nm ) are shifted towards the lower 
energy range compared to the commonly used AMC substrates 
( ୶ୣߣ = 380 nm ୫ୣߣ , = 460 nm ). In this regard, these assay 
conditions might be able to suppress the most typical assay 
interferences, because interfering physicochemical transitions do 
occur in the near UV-light spectrum.[24,25,27] 
Using rhodesain as an example protease with a drug discovery 
context,[57] we investigated some compounds from our in-house 

library that are known to lead to false positive results while using 
the AMC-based rhodesain substrate. By using the newly 
developed NBD substrate, we aim to reduce these recurring 
assay interferences (Figure 6 and Figure S48). In this sense, we 
could show that the apparent inhibition in the AMC-based assay 
(attenuation of fluorescence increase) is due to common assay 
interferences, and the NBD-based substrate is not affected. 
Detailed molecular explanations of the interference effects can be 
found in the SI. 

 
Figure 5. Prime site NBD auto-activating substrates as FRET substrate replacement. (A) Schematic depiction of the substrate activation mechanism. 
Rearrangement of the substrate after cleavage by the protease yields fluorophore activation. (B) Fluorescence progress curves for the conversion of the Bz-Leu-
Pro-Ala-Thr-Gly-NBD (7d) substrate by SrtA. (C) Michaelis-Menten plot for the SrtA substrate. 

 
Table 3. Enzyme- and substrate-specific kinetic constants for NBD-based and corresponding parent substrates. Michaelis-Menten constant (KM), maximum turnover 
rate (vmax), turnover number (kcat), catalytic efficiency (kcat/KM). 

protease 

NBD substrate Parent substrate 

KM 

[µM] 

vmax 

[nMڄmin–1] 

kcat 

[min–1] 

kcat/KM 

[Lڄµmol–1 min–1] 

KM 

[µM] 

vmax 

[nMڄmin–1] 

kcat 

[min–1] 

kcat/KM 

[Lڄµmol–1 min–1] 

Thermolysin 56.4 ± 4.22 52.8 ± 2.3 73.1 ± 3.1 1.30 ± 0.11 703 ± 110 (3.0 ± 0.3) 104 (4.2 ± 0.4) 104 59.1 ± 10.7 

SrtA 365 ± 35[a] 156 ± 7 0.12 ± 0.01 (3.28 ± 0.35) 10-4 92.5 ± 9.62 459 ± 22 0.35 ± 0.02 
0.0038 ± 

0.0004 

MMP9 26.7 ± 7.70 10.3 ± 1.03 4.12 ± 0.40 0.15 ± 0.05 24.7 ± 4.8 241 ± 27 96.5 ± 10.7 3.91 ± 0.88 

[a] The apparent KM value of the SrtA FRET substrate is in accordance with the literature value which is distorted by the inner filter effect (Dnp internal quenching). 
An HPLC-derived KM value was found to be in the magnitude of KM > 1 mM.[58] 
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Figure 6. Mitigation of typical AMC assay interferences by an NBD substrate. Each interference example was performed for rhodesain assay conditions with the 
respective AMC and NBD substrate. (A) Inner filter effect of compound 12 (100 µM): compound absorbance spectrum; AMC-based assay; NBD-based assay. (B) 
Fluorophore quenching by compound 13 (100 µM): compound absorbance spectrum; AMC- and NBD-based assay. (C) Autofluorescence decay of compound 
14 (100 µM) (D) Detector non-linearity by compound 15 (100 µM): compound fluorescence spectrum; AMC- and NBD-based assay. (E) Photosensitization of 
radical oxygen species by compound 16 (100 µM). (F) Reflecting inhibitor aggregates of compound 17 (100 µM): fluorometric well-homogeneity scan with AMC 
resp. NBD assay wavelengths; AMC- and NBD-based assay. 
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Smartphone-Based Fluorometer for Usage in Classroom 
Applications 

The fluorescence of NBD-based dyes is relatively strong in 
quantum yield and brightness with the maximum sensitivity in the 
visible region (vide supra).[59,60] Thus, NBD substrates are 
potentially suitable for use with DIY or low-cost Vis-fluorometers 
to perform kinetic protease studies in classroom-like 
experiments.[61–63] Previous fluorogenic substrates do not allow 
for such conceptualizations, as monitoring substrate turnover of 
AMC and FRET substrates requires an excitation light source in 
the UV range, which is rarely available in the context of 
educational activities. 
In fact, we were able to show that substrate turnover of Z-Phe-
Arg-NBD (500 µM) using the cysteine protease rhodesain (1 µM) 
is possible by using only a conventional smartphone (Xiaomi 
Redmi 10) as a detection device (Figure 7). For this purpose, the 
camera lens and the built-in lamp were covered with LeeFilter 
films (cost < 10 ct): orange film (2×2 cm, LeeFilters 158 Deep 
Orange) and blue film (2×2 cm, LeeFilters 120 Deep Blue) as 
excitation resp. emission filters (Figure 7A). Recording a video of 
the reaction mixture in a 96-well plate with the built-in camera and 
analyzing the brightness in the well over time enabled the 
recording of a substrate turnover curve (Figure 7C and SI Movie 
1). 

Conclusion 

In this study, protease substrates with NBD as a fluorogenic 
reporter group were designed, synthesized, and tested for 
utilization in drug discovery applications. Compared to the 
previous substrate gold standards, the absorption and emission 
characteristics of NBD are red-shifted to the visible spectrum. In 
total, we described the synthesis of substrates for 10 different 
proteases from the cysteine-, serine-, and metalloprotease 
classes. By this, we were able to obtain substrates for proteases 
ZLWK� FDUER[\SHSWLGDVH� DFWLYLW\� �;;;Ň1%'�� DV� ZHOO� DV� IRU�
proteases with endopeptidase activity and specificity 
requirements in the prime VLWH��;;ŇX-NBD). The suitability of the 
new substrates was confirmed by determining enzyme- and 
substrate-specific kinetic parameters. The KM values determined 
for the NBD-based substrates were in the same order of 
magnitude as the parent AMC- resp. FRET substrates. 
Determination of inhibition constants (Ki and kinact) of known 
inhibitors confirmed that NBD substrates are well-suitable for 
various applications. In this regard, typical medicinal chemistry-
related assay interferences such as the inner filter effect, 
fluorophore quenching, and autofluorescence decay could be 
avoided by using the NBD substrates. Thus, in summary, NBD 
substrates may not only provide a suitable alternative to 
previously used fluorophores but may form the basis of a new 
generation of fluorometric assays. 

 
Figure 7. Smartphone-based assay for rhodesain activity. (A) Schematic 
representation of the experimental setup with a fluorescence-enabled 
photograph of an NBD-NH2 solution (1 mM) in rhodesain assay buffer. (B) 
Screenshot of a reaction mixture containing rhodesain (1 µM) and the Z-Phe-
Arg-NBD substrate (500 µM) in a 96-well plate. Circle 1 highlights a well after 
the addition of rhodesain enzyme, whereas circle 2 shows only NBD substrate 
in rhodesain assay buffer. (C) Fluorescence progress curves by analysis of the 
brightness in the wells (ImageJ 1.53). 

Experimental Section 

Fluorometric assays 

Fluorometric assays were performed with a Tecan Spark 10M 
plate reader using white flat-bottom 96-well microtiter plates from 
Greiner Bio-One. Measurements were performed in at least three 
independent technical replicates. Typically, each well contained 
180 µL buffer, 5 µL enzyme stock solution, 10 µL inhibitor in 
DMSO or pure DMSO for mock treatment, and 5 µL solution of 
the corresponding protease substrate in DMSO, resulting in a total 
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volume of 200 µL (for MMP9: total volume 100 µL, 1 µL 
substrate, 98 µL buffer, 1 µL enzyme). The fluorescence was 
measured for 10 min or for 30 min every 30 s with the following 
excitation and emission wavelengths. 
Emission and Excitation wavelengths�� $0&�� Ȝex = 380 nm, 
Ȝem = 460 QP�� )$*/$�� Ȝabs = 322 nm; Abz/Dap(dnp): 
Ȝex = 320 QP�� Ȝem = 430 QP�� 1%'�� Ȝex = 485 QP�� Ȝem = 535 nm; 
'QS�7US��Ȝex = 280 QP��Ȝem = 360 nm. 
Enzyme Buffers and Substrates. Rhodesain (enzyme: 1 nM, 
50 mM sodium acetate pH 5.5, 5 mM EDTA, 200 mM NaCl, 5 mM 
DTT, 10 ȝ0� =-Phe-Arg-AMC/10 µM Z-Phe-Arg-NBD); SARS-
CoV 2 Mpro (enzyme: 250 nM, 20 mM Tris pH 7.5, 0.1 mM EDTA, 
200 mM NaCl, 1 mM DTT, 60 µM Boc-Abu-Tle-Leu-Gln-
AMC/30 µM Boc-Abu-Tle-Leu-Gln-NBD); DENV2 and ZIKV 
NS2B/NS3 (enzyme: 250 nM (DENV) & 25 nM (ZIKV), 50 mM 
Tris pH 7.5, 100 ȝ0�%RF-Gly-Arg-Arg-AMC/50 µM Z-Gly-Arg-Arg-
NBD); Urokinase plasminogen activator (uPA) (enzyme: 10 U, 
50 mM Tris pH 7.4, 50 mM NaCl, 0.5 mM EDTA, 240 ȝ0�=-Gly-
Gly-Arg-AMC/10 µM Z-Gly-Gly-Arg-NBD); Sortase A (SrtA) 
(enzyme: 1.3 µM, 50 mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCl2, 
0.5 mM Gly4, 25 ȝ0�$E]-LPETG-Dap(dnp)–OH/100 µM Bz-Leu-
Pro-Ala-Thr-Gly-NBD); SARS-CoV 2 PLpro (enzyme: 100 nM, 
20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM NaCl, 1 mM DTT, 
50 µM Z-Arg-Leu-Arg-Gly-Gly-AMC/40 µM Z-Arg-Leu-Arg-Gly-
Gly-NBD); Cathepsin S (CatS) (enzyme: 10 nM, enzyme buffer: 
35 mM K3PO4 pH 6.5, 35 mM sodium acetate, 2 mM DTT, 2 mM 
EDTA, assay buffer: 50 mM K3PO4 pH 6.5, 2.5 mM DTT, 2.5 mM 
EDTA, 10 µM Z-Val-Val-Arg-AMC/10 µM Z-Val-Val-Arg-NBD); 
Matrixmetalloprotease 9 (MMP9) (enzyme: 2.5 nM, 150 mM 
NaCl, 50 mM Tris-HCl pH 7.5, 20 µM ZnCl2, 1 mM CaCl2, Dnp-
Pro-Leu-Gly-Met-Trp-Ser-Arg-NH2/40 µM Z-Pro-Leu-Gly-Met-
NBD); Thermolysin (enzyme: 0.7 nM, 100 mM Tris, 100 mM 
NaBr, 2.5 mM CaCl2, 100 µM FAGLA/20 µM Bz-Gly-Phe-NBD). 
 

Chemistry 

All reagents and solvents were of analytical grade quality and 
purchased from Sigma-Aldrich, Carbolution, BLDpharm, or 
FisherScientific. Chemicals were used without further purification. 
1H and 13C spectra were recorded on a Bruker Fourier 300 or 
Bruker Avance III 600 using DMSO-d6 or CDCl3, as solvent. 
&KHPLFDO� VKLIWV� į� DUH� JLYHQ� LQ� SDUWV� SHU� PLOOLRQ� �SSP�� XVLQJ�
residual proton peaks of the solvent as an internal standard. UV-
chromatograms and mass spectra were obtained by LC-MS 
consisting of an Agilent 1100 series HPLC system using an 
Agilent Poroshell 120 EC-C18 150 × 2.10 mm, 4 µm column or an 
Agilent Zorbax SB Aq. 150 × 4.6 mm, 5 µm column. Detection 
wavelengths were 210, 254, and 396 nm. The tested substrates 
and inhibitors displayed a purity ൒  95% in all cases. The 
molecular mass was confirmed by an Agilent 1100 series LC/MSD 
Trap with electron spray ionization (ESI) in positive ionization 
mode. Melting points (uncorrected) were determined in open 
capillaries using a Schorpp Gerätetechnik MPM-H3 melting point 
GHYLFH�� 6SHFLILF� URWDWLRQV� >Į@D20 were measured on a P3000 
polarimeter from Krüss and are reported in cm3 gí1 dmí1. Detailed 
information on the synthesis and analytical data for 
characterization of NBD-substrates can be found in the 
Supporting Information. 
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5 Project 2: NS2B-NS3 Protease-Ligand-Interactions 

5.1 Conformational Dynamics of the Dengue Virus Protease Revealed by 

Fluorescence Correlation and Single-Molecule FRET Studies. 

5.1.1 Context, Project Summary, and Own Contributions  

It is known from crystal structures that the DENV protease adopts at least two different conformations, 

named open and closed conformation.[32,84,94] Although crystal structures provide valuable insights into 

the three-dimensional structure of proteins, they only capture a single energy-minimized state of the 

protein’s conformation and do not provide information about conformational dynamics. Therefore, 

understanding the biological significance of observed conformations solely based on crystal structures 

can be challenging. This is particularly evident for a protein, such as the NS2B-NS3 protease, that 

exhibits conformational flexibility in solution.[106,113] Despite the common belief that the DENV 

protease’s closed conformation represents the enzyme’s catalytically active state[32,78], the overall 

conformational dynamics of the protein have yet to be extensively studied.  

SmFRET has proven effective in uncovering static and dynamic heterogeneities in proteins[274,275] and 

was used in this study to enhance the understanding of the conformational dynamics of the protein in 

solution and investigate the influence of a competitive inhibitor on the conformational equilibrium. The 

protein was labeled with different dye-pairs (ATTO 488/ ATTO 647N or ATTO 488/ Cy5) at specific 

positions by introducing cysteine residues via site-directed mutagenesis (S79*C-S158C or S79*C-

G14C), taking advantage of the fact that the native protein does not contain cysteines (Figure 22). These 

labeled mutants were then examined using confocal microscopy to study their behavior in solution. 

Auto- and cross-correlations were calculated to assess the existence of a dynamic equilibrium between 

different conformations and its modulation by the competitive inhibitor. Fluorescence burst analysis at 

the single-molecule level was performed to identify subpopulations and evaluate the effect of the 

inhibitor on conformational stability. 

The results indicated the presence of a dynamic equilibrium between at least two conformations. 

Notably, the addition of the competitive inhibitor Ic
DENV significantly favored the closed state of the 

protein. The findings were consistent across different FRET pairs and labeling positions in the protein. 

Preliminary estimates suggested a conformational exchange timescale in the range of 10 ms. 

The promising results obtained in this study lay the groundwork for investigations, including studying 

the response of the conformational equilibrium to allosteric inhibitors and immobilizing DENV protease 

for more in-depth analysis of individual molecules. These experiments hold the potential to provide 

quantitative information about conformational dynamics and contribute to improved antiviral drug 

design for DENV protease. 
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Figure 22. SmFRET experiments indicated competitive inhibitor' induced shift toward closed conformation of the previous 
existing conformational equilibrium. The distance of the mutated positions (S79*C and S158C) is smaller in the closed 
conformation of the DENV protease resulting in higher EFRET. Open conformation (PDB-ID: 2fom), closed conformation 
(PDB-ID: 2m9p), NS2B is sown in red, NS3 in white. Mutated cysteine residues are shown with cyan sticks. 

Own contributions: protein labeling of S79*C-S158C with ATTO 488 and Cy5 (together with Andrea 

Gellert), protein expression and purification (as part of my internship), fluorometric enzyme assay 

(activity of dye-labeled S79*C-S158C and control experiments not described in the publication), and 

manuscript editing. 

Contributions from other authors: protein expression & purification, protein labeling, fluorometric 

enzyme assay, smFRET data curation, data analysis, and writing of the first draft & editing of the 

manuscript. 

This work has been published in The Journal of Physical Chemistry B (impact factor: 3.47). 

Article reprinted with permission of The Journal of Physical Chemistry B 2021, 125 (25): 6837–6846 

“Conformational dynamics of the dengue virus protease revealed by fluorescence correlation and single-

molecule FRET studies.” © 2021 American Chemical Society (United States). 
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5.1.2 Publication 

The following publication quoted within “” from page 133 to page 147 is the same as the manuscript 

cited on page 132. 

“

 

Conformational Dynamics of the Dengue Virus Protease Revealed
by Fluorescence Correlation and Single-Molecule FRET Studies
Published as part of The Journal of Physical Chemistry virtual special issue “W. E. Moerner Festschrift”.

Christian Götz, Gerald Hinze, Andrea Gellert, Hannah Maus, Franziska von Hammerstein,
Stefan J. Hammerschmidt, Luca M. Lauth, Ute A. Hellmich, Tanja Schirmeister, and Thomas Basché*

Cite This: J. Phys. Chem. B 2021, 125, 6837−6846 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The dengue virus protease (DENV-PR) represents an
attractive target for counteracting DENV infections. It is generally
assumed that DENV-PR can exist in an open and a closed conformation
and that active site directed ligands stabilize the closed state. While
crystal structures of both the open and the closed conformation were
successfully resolved, information about the prevalence of these
conformations in solution remains elusive. Herein, we address the
question of whether there is an equilibrium between different
conformations in solution which can be influenced by addition of a
competitive inhibitor. To this end, DENV-PR was statistically labeled by
two dye molecules constituting a FRET (fluorescence resonance energy
transfer) couple. Fluorescence correlation spectroscopy and photon-
burst detection were employed to examine FRET pair labeled DENV-
PRs freely diffusing in solution. The measurements were performed with two double mutants and with two dye couples. The data
provide strong evidence that an equilibrium of at least two conformations of DENV-PR exists in solution. The competitive inhibitor
stabilizes the closed state. Because the open and closed conformations appear to coexist in solution, our results support the picture of
a conformational selection rather than that of an induced fit mechanism with respect to the inhibitor-induced formation of the closed
state.

■ INTRODUCTION
The protease (PR) of the dengue virus (DENV) plays a crucial
role in the replication cycle of the virus. It is involved in the
cleavage of the viral polyprotein, resulting from the translation
of the viral RNA, into the seven nonstructural proteins (NS)
necessary for viral replication and maturation and three
structural capsid, membrane precursor, and envelope proteins1

that contribute to the formation of newly assembled virus
particles.2 Because of its essential function in virus replication,
the DENV-PR is an attractive target for countering DENV
infections. To create a basis for rational drug design, studies
that provide structural insights into the dynamics of the
DENV-PR are essential.
The DENV-PR is a heterodimeric trypsin-like serine

protease consisting of the NS3 protease domain (NS3pro)
and the cofactor NS2B (NS2Bcf). Without the cofactor, the
NS3pro domain shows only residual catalytic activity.3 While
the NS3pro domain adopts a similar spherical fold in all
published structures, at least two different conformations were
observed for the NS2Bcf domain that differ mainly in the
relative positions of the NS2Bcf to the active center of the
NS3pro domain.4−8 As shown by cocrystal structures with

ligands bound to the active site, in the closed conformation,
the cofactor wraps around the NS3pro domain and contributes
to the formation of the S2 and S3 pockets. Therefore, it is
assumed that this conformation represents the catalytically
active state.4 In the open state, the NS2Bcf domain is
disordered and does not contribute to the formation of the
substrate binding pocket.5,6,9 Crystal structures provide
substantial information about the three-dimensional fold of
proteins; however, they represent only snapshots of energy-
minimized states. Hence, it is difficult to evaluate the biological
relevance of the two observed conformations only based on the
available crystal structures. This is underscored by the fact that
studies in solution provide evidence of conformational
flexibility for this protein.7,10 The formation of the closed
state is often interpreted as a result of ligand binding to the
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active site of the DENV-PR causing either an induced fit7,8 or a
conformational selection.11,12 Most of the known competitive
inhibitors of DENV-PR have a peptidic or peptidomimetic
structure.13,14 However, because of the preference of the S1
and S2 binding pockets for cationic residues, effective
competitive inhibitors exhibit weak membrane permeabilities,
thus lowering their bioavailability.15−18 Furthermore, the
development of selective competitive inhibitors is hampered
by the shallow structure of the active site.7,19 A putative
allosteric binding site therefore represents an attractive
alternative for effectively inhibiting the protease activity.7,15,20

Interestingly, inhibitors targeting this allosteric site have been
reported to stabilize the open state.7

Despite the widespread assumption that the closed
conformation resembles the catalytically active state of the
enzyme, the overall conformational dynamics of the protein
have not yet been sufficiently explored. NMR studies
employing different types of spin-labels have found at least
two species in solution. These were interpreted as two
conformations whose ratio was shifted to the closed
conformation after addition of a competitive inhibitor.21,22 In
these studies, a higher flexibility of the open conformation and
the possibility of intermediate states have been mentioned.
Consequently, the open conformation may result from a
superposition of structurally similar states. Later on, a
luminescence assay was presented to monitor conformational
transitions of the NS2B cofactor upon ligand binding to
characterize potential allosteric inhibitors.7 By use of a split
luciferase complementation assay, it was found that binding of
a competitive inhibitor to the PR induced the formation of the
closed conformation, whereas binding of an allosteric inhibitor
prevented the formation of the catalytically active closed state.
Because only relative changes in luminescence could be
detected with this method, no conclusions could be drawn
regarding the occupancy and precise conformational states of
subpopulations of the DENV-PR and whether a dynamic
equilibrium between open and closed conformations in
solution exists in the absence of ligands.
Förster resonance energy transfer (FRET),23 implemented

at the single-molecule level (smFRET),24 has proven to
uncover static and dynamic heterogeneities, which typically are
averaged out in the ensemble. Thus, conformational
subpopulations, conformational changes, and temporary
fluctuations can be revealed.25 In recent years, smFRET has
become a common technique to analyze, for example,
conformational dynamics of proteins including proteases,26−28

the folding dynamics of RNA,29 or the influence of ligands on
the conformation of biomolecules.30,31 In principle, smFRET
experiments can be performed on immobilized or freely
diffusing molecules.32 In the latter case, individual photon
bursts from molecules traversing the excitation volume are
detected and analyzed to extract the unique single molecule
information. The burst analysis allows to build histograms for
the parameters of interest and to identify subpopulations in a
heterogeneous ensemble.32,33

Since their first implementation, burst measurements have
been continuously improved and refined. Experimentally
accessible parameters comprise fluorescence wavelength,34

intensity and lifetime,33 and the polarization state of the
excitation and emission.35 Ideally, all intrinsic parameters of a
fluorophore are detected simultaneously for each burst.36,37

Recently, an analysis procedure has been presented for FRET
pair labeled systems, which allowed for the visual detection of

structural dynamics.38 Briefly, FRET efficiencies and donor
fluorescence lifetimes were determined for every burst and
plotted against each other in a 2D histogram. It has been
recognized that interconversion of conformational states which
differ in their FRET efficienciesduring the molecule’s transit
time through the observation volumewill result in character-
istic deviations from the so-called static FRET line.38

In a different approach it had been shown that conforma-
tional dynamics and the underlying kinetics of a FRET pair
labeled system diffusing freely in solution can be addressed by
comparing the auto- and cross-correlation functions of the
donor and acceptor intensities.39

The present study aims to contribute to an improved
understanding of the conformational dynamics of DENV-PR
and to study the influence of a competitive inhibitor on the
conformational equilibrium. Because the native DENV-PR
does not contain any cysteines, two cysteine residues were
introduced in each PR by site-directed mutagenesis.
Importantly, one cysteine was placed in the NS3 core protease
domain (G14C or S158C) and one within the NS2B cofactor
(S79C). The double mutants were labeled by FRET pairs and
investigated in a confocal microscope while freely diffusing in
solution. The labeling positions were chosen to lead to
significant changes of the FRET efficiencies after a conforma-
tional transition occurred. The stream of fluorescence photons,
arising from individual PR molecules traversing the excitation
volume, was subjected to two analyses based on the
approaches discussed before. For an initial evaluation of
whether a dynamic equilibrium between different conforma-
tions of the DENV-PR exists and whether this equilibrium is
influenced by the addition of a competitive inhibitor, we
calculated auto- and cross-correlations for each data set.
Afterward, the data were analyzed at the single-molecule level
by implementing a fluorescence burst analysis. For this
purpose, individual bursts, attributed to individual DENV-PR
molecules, were examined and sorted in a 2D histogram
according to lifetime and FRET efficiency.38 This plotting in a
2D histogram enabled the visual identification of the existing
subpopulations. In addition, the histograms showed whether a
ligand stabilizes a conformation and if so, which one.
Furthermore, by comparing the positions of existing
subpopulations with respect to the static FRET line, we had
a second qualitative indicator for the presence of exchange
dynamics. Our results point to a dynamic equilibrium of at
least two conformations. Notably, the addition of a competitive
inhibitor clearly favored the closed state of the enzyme.
However, it has to be kept in mind that due to its flexibility the
open conformation may actually be a superposition of
structurally similar states. The results were found to be
qualitatively independent of the selected FRET pair as well as
of the position of the FRET labels in DENV-PR. Preliminary
estimates indicate a time scale of the conformational exchange
in the range of 10 ms.

■ METHODS
Protein Constructs and Cloning. A pET15b vector

encoding the DENV2 NS2Bcf-NS3pro gene (GenBank ID:
AY037116.1), with two-point mutations (I30A and L31A in
NS3) for better protein solubility,40 was used for introducing
cysteine point-mutation pairs S79C/G14C and S79C/S158C
in NS2B and NS3, respectively, through site-directed muta-
genesis using the Kapa HiFi PCR kit (KapaBiosystems) and
the following primers: (i) G14C: 5′-ccgccggtgtgcaaagcagaa-

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c01797
J. Phys. Chem. B 2021, 125, 6837−6846

6838



 
Project 2: NS2B-NS3 Protease-Ligand-Interactions 135 

 

 
 

 

  

ctggaagac-3′ and 5′-ctgctttgcacaccggcggcggagacgg-3′; (ii)
S79C: 5′-gatcctgtcaattacgatctgcgaagatg-3′ and 5′-gacatgctac-
catcttcgcagatcgtaattg-3′; (iii) S158C: 5′-ggatcgggcagctaccg-
ctgatttctgcttg-3′ and 5′-cgtaggcaccacaacgggtcacgacaccattacc-3′.
Protein Expression and Purification. E. coli BL21-Gold

(DE3) cells (Agilent Technologies, Santa Clara, CA) were
transformed with a pET15b plasmid harboring the DENV2
NS2Bcf-NS3pro with an N-terminal hexa-histidine tag linked to
NS2Bcf via a thrombin cleavage site. Cells were grown in LB
medium containing 100 μM ampicillin at 37 °C to an OD600 of
∼0.7. Expression was induced with 1 mM isopropyl-D-
thiogalactoside (IPTG) for 16 h at 20 °C. After harvesting,
cells were resuspended in lysis buffer (20 mM Tris-HCl pH
8.0, 300 mM NaCl, 0.1 vol % Triton X-100, 20 mM imidazole,
RNase, DNase, lysozyme, 1 mM PMSF, 1 mM DTT, 1 mM
benzamidine) and lysed by sonication (Sonoplus, Bandelin,
Berlin, Germany). The lysate was cleared by centrifugation (45
min at 15 krpm), and the protein was purified from the
supernatant by gravity flow chromatography with Ni-NTA
Agarose (Qiagen, Venlo, Netherlands). Eluted proteins were
subsequently subjected to a gel-filtration step (HiLoad 16/600
Superdex 200 column, GE Healthcare) and eluted in the
storage buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl).
Purified proteins were concentrated, shock frozen in liquid
nitrogen and stored at −80 °C until further use. Throughout
all steps, protein concentrations were measured via absorbance
at 280 nm, and sample purity was assessed via SDS-PAGE.
Fluorescent Labeling of the DENV-PR Double

Mutants S79C−G14C and S79C−S158C. Purified protein
was rebuffered by using Vivaspin protein concentrators
(MWCO 10.0 kDa, GE Healthcare) in labeling buffer (20
mM Tris-HCl pH 6.8−7.0, 150 mM NaCl, 0.5 mM TCEP)
and incubated for 30 min at 4 °C. DENV-PR S79C−G14C: A
4.7-fold excess of the maleimide derivative of ATTO 488 and a
5.8-fold excess of the maleimide derivative of ATTO 647N
(both ATTO dyes were purchased from ATTO-TEC GmbH,
Germany) were mixed with DENV-PR S79C−G14C (40 μM).
DENV-PR S79C−S158C: TCEP was removed with a Vivaspin
protein concentrator in the same buffer without TCEP. A 2.1-
fold excess of ATTO 488 and a 2.6-fold excess of ATTO 647N
or a 2.6-fold excess of ATTO 488 and 2.4-fold excess of Cy5
(GE Healthcare, United States) were used (24 μM protein for
ATTO 488/ATTO 647N or 75 μM protein when labeled with

ATTO 488/Cy5). Samples were incubated by gently shaking
in the dark for 2 h at room temperature. This enables a
Michael addition of the thiol group of cysteine to the β-
position of the α,β-unsaturated carbonyl moiety (maleimide
anchor) of the dyes, forming a stable thioether. Labeled
protease was then dialyzed overnight at 4 °C (DENV-PR
S79C−G14C: 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5
mM TCEP; DENV-PR S79C−S158C: 20 mM Tris-HCl pH
6.8, 150 mM NaCl, 1 mM CHAPS) and purified by gel
filtration (HiLoad 16/60 Superdex 75 column, GE Healthcare)
in the storage buffer (20 mM Tris-HCl pH 8.0, 150 mM
NaCl). The activity of the labeled enzyme was confirmed in a
fluorometric assay by using a fluorogenic peptide substrate.
Additionally, the inhibitory activity of known competitive and
noncompetitive inhibitors was examined.20 For a more detailed
description of the test of the enzyme activity, please refer to the
Supporting Information. To determine the dye-to-protein
ratio, the absorbance was measured at 280, 500, and 646 nm
for DENV-PR S79C−G14C, ATTO 488, and ATTO 647N,
respectively. Absorption and fluorescence emission spectra of
the ATTO 488/ATTO 647 N FRET pair labeled DENV-PR
S79C−G14C double mutant recorded in assay buffer (50 mM
TRIS-HCl pH 9.0, 1 mM CHAPS, 20 vol % of glycerol) with
10 vol % of DMSO are shown in Figure 1. The spectra indicate
a pronounced donor-only population, which may be attributed
to remaining free dye or a large excess of singly or doubly
donor-labeled proteases. The interference from these species
can be minimized by interrogating donor- and acceptor-labeled
proteases.

FCS-FRET and smFRET Experiments. The measurements
on freely diffusing DENV-PR molecules were performed in
self-made sample cells, consisting of a glass coverslip coated
with poly(ethylene glycol) (PEG_01 & 02, MicroSurfaces Inc.,
United States)to prevent nonspecific adsorption of proteins
to the surfaceand a glued-on cylinder, made of protein-
repellent plastic (Protein LoBind Tube, Eppendorf AG,
Germany). 150 μL of the respective solution of FRET pair
labeled double mutant DENV-PR (c ∼ 100 pM) in assay buffer
(the assay buffer for the measurements on the DENV-PR
S79C−G14C double mutant additionally contained 20 vol %
of glycerol) was placed in the sample cells, and fluorescence
photons were collected over a period of 1800 s in each case by
using a custom-built confocal microscope. To ensure the

Figure 1. Ensemble spectra of the DENV-PR S79C−G14C double mutant labeled with the ATTO 488/ATTO 647N FRET pair in assay buffer
with 10 vol % of DMSO. (a) Absorption spectrum (the arrow indicates the excitation wavelength (502 nm) for the correlation and burst
experiments) and (b) emission spectrum. Following excitation of the donor (488 nm) emission from both donor and acceptor is observed.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article
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solubility of the ligand, 10 vol % of DMSO was added to the
solutions. After the measurements in the absence of the ligand,
150 μL of a solution of the competitive inhibitor (c ∼ 20 μM)
in assay buffer (with 10 vol % of DMSO) was added to the
sample cells, and again fluorescence photons were collected.
The recordings of both data setswith and without ligand
were performed in direct succession.
The fluorophores were excited with the spectrally filtered

output from a pulsed white light fiber laser (10 MHz, SC-
OEM, YSL Photonics, China). An acousto-optical tunable filter
(AOTF-VIS-DR, Fianium, United Kingdom) was used to
obtain excitation pulses centered around 502 nm (FWHM ∼
1.5 nm). After passing a single-mode fiber, the laser light was
recollimated and then focused into the solution by using a
microscope objective (plan apochromat, 100×, NA = 1.4, oil
immersion, Zeiss, Germany). The excitation power was
measured in front of the objective and set to 10 μW. The
same objective collected the fluorescence emitted by dye
labeled DENV-PR while diffusing through the focus. Excitation
and emission were separated by a dichroic mirror (ZT491
rdcxrxt-UF1, CHROMA, United States). The emitted
fluorescence light finally passed a dichroic mirror
(ZT640rdc-UF1, CHROMA, United States) in the detection
beam path, which allowed red light to be transmitted, while
light of higher energy was reflected. These two spectrally
separated beams were then focused onto two APDs (acceptor
channel A: SPCM-AQRH-15, PerkinElmer, United States;
donor channel D: PDM 50ct, MPD, Italy) after appropriate
spectral filtering (acceptor channel A: ET655lp, CHROMA,
United States; donor channel D: FF01-550/88-25, Semrock,
United States). This filter combination allowed the separate
detection of both donor and acceptor fluorescence. The two
detectors were connected to a HydraHarp 400 module
(PicoQuant, Germany), which records the absolute and
relative arrival time (relative to the excitation pulse) of the
individual photons. This enabled the subsequent calculation of
correlation functions and fluorescence intensity time traces for
the burst analysis. Such time traces were calculated for both
colors, and the fluorescence lifetime was determined for each
burst within a trace. Therefore, we address these traces as
color- and time-resolved fluorescence intensity time traces.
Analysis of FCS-FRET and smFRET Data. For a first

tentative evaluation whether a dynamic equilibrium between
different conformations of the DENV-PR exists and whether
this equilibrium is influenced by the addition of a competitive
inhibitor, correlation functions were calculated (FCS-FRET)
from the macro arrival times of the individual photons
recorded by using the HydraHarp 400 module. The
fluorescence intensities on both APDs were auto- and cross-
correlated (autocorrelations GAA(τ), GDD(τ), and cross-
correlations GAD(τ)).
It had been shown that the cross-correlation can drop more

slowly to zero than both autocorrelations if there is an
exchange between two conformations that differ in their energy
transfer efficiency provided that this process is not much
slower than the diffusional time through the focus.39,41

Exchange manifests itself in additional terms in the correlation
functions; that is, in addition to the diffusional term without
exchange, autocorrelations decay faster with an exchange time
τex, Gii(τ) ∝ (1 + aii exp(−τ/τex)), while the cross-correlation
function is extended by an increasing term GAD(τ) ∝ (1 − aAD
exp(−τ/τex)). Without exchange (τex → ∞), GAD(τ) is
expected to decay in between GAA(τ) and GDD(τ).

42 GAA(τ)

and GDD(τ) could decay differently due to different sizes of the
observation volumes. Notably, it is expected that the cross-
correlation does no longer drop significantly slower to zero
compared to the autocorrelations if an added ligand stabilizes
one of the conformations of the protein, and therefore no or a
significantly reduced conformational exchange takes place.
Thus, by comparing the auto- and cross-correlation functions
of the donor and acceptor intensities, we can draw conclusions
about the existence of conformational dynamics.
To explore the presence of conformational subpopulations,

data must be viewed at the single-molecule level (smFRET).
For this purpose, individual bursts extracted from the
fluorescence intensity time traces (bin time = 1 ms) were
analyzed. For further evaluation, only bursts were taken into
account which showed a total of at least 10 counts on both
APDs. An average arrival time τDA of the donor photons in the
presence of the acceptor relative to the excitation pulse
(without taking the instrumental response function (IRF) into
account) was calculated for each individual burst. Furthermore,
the FRET efficiency EFRET was calculated for each burst:

=
×

× +E
f

f
counts(acceptor channel A)

counts(acceptor channel A) counts(donor channel D)FRET
c

c

(1)

We did not account for spectral crosstalk or direct excitation of
the acceptor. But we took into account a detection correction
factor fc, which compensates for the different detection
efficiencies of the two APDs toward donor and acceptor
fluorescence and the different quantum yields of both dyes,
when calculating EFRET. Note that the correction factor was
calculated from the known characteristics of the optical
components of the microscope, without further experimental
validation. We found that in the case of the FRET pair ATTO
488/ATTO 647N the detection correction factor is close to 1.
For the second FRET pair ATTO 488/Cy5, a correction factor
fc = 2.3, resulting from the lower quantum yield of Cy5
compared to ATTO 647N, was used.
The occurrences of the individual bursts (individual

molecules) were then plotted in a 2D histogram, separated
according to donor lifetime and FRET efficiency, which
enables the visual identification of existing subpopulations. In
addition, the 2D histograms show whether a ligand stabilizes a
conformation and, if so, which one. Moreover, we exploited the
linear relationship between FRET efficiency and donor lifetime
in the presence (τDA) of the acceptor for molecules that remain
in the same conformational state during the single particle’s
transit time through the focus, which is given by the following
expression:

τ
τ= −E 1FRET
DA

D (2)

τD represents the donor lifetime in the absence of the acceptor.
Importantly, eq 2 gives rise to the so-called static FRET line
because it only remains valid in the static case. If the studied
system switches between various conformational states within
a burst, which differ in their FRET efficiencies, there will be a
characteristic deviation of the data from the static FRET line
toward higher donor lifetimes.38 Such deviations represent a
second qualitative indicator for the presence of exchange
dynamics.
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■ RESULTS AND DISCUSSION
FRET Pair Labeled DENV-PR Mutants. Two double

mutants of DENV-PR were prepared by introducing cysteines
to the sites of S79 in NS2B with either G14 (termed S79C-
G14C) or S158 in NS3 (termed S79C-S158C) by site-directed
mutagenesis. Importantly, the double mutants were selected to
show significant distance changes between the mutated
positions upon changes of conformation (Figure 2a,b).
Moreover, in at least one of the conformations the inter-
residue distance r was estimated to be close to the Förster
radius R0 of the respective dye pair. Finally, it was checked that
the enzyme activity was not affected by the point mutations.
The two cysteines of each double mutant were statistically
labeled with the respective dyes equipped with maleimide
linkers. Accordingly, a mixture of donor-only-, acceptor-only-,
and donor−acceptor-labeled proteases is obtained. Informative

molecules are those that are labeled with one donor and one
acceptor dye.
Table 1 provides an overview of the different FRET pair

labeled DENV-PR double mutants.
Fluorescence Measurements. DENV-PR S79C−G14C

before and after Addition of the Competitive Inhibitor 1.
First, auto- and cross-correlations were calculated from the
stream of emitted photons of the ATTO 488/ATTO 647N
FRET pair labeled double mutant S79C−G14C of DENV-PR.
The samples were excited at 502 nm, and in Figure 3 the
correlation functions are shown before and after the addition
of the competitive inhibitor 1 (Figure 2c). In both cases the
cross-correlation GAD(τ) drops to zero on the same time scale
as GAA(τ). Note that in the presence of conformational
exchange GAD(τ) should decay slower than both autocorrela-
tions, while in the absence of any exchange GAD(τ) is expected

Figure 2. (a, b) Crystal structures of DENV-PR (PDB left 2M9P, right 2FOM) including the different labeling sites and the inter-residue distances.
NS2B is colored in red and NS3 in gray. (a) Inter-residue distances for the DENV-PR S79C−G14C double mutant in the closed (left) and open
(right) conformation. (b) Inter-residue distances for the DENV-PR S79C−S158C double mutant in the closed (left) and open (right)
conformation. (c) Structure of the competitive inhibitor 1.43
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to decay in between GAA(τ) and GDD(τ). Obviously, in this
particular case the correlation data did not allow for a
straightforward conclusion.
To prepare the data for the burst analysis, fluorescence

intensity time traces were calculated with a bin time of 1 ms. A
section of an intensity time trace before the addition of 1 is
shown in Figure 4. It is seen that significantly more bursts are
observed in the donor than in the acceptor channel. This is in
accordance with the bulk solution spectra (see Figure 1) and
probably due to the presence of a pronounced donor-only
population. Note that the acceptor-only species is not observed
with an excitation wavelength of 502 nm.
While the correlation data did not allow for conclusions on

conformational dynamics, the burst analysis of the same data
provides some evidence for the presence of different
conformations and an impact of ligand 1 on the equilibrium.
The lower part of Figure 5 shows the 2D histograms obtained
from the burst analysis of the intensity time traces before and
after addition of 1.
First of all, it should be noted that the populations with a

FRET efficiency of zero are due to DENV-PR molecules only

labeled with the donor dye ATTO 488, so that no energy
transfer takes place. Therefore, these populations show a
significantly longer fluorescence lifetime of the donor.
Furthermore, no distinct FRET subpopulations are observed,
neither before nor after adding 1. Rather, broad point clouds
are visible in both cases. These observations could be either
due to the fact that the DENV-PR does not show significantly
different conformations or due to the flexibility of the G14C
point mutant, which could result in “smearing” of possibly
existing conformational subpopulations. Another explanation
could be that the conformations convert much faster into each
other than the temporal resolution of the experiment (transit
time through the focus ∼0.2 ms); thus, only an average of

Table 1. Overview of the Relevant Parameters of the FRET
Pair Labeled Double Mutants of DENV-PRa

r/nm EFRET/%

sample FRET pair
R0/
nm open closed open closed

S79C−G14C ATTO 488/
ATTO
647 N

4.944 2.6 4.4 98.0 66.2

S79C−S158C A ATTO 488/
ATTO
647N

4.944 5.0 1.8 47.0 99.7

S79C−S158C B ATTO 488/
Cy5

5.145 5.0 1.8 53.0 99.8

aR0: Förster radius; r: distances between the two labeling positions in
the open and closed conformation of the DENV-PR; EFRET: FRET
efficiency, calculated according to EFRET = R0

6/(R0
6 + r6). The

distances r are based on the position of the cysteine residues
according to crystallographic data. The actual distances between
donor and acceptor dyes of the two FRET pairs may vary due to
linking groups and the spatial dimensions of the dyes.

Figure 3. Comparison of the normalized cross-correlation (black
curve) with the two normalized autocorrelations (red and blue), each
before (upper graph) and after (lower graph) addition of the
competitive inhibitor 1 to the ATTO 488/ATTO 647 N FRET pair
labeled DENV-PR S79C−G14C double mutant.

Figure 4. Fluorescence intensity time trace of the ATTO 488/ATTO
647 N FRET pair labeled DENV-PR S79C−G14C double mutant
before adding 1. The sample was excited with excitation pulses at 502
nm. The binning time was 1 ms.

Figure 5. Plot of the normalized occurrences of the individual bursts
(individual molecules) within the intensity time trace of the ATTO
488/ATTO 647 N FRET pair labeled DENV-PR S79C−G14C
double mutant before (a) and after (b) adding 1 in a 2D histogram,
separated according to donor lifetime τDA and FRET efficiency EFRET.
For an easier visual comparison of the FRET populations before and
after addition of the inhibitor, the respective maxima were normalized
to one. The maxima of the donor-only species (for further explanation
see main text) were not taken into account in the normalization,
which is why values greater than one occur (shown in gray). The cyan
lines represent the static FRET lines. The respective normalized 1D
histograms of FRET efficiencies are shown as a projection on the top
of the 2D histograms.
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different conformations can be observed. Interestingly, before
the addition of 1, the observed FRET population is shifted
significantly toward longer donor fluorescence lifetimes with
respect to the static FRET line, which indicates conformational
transitions during the transit time of the enzyme through the
focal volume. Note that the beginning of the static FRET line
(EFRET = 0) is given by the mean lifetime of the donor-only
species. After the addition of 1 (Figure 5b), the FRET
population point cloud vertically shifts down closer toward the
static FRET line, being compatible with reduced conforma-
tional exchange. At the same time, the point cloud shifts
horizontally to smaller FRET efficiencies (see the projection in
the upper part of Figure 5), indicating an increasing population
of the closed conformation of DENV-PR. Before the inhibitor
is added, the centroid of the FRET efficiency distribution of
the DENV-PR molecules is located at ∼55%, whereas the
addition of the inhibitor 1 leads to a shift of the centroid to
values of 20%−35%.
Thus, although no distinct subpopulations were visible, the

burst analysis supports the assumption of dynamical exchange
between different conformations in the absence of an inhibitor.
By the addition of 1, the dynamics appears to be reduced and
the equilibrium shifts to the closed conformation, as expected
for binding of competitive inhibitors.7,8

DENV-PR S79C−S158C A before and after Addition of the
Competitive Inhibitor 1. To prevent potential conformational
flexibility, the G14C point mutation within a flexible linker of
NS3 was replaced by the S158C point mutation in the same
protease domain but on the opposite end within a β-turn
(Figure 2). It was thus presumed that this residue should
display less flexibility than G14. The two labeling positions of
the DENV-PR S79C−S158C double mutant give rise to an
inverted distance change compared to DENV-PR S79C−
G14C, as it is now the closed rather than the open
conformation where an increase in FRET efficiency is
expected. Figure 6 shows the auto- and cross-correlations of
the DENV-PR S79C−S158C double mutant before and after
adding 1. In the absence of the ligand, the cross-correlation
drops to zero significantly slower than both autocorrelations.
This fact can be understood as an indication that there is a

significant exchange between two conformations that differ in
their FRET efficiencies.39,41 Interestingly, after addition of the
competitive inhibitor, the cross-correlation decays in between
both autocorrelations. This can be interpreted as a stabilization
of one conformation upon inhibitor binding, thereby blocking
or effectively reducing the conformational transition.
In Figure 7a, the 2D histogram obtained from the burst

analysis of the intensity time trace is shown before addition of
1.

The shape of the point cloud has changed significantly
compared to the DENV-PR S79C−G14C double mutant
(Figure 5). The point cloud is significantly elongated along the
abscissa, indicating a much larger range of FRET efficiencies.
With respect to the static FRET line, the data are shifted
vertically toward longer donor fluorescence lifetimes, which
indicates conformational transitions during the transit time of
DENV-PR within a burst. After addition of the competitive
inhibitor 1, the populations at intermediate FRET efficiencies
are diminished, while the high FRET efficiency population
stabilizes (see Figure 7b). Because this population is located at
the static FRET line, reduced conformational exchange takes
place.
The impact of the inhibitor 1 on the subpopulations is seen

even more clearly in the projections of the 2D histograms in
the upper part of Figure 7. In the presence of 1 (Figure 7b), a
clear preference for populations with high FRET efficiencies is
noted. Indeed, a distinct maximum at FRET efficiencies of 90%
is observed. Without inhibitor the distribution of FRET
efficiencies is appreciably broadened. By fitting two Gaussian
functions with similar weight (not shown) to the projection
data in Figure 7a, we found maxima at 59% and 91% FRET
efficiency. Theoretically, 47% is expected in the open state and
∼100% in the closed state.

Figure 6. Comparison of the normalized cross-correlation (black
curve) with the two normalized autocorrelations (red and blue), each
before (upper graph) and after (lower graph) addition of the
competitive inhibitor 1 to the ATTO 488/ATTO 647N FRET pair
labeled DENV-PR S79C−S158C double mutant.

Figure 7. Plot of the normalized occurrences of the individual bursts
within the intensity time trace of the ATTO 488/ATTO 647 N FRET
pair labeled DENV-PR S79C−S158C double mutant before (a) and
after (b) the addition of 1 in a 2D histogram, separated according to
donor lifetime τDA and FRET efficiency EFRET. For an easier visual
comparison of the FRET populations before and after addition of the
inhibitor, the respective maxima were normalized to one (see the inset
in (b)). The maxima of the donor-only species were not taken into
account in the normalization, which is why values greater than one
occur (shown in gray). The cyan lines represent the static FRET lines.
The respective normalized 1D histograms of FRET efficiencies are
shown as a projection on the top of the 2D histograms.
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To summarize, with respect to conformational exchange the
burst analysis results in the same conclusion as the correlation
analysis. With addition of the competitive inhibitor exchange
between conformations is significantly reduced. Consequently,
it can be assumed that in solution a dynamic equilibrium
between different conformations of the DENV-PR does exist.
After the addition of 1, the burst analysis indicates the
stabilization of the closed conformation yielding high FRET
efficiencies. Accompanying time-resolved ensemble experi-
ments confirm these results (see section S4 of the Supporting
Information).
The reasonable agreement of our findings for two different

double mutants of DENV-PR led us to check whether they
might depend on the selected FRET pair. Therefore, the
S79C−S158C double mutant of the DENV-PR was addition-
ally labeled with the FRET pair ATTO 488/Cy5 (S79C−
S158C B). The results of the corresponding measurements are
described in full detail in the Supporting Information. Briefly,
the correlation data show the same behavior as has been
observed for DENV-PR S79C−S158C A. Without inhibitor,
there appears to be an exchange between different con-
formations, while the presence of 1 stabilizes one of the
conformations. This view is supported by the burst analysis,
which in the absence of 1 indicates conformational exchange,
whereas addition of 1 leads to the preference of the closed
conformation. Although the burst data for DENV-PR S79C−
S158C labeled with two different FRET pairs are quantitatively
slightly different, they clearly follow the same trends. We
conclude that the results are largely reproducible throughout
all experiments, independent of the selected dye pair (ATTO
488/ATTO 647N vs ATTO 488/Cy5) and independent of the
double mutant used (DENV-PR S79C−G14C vs DENV-PR
S79C−S158C): In the absence of the competitive inhibitor 1
there is conformational exchange, while its presence leads to a
stabilization of the closed conformation.
Finally, we would like to briefly describe a first attempt to

address the time scale of the conformational exchange. Being
aware of its lack of quantitative accuracy, we have performed a
rough evaluation assuming a simple two-state model39 with
distributions of transition rates. Details of the calculations can
be found in section S3 of the Supporting Information. The
experimental data shown in Figure 6 (DENV-PR S79C−
S158C A) are compatible with transitions between an open
and a closed state on a mean time scale of τex ≈ 10 ms without
addition of 1, while exchange seems to be negligible after the
addition of 1. Note that only exchange on time scales in the
micro- to millisecond regime significantly alters auto-
compared to cross-correlation functions as we have observed.
Similar time scales have been suggested by NMR experiments
on NS2B-NS3 PR.22

■ CONCLUSIONS AND OUTLOOK
In the literature, an open and a closed conformation of DENV-
PR have been described. The aim of this study was to examine
whether these conformations do exist in solution and the
conformational equilibrium is shifted by the addition of a
competitive inhibitor.
To address this issue, we performed FCS-FRET and

smFRET measurements on two freely diffusing FRET pair
labeled double mutants of DENV-PR. To exclude depend-
encies of the experimental results on labeling position and the
FRET pair, the measurements were performed on two different
double mutants and with two different FRET pairs. The

double mutants were designed in such a way that distance
changes between the labeling positions during conformational
transitions would lead to significant changes of the FRET
efficiency.
As a main result, we have found that the data from all three

samples are compatible with a conformational exchange
equilibrium of DENV-PR in solution. While the correlation
data for the more flexible DENV-PR mutant S79C−G14C
could not be properly analyzed, a comparison of the
fluorescence intensity cross-correlation and autocorrelation
functions of the DENV-PR S79C−S158C double mutants
labeled with different FRET pairs gave strong indications that
there exists an equilibrium between open and closed
conformations before addition of the competitive inhibitor 1.
From the FCS-FRET experiments we conclude that exchange
between conformations takes place on the micro- to milli-
second time scale.
For all three systems examined, this view was supported by

the location of the distribution of FRET efficiencies with
respect to the static FRET line in the corresponding 2D
lifetime−FRET efficiency histograms. Furthermore, we ob-
served that in all cases the addition of inhibitor 1 induced a
shift of the conformational equilibrium, indicating that the
active site directed ligand stabilizes the closed conformation. In
the case of the DENV-PR S79C−S158C double mutants a
stabilization of one conformation was already visible in the
correlation functions. Moreover, the preference for the closed
state was evident from the fact that the subpopulations
observed in the 2D histograms were in significantly better
agreement with the static FRET line after addition of the
inhibitor and from a shift of the related FRET population. The
general trends were reproducible throughout all experiments
and thus independent of the chosen dye pair and double
mutant. This leads us to conclude that we have addressed
intrinsic protein dynamics. In summary, our measurements
provide strong evidence that there exists an equilibrium of at
least two conformations of DENV-PR in solution. The
addition of the competitive inhibitor leads to a stabilization
of the closed state and thus causes a reduction of the
conformational exchange. Based on the notion of a conforma-
tional equilibrium in solution, our results support the model of
conformational selection rather than an induced fit description
with respect to ligand binding. The open and closed
conformations are already present in solution, and the inhibitor
preferentially binds to the closed state, thereby shifting the
equilibrium.
The promising results obtained in this first study provide the

basis for future investigations. Employing the same method-
ology, it will be studied how the conformational equilibrium
responds to the presence of an allosteric inhibitor.20 In contrast
to competitive inhibitors, we assume that an open
conformation is stabilized by allosteric ligands. In a different
approach we will immobilize DENV-PR and study individual
molecules for extended periods of time. Preliminary experi-
ments have shown that single immobilized FRET pair labeled
proteases can be detected with sufficient signal-to-noise-ratio.
Conformational changes will manifest themselves in an
anticorrelated behavior in the donor and acceptor intensity
time traces. The underlying conformational transitions and
their kinetics will be extracted by means of a step analysis
promising more quantitative information about the conforma-
tional dynamics. Moreover, such experiments promise to
directly measure the residence time of a given inhibitor at its
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binding site in DENV-PR. We are confident that this study and
future experiments will contribute to a better understanding of
the conformational dynamics of DENV-PR, thereby delivering
some input for improved antiviral drug design.
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S1 Fluorometric assay 

The enzymatic activity of the dye labeled protease was verified with the fluorogenic substrate 

boc-GRR-AMC in presence and absence of competitive or non-competitive inhibitors. The 

buffer contained Tris (50 mM, pH 9), CHAPS (1 mM) and optionally glycerol (20 vol%). Each 

measurement was performed with a Tecan Infinite F2000 PRO fluorimeter in duplicates in flat-

bottom 96-well microtiter plates from Greiner Bio-One. A total volume of 200 µL, containing 

180 µL buffer, 10 µL DMSO as control or inhibitor in DMSO (final concentration 20 µM), 5 µL 

enzyme solution and 5 µL substrate (final concentration of 100 µM) was used for each well. 

The inhibitory activity was compared to the results of the wildtype protease. 

S2 Spectroscopic characterization of the FRET pair labeled double mutants of 
DENV-PR 

Absorption and fluorescence spectra of the FRET pair labeled double mutants of DENV-PR 

were recorded in assay buffer (50 mM TRIS-HCl pH 9.0, 1 mM CHAPS) with 10 vol% of 

DMSO. Notice that for historical reasons, the assay buffer for the measurements on the 

S79C-G14C double mutant contained 20 vol% of glycerol, while the assay buffer for the 

measurements on the other two samples contained no glycerol. Table S1 summarizes the 

concentrations used. 

Table S1: Concentrations of the different samples used for ensemble characterization. 

sample name concentration / µM 
S79C-G14C 0.82 

S79C-S158C A 0.95 

S79C-S158C B 0.72 
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To record the absorption spectra, 600 µL of the solutions were filled in a microcuvette. The 
absorption spectra were recorded at room temperature using a two-beam spectrophotometer 
(LAMBDA 850 UV/VIS, PerkinElmer, United States).  
To record the fluorescence emission spectra, 50 µL of the solutions were filled in a precision 
cuvette. The spectra were measured at room temperature in a 90-degree geometry using a 
spectrofluorometer (Fluorolog3, Horiba Jobin-Yvon, Germany). For each measurement the 
spectral bandwidth of the excitation and emission monochromator was set to 1 nm. The 
absorption and emission spectra are shown in Figure S1.  

 

  
(a) (b) 

  
(c) (d) 

Figure S1: Absorption and emission spectra, respectively, of the ATTO 488/ATTO 647 N labeled DENV-PR S79C-S158C A 
(a, b) and the ATTO 488/Cy5 labeled DENV-PR S79C-S158C B (c, d) double mutants, in assay buffer. Following excitation 
of the donor (488 nm) emission from both donor and acceptor is observed. 

 

S3 DENV-PR S79C-S158C A: Conformational exchange without and with 
competitive inhibitor 1  

Following a procedure proposed by Torres and Levitus [Torres, T; Levitus, M. J. Phys. Chem. 
B 2007, 111, 7392-7400], in Figure S2 the ratios of the acceptor autocorrelation function ܩ஺஺ 
and the crosscorrelation function ܩ஽஺ are plotted before and after adding 1. Within a simple 
two-state-model both correlation functions are composed of a diffusional part ௜ܶ௜ and a kinetic 
contribution ܺ ௜௜ depending on the kinetic rates ݇ଵଶ, ݇ଶଵ and the FRET efficiencies in both states 
 ,ଶ, respectively. Assuming similar diffusion contributions for all correlation functionsܧ ଵ andܧ
஺ܶ஺ = ஽ܶ஺, the ratio solely depends on conformational exchange,  

(߬)஺஺ܩ
(߬)஽஺ܩ =

1 + ܽ஺஺ ݁݌ݔ(െ߬ ߬௘௫Τ )
1 െ ܽ஽஺ ݁݌ݔ(െ߬ ߬௘௫Τ ) 

with ߬௘௫ = (݇ଵଶ + ݇ଶଵ)ିଵ, ܽ஺஺ = ݇ଵଶ݇ଶଵ(ܧଵ െ ଶ)ଶܧ (݇ଶଵܧଵ + ݇ଵଶܧଶ)ଶΤ     
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and ܽ஽஺ = ݇ଵଶ݇ଶଵ(ܧଵ െ ଶ)ଶܧ ൣ(݇ଶଵܧଵ + ݇ଵଶܧଶ)[݇ଶଵ(1െ (ଵܧ + ݇ଵଶ(1െ ଶ)]൧ൗܧ . We have 
performed a fit to the ratio (in absence of the inhibitor) assuming ܧଵ = ଶܧ ,0.5 = 1.0 and a log 
normal distribution of transition rates. Furthermore, we have accounted for an additional decay 
in the acceptor auto-correlation caused by triplet kinetics which is absent in the cross-
correlation. We point out that our data evaluation is a first and rough approach, since fitting 
parameters strongly depend on the chosen model and the method relies on the assumption of 

஺ܶ஺ = ஽ܶ஺. Once the diffusion contribution for the donor decays faster than for the acceptor, 
the diffusion contribution for the cross-correlation decays faster than for the acceptor, too. As 
a consequence, besides conformational exchange the ratio shown in Figure S2 might contain 
some contribution from pure diffusion. This could explain the small increase in the calculated 
ratio in the presence of inhibitor, the amplitude of which, however, is close to the noise level. 
In principle, similar ratios could be calculated employing the donor autocorrelation function, 
however, the donor emission signal is strongly superimposed by donor only species. In addition, 
any scattering and fluorescing contributions from potential contaminations will be more easily 
seen in the donor channel, rather than in the acceptor channel. 

 

 

Figure S2: Calculated ratios of the acceptor auto-correlation and the cross-correlation functions without and with inhibitor 1. 
The red line represents a fit to the data in the absence of inhibitor with a mean exchange time ߬ۃ௘௫ۄ ൎ  The ratio of the .ݏ10݉
mean transition rates ݇ۃଵଶۄ Τۄଶଵ݇ۃ ൎ 4.5 corresponds to the population ratios of the states. That is, the closed conformation 
appears to be more populated than the open conformation. 

 

S4 DENV-PR S79C-S158C A: Ensemble fluorescence decays before and after 
adding the competitive inhibitor 1  

Time correlated single photon counting (TCSPC)-experiments at the ensemble level have been 
performed in solution. In Figure S3 the rise/decay curves of the acceptor emission are plotted 
after pulsed excitation of the acceptor as well as the donor. In the latter case experiments were 
performed without and with inhibitor 1. After donor excitation energy transfer to the acceptor 
leads to a delayed increase of the rise/decay curves compared to direct excitation of the 
acceptor. All curves were adjusted to the longtime tail solely determined by the acceptor 
fluorescence lifetime. As can be seen in Figure S3, without inhibitor the rise/decay curve 
significantly deviates at short times compared to the case of direct excitation, indicating slow 
(inefficient) energy transfer. The behavior significantly changes after adding 1. Now the energy 
transfer to the acceptor is much more efficient, the longtime tail decay occurring much earlier. 
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Note that direct excitation resembles donor excitation with complete (instantaneous) energy 
transfer. 

 
Figure S3: TCSPC-ensemble decay curves of the DENV-PR S79C-S158C A double mutant. For details see text. 

S5 DENV-PR S79C-S158C B before and after adding the competitive inhibitor 1  

Figure S4 shows the auto- and cross-correlations before and after addition of 1. In the absence 
of the inhibitor, the cross-correlation drops to zero slower than the two autocorrelations. This 
again indicates that an exchange between different conformations, differing in their FRET 
efficiency, occurs.  

 
Figure S4: Comparison of the normalized cross-correlation (black curve) with the two normalized auto-correlations (red and 
blue), each before (upper graph) and after (lower graph) addition of the competitive inhibitor 1 to the ATTO 488/Cy5 FRET 
pair labeled DENV-PR S79C-S158C double mutant. 

Similar to the ATTO 488/ATTO 647N labeled DENV-PR S79C-S158C double mutant 
(DENV-PR S79C-S158C A) described in the main text, the cross-correlation does not drop to 
zero slower than the acceptor auto-correlation after addition of 1. Once again, this can be 
interpreted as an inhibitor induced stabilization of a conformation. 

Figure S5 shows the 2D histograms obtained from the burst analysis of the intensity time traces 
before (a) and after (b) addition of 1. Again, the population with a FRET efficiency of zero is 
due to DENV-PR molecules only labeled with the donor dye ATTO 488 and shows a 
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significantly longer fluorescence lifetime of the donor. As with the previous studied 

ATTO 488/ATTO 647N FRET pair labeled DENV-PR S79C-S158C double mutant, the point 

cloud is significantly elongated along the abscissa before the addition of 1. The data deviate 

characteristically from the static FRET line and are shifted towards longer donor lifetimes, in 

accordance with the observations described in the main text. Again, this indicates that the 

DENV-PR, during the transit time through the observation volume, fluctuates between different 

conformational substates, which differ in their FRET efficiencies. After addition of 1 (see, 

Figure S5 (b)), the bursts with medium FRET efficiencies which deviated characteristically 

from the static FRET line disappear almost completely. Solely the population with high FRET 

efficiencies survives, in good agreement with the static FRET line. This corresponds to the 

theoretical expectations, since for this double mutant, the distance between the two labeling 

positions (S79C and S158C) should decrease as a result of the transition from the open to the 

closed conformation (see Table 1 in the main text), leading to increased FRET efficiencies. The 

upper parts of Figure S5 (a) and (b) illustrate the corresponding normalized 1D histograms of 

FRET efficiencies before and after adding 1. Almost exclusively one FRET population at high 

FRET efficiencies is observed after addition of the competitive inhibitor.  

  

 

Figure S5: Plot of the normalized occurrences of the individual bursts (individual molecules) within the intensity time trace of 
the ATTO 488/Cy5 FRET pair labeled DENV-PR S79C-S158C double mutant before (a) and after (b) adding 1 in a 
2D histogram, separated according to donor lifetime ߬஽஺ and FRET efficiency ܧிோா். For an easier visual comparison of the 
FRET populations before and after addition of the inhibitor, the respective maxima were normalized to one. The maxima of 
the donor-only species were not taken into account in the normalization, which is why values greater than one, shown in gray, 
occur. The cyan lines represent the static FRET lines. The respective normalized 1D histograms of FRET efficiencies are shown 
as a projection on the top of the 2D histograms. 

 



 
148 Project 2: NS2B-NS3 Protease-Ligand-Interactions 

 

 

5.2 A Competition smFRET Assay to Study Ligand-Induced 

Conformational Changes of the Dengue Virus Protease. 

5.2.1 Context, Project Summary, and Own Contributions 

NMR spectroscopy and split-luciferase assays have been used to study the conformational dynamics of 

the DENV protease in solution.[106,112,276] These methods detected multiple conformations, which 

competitive inhibitors and pH changes could influence.[106,112] However, previous studies had limitations 

in providing comprehensive information about the influence of allosteric inhibitors. NMR studies 

indicated that competitive inhibitors stabilize the closed conformation, while the split-luciferase assay 

showed that allosteric inhibitors do not stabilize this conformation.[106,112] The specific conformation 

induced by allosteric inhibitors and their effects on the DENV protease remained unclear. 

To directly investigate the effect of an allosteric inhibitor on the protease conformation, we conducted 

smFRET experiments using a double mutant (S79*C-S158C) labeled with ATTO 488 and ATTO 643. 

Analysis of the fluorescence cross-correlation function in the presence of the allosteric inhibitor 

indicated stabilization of one conformation, but it was unclear which conformation was stabilized. 

However, the absence of a shift to higher FRET efficiencies after adding an allosteric inhibitor indicated 

that the closed conformation was not stabilized. Since the protease was predominantly in the open 

conformation under our experimental conditions, only stabilizations of the closed conformation could 

be directly visualized by shifts in EFRET. A competition smFRET assay (Figure 23) addressed this point 

and visualized the allosteric inhibitor’s induced shift to the open conformation. The assay followed a 

two-step process: first, the addition of a competitive inhibitor (Ic
DENV) shifted the equilibrium towards 

the closed conformation. Subsequently, the allosteric inhibitor (Ia) competed with Ic
DENV, causing the 

equilibrium to move toward the open conformation. The addition of increasing concentrations of Ia while 

keeping the concentration of Ic
DENV constant led to an increase in the fraction of the open conformation 

and a decrease in the fraction of the closed conformation. This demonstrated that Ia stabilized the open 

conformation. The binding affinity of Ia was determined by evaluating the ratio between open and closed 

conformations. The determined Kd values agreed with IC50 values obtained from a fluorometric assay, 

and the apparent Ki (Ki
app) constant determined by a Dixon plot. Kinetic modeling supported the 

assumption that the presence of the competitive inhibitor did not affect the binding affinity of the 

allosteric inhibitor. Additionally, inhibitor combination studies following the Chou-Talalay method[277] 

indicated antagonism between the two inhibitors. This supported our findings in the smFRET 

experiments, where we observed that the two inhibitors stabilize different conformations. 

A comparable strategy has not yet been described and allowed, for the first time, the unambiguous 

assignment of the conformation of DENV protease stabilized by allosteric inhibitors. This finding is 

indispensable for rational drug design and the development of potential inhibitors. 
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Figure 23. Principle of competition smFRET assay. The equilibrium between open and closed conformation is shifted to the 
closed conformation by adding a competitive inhibitor. The subsequent addition of an allosteric inhibitor in excess leads to 
reforming the open conformation. Open conformation (PDB-ID: 2fom), closed conformation (PDB-ID: 2m9p), NS2B is sown 
in red, NS3 in white. 

Own contributions: protein labeling, fluorometric enzyme assays, smFRET data curation, and writing 

of the first draft & editing of the manuscript. 

Contributions from other authors: protein expression & purification, smFRET data analysis, kinetic 

modeling, and manuscript editing. 

This work has been published in Protein Science (impact factor: 6.99). 

Article reprinted with permission of Protein Science 2023, 32 (1): e4526 “A competition smFRET assay 

to study ligand‐induced conformational changes of the dengue virus protease.” © 2023 WILEY-VCH 

Verlag GmbH & Co. KGaA (Germany). 
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5.2.2 Publication 

The following publication quoted within “” from page 150 to page 177 is the same as the manuscript 

cited on page 149. 
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Abstract

Ligand binding to proteins often is accompanied by conformational transi-

tions. Here, we describe a competition assay based on single molecule För-

ster resonance energy transfer (smFRET) to investigate the ligand-induced

conformational changes of the dengue virus (DENV) NS2B-NS3 protease,

which can adopt at least two different conformations. First, a competitive

ligand was used to stabilize the closed conformation of the protease. Subse-

quent addition of the allosteric inhibitor reduced the fraction of the closed

conformation and simultaneously increased the fraction of the open con-

formation, demonstrating that the allosteric inhibitor stabilizes the open

conformation. In addition, the proportions of open and closed conforma-

tions at different concentrations of the allosteric inhibitor were used to

determine its binding affinity to the protease. The KD value observed is in

accordance with the IC50 determined in the fluorometric assay. Our novel

approach appears to be a valuable tool to study conformational transitions

of other proteases and enzymes.

KEYWORD S

allosteric inhibition, competition assay, conformational change, flavivirus, NS2B-NS3
protease, smFRET

1 | INTRODUCTION

Understanding the operating mechanism of proteins is
essential for the development of new effective inhibitors.

In many cases, ligand binding leads to changes of the
secondary and tertiary structure, as well as the dynam-
ics of the proteins.1 Various approaches already exist
for tracking of ligand-induced conformational
changes. For several proteins, known to undergo a
conformational transition upon ligand binding
(e.g., EF-hand proteins, maltose-binding protein,
integrin I domains), residues have been mutated to
clearly favor one of the states over the other, enabling
investigation of their respective properties.2–8

Abbreviations: CI, combination index; DENV, dengue virus; FRET,
Förster Resonance energy transfer; E!

ET , FRET efficiency; Ia, allosteric
inhibitor; IC50, inhibitor concentration at half maximal inhibition; KD,
binding affinity; Ki

app, apparent Ki; NS, non-structural; NS3pro, NS3
protease; R0, Förster Radius; smFRET, single molecule FRET; τ,
fluorescence lifetime.
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However, additional tools are needed to obtain infor-
mation about the relationship of protein sequence,
dynamics, and function. NMR or single molecule För-
ster resonance energy transfer (smFRET) have proven
to be suitable tools for studying population distribu-
tions of conformational substrates in solution.9–16

The dengue virus (DENV) NS2B-NS3 protease is
essential for viral replication of the virus.17 Besides host
proteases, it is responsible for the cleavage of the viral
precursor polyprotein, which is translated from the
single-stranded RNA genome.17 The protease thus repre-
sents an interesting drug target for countering DENV
infections. The NS3 protease (NS3pro) is a trypsin-like ser-
ine protease with the catalytic triad His51, Asp75, and
Ser135.18 Correct folding and catalytic activity of NS3pro
strongly depends on the presence of the cofactor
NS2B.19,20 The latter can adopt at least two different con-
formations, which mainly differ in their relative position
compared to the active center of NS3pro. The two confor-
mations are designated as “open” and “closed.”21–25 As
already deduced from crystal structures, the binding of
ligands to the active site leads to the stabilization of the
closed conformation in which NS2B wraps around the
NS3pro domain. Thus, the closed conformation is consid-
ered the active conformation.21 In the open conforma-
tion, however, NS2B does not contribute to substrate
recognition and is rather loosely bound to NS3pro.

22,23,26

Although crystal structures provide important and funda-
mental information about proteins, they only represent
energy minimized snapshots and, thus, do only provide
very limited information about the state and dynamics of
proteins in solution.

By using NMR spectroscopy, the conformational
dynamics of the DENV protease in solution was previ-
ously investigated.12,27 Hereby, at least two species
were detected, and interpreted as different conforma-
tions. The ratio of the two species could be shifted by
adding a competitive inhibitor or by changing the pH
value of the buffer.12 The use of a split-luciferase assay
also enabled to observe conformational dynamics in
solution. In this experiment, the addition of competi-
tive inhibitors indicated the formation of the closed
conformation, which was prevented by the addition of
allosteric inhibitors.24 However, the earlier studies
have limitations in their information content. In the
case of the NMR studies, it was reported that the com-
petitive inhibitors did stabilize the closed conforma-
tion and in the case of the split luciferase assay, that
the allosteric inhibitors did not stabilize this conforma-
tion. Hence, none of these studies unraveled which
conformation is induced by allosteric inhibitors so that
their effects on the DENV protease are not yet suffi-
ciently understood. However, to design potential

inhibitors, understanding the addressed protein is
essential. This knowledge includes kinetics of the pro-
tein as well as the protein's mode of operation. For
rational drug design in particular, the binding pocket
with which a ligand interacts must be known. Accord-
ingly, it is of great importance to know the conforma-
tion that is stabilized by the ligand. Since there is no
direct proof that allosteric inhibitors do stabilize the
open conformation, the impact of an allosteric inhibi-
tor on the conformation of the protease will be in the
focus of the present work. smFRET enables to observe
conformational subpopulations, conformational transi-
tions and temporal fluctuations that typically remain
elusive in ensemble measurements.28,29 Using this
method, it was already shown that the DENV protease
in solution is in an equilibrium between two confor-
mations and that the presence of a competitive inhibi-
tor stabilizes the closed conformation.16

Here, we provide evidence that the allosteric inhibitor
stabilizes the open conformation of the protease by apply-
ing a competition smFRET assay. Our approach is based
on the initial shift of the equilibrium between open and
closed conformation toward the closed conformation by
the addition of a competitive inhibitor Ic (Figure 1),

30 fol-
lowing work by Götz et al.16 The subsequent addition of
an allosteric inhibitor Ia (Figure 1)31 leads to a competi-
tion between the two inhibitors in a way that the

FIGURE 1 Structures and IC50 values of the allosteric (Ia)
31

and the competitive (IC)
30 inhibitor
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conformational equilibrium is shifted to the open confor-
mation with increasing concentration of the inhibitor Ia.
Under the experimental conditions, the concentration of
Ic remains constant. For sufficiently high concentrations
of Ia, an almost complete shift of the equilibrium towards
the open conformation was achieved. Moreover, by eval-
uating the ratio between open and closed conformations
the binding affinity of the allosteric inhibitor was deter-
mined. To the best of our knowledge, an assay as pre-
sented here has not been described in the literature
before.

2 | RESULTS AND DISCUSSION

2.1 | FRET pair labeled DENV protease
mutants

Since the DENV protease does not contain native cyste-
ines, single cysteines can be introduced by site-directed
mutagenesis and subsequently specifically labeled with
dye molecules. As previously described,16 the positions of
the cysteines were chosen in a way that one of them is
localized in the NS3pro domain (S158C) and the other one
in the NS2B cofactor (S79C) (Figure 2).

The positions were selected to show significant dis-
tance changes between the mutated positions upon con-
formational changes.16 Distances of the dyes ATTO
488 and ATTO 643 in the open and closed conformation
were calculated using a toolkit from Seidel's laboratory.32

Since the structure of ATTO 643 was not accessible, the
structure of the related ATTO 647N was used for this cal-
culation.33 In each case, an ellipsoid was defined around
the chromophore whose radii were determined using the
python algorithm mol-ellipsize.34 For this purpose, the
lowest-energy conformers of the dyes including the linker

were calculated using RDKit ETKDG (universal force
field)35 and the centers of mass of the chromophores as
well as the linker lengths were computed using the cus-
tom PyMol center of mass plugin.36 The resulting radii
and linker lengths (Figure S1) were then used to estimate
the mean distances between the dyes (Table 1). Accord-
ing to the data in Table 1, the distance in the open con-
formation is close to the Förster radius R0 ¼ 5:2nm of the
dye pair calculated by the same program.

Since the two cysteines were statistically labeled
with ATTO 488 and ATTO 643, both equipped with
maleimide linkers, a mixture of donor-only, acceptor-
only, and donor-acceptor labeled proteases was
obtained. However, in the smFRET experiments,
exclusively molecules carrying one donor and one
acceptor dye are informative and were considered for
data analysis of fluorescence measurements. The activ-
ity of the labeled proteases was confirmed in a fluoro-
metric assay by using a fluorogenic peptide substrate
(Boc-GRR-AMC). The increase in fluorescence inten-
sity as a function of time was used as a measure of
activity. The proteolytic cleavage of the substrate
releases AMC, whose fluorescence was measured at
460 nm. The unchanged turnover rate of the fluoro-
genic substrate of the S79C-S158C mutant and the dye-
labeled mutant compared to the wild type shows that
neither the mutations nor the dye labeling had a nega-
tive effect on the activity of the enzyme (Figure S3).

To determine the dye-to-protein ratio, the absorbance
was measured at 280 nm (protein), 500 nm (ATTO 488),
and 630 nm (ATTO 643). Degrees of labeling were deter-
mined to be 59% for ATTO 488 and 74% for ATTO 643.
Binding of the dyes to the protease was examined using
an SDS-PAGE gel. The scan at excitation wavelengths of
500 nm (iii, Figure 3b) and 630 nm (iv, Figure 3b),
respectively, gave rise to a band at about 35 kDa in each

FIGURE 2 FRET pair labeled S79C-S158C double
mutant of the DENV protease in the open and closed
conformation. In the closed conformation (left), the
distance between the dye labels is smaller than in the
open conformation (right). DENV, dengue virus; FRET,
Förster resonance energy transfer
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case, in accordance with the protein band visualized by
coomassie staining (i, Figure 3b).

Absorption and fluorescence emission spectra of the
ATTO 488/ATTO 643 FRET pair labeled S79C-S158C
double mutant of the DENV protease recorded in buffer
(50 mM TRIS–HCl pH 9.0, 1 mM CHAPS) with 10 vol%
of DMSO are shown in Figure 3a. These conditions corre-
spond to the conditions during smFRET measurements.
The buffer was adapted to the assay conditions known
from the literature,31,37 including the DMSO added to
ensure the solubility of the inhibitors. Under these condi-
tions, the quantum yields of the dyes were also deter-
mined. High quantum yields of over 80% were obtained
for both dyes, showing that the experimental conditions
are favorable for both the protease and the dyes.

2.2 | S79C-S158C DENV NS2B-NS3 ATTO
488/ATTO 643 ± allosteric inhibitor Ia

In smFRET experiments in solution, individual photon
bursts from dye labeled proteins diffusing through the

excitation volume are monitored and analyzed to identify
subpopulations of a typically heterogeneous ensem-
ble.38,39 Ideally, all intrinsic parameters of the fluoro-
phore are detected simultaneously for each burst.40,41

These parameters include the fluorescence wavelength,42

intensity and lifetime.39 Here, the emission wavelengths
of individual bursts were not determined, however, a sep-
aration in terms of donor or acceptor fluorescence,
respectively, was implemented.

To increase the stability of the allosteric inhibitor over
the duration of the measurements, 1 mM TCEP was
added to the buffer, in deviation from the previously used
assay conditions.31 The double mutant labeled with
ATTO 488 and ATTO 643 was excited at 502 nm and the
stream of emitted photons was recorded with and with-
out the allosteric inhibitor at a concentration of 200 μM
of the latter.31

For further evaluation, fluorescence intensity time
traces with a binning time of 1 ms were calculated from
the fluorescence bursts, considering only bursts which
showed a total of at least 20 counts on both APDs. Sec-
tions of the intensity time traces of ATTO 488/ATTO

TABLE 1 Mean distances of the dye pairs in the NS2B-NS3 protease in the open and closed conformation calculated by the toolkit from
Seidel's laboratory32

Dye label NS2B Dye label NS3pro Mean distance (nm)

Open (2FOM) ATTO 488-Maleimide ATTO 647N-Maleimide 5.9 ± 0.5

ATTO 647N-Maleimide ATTO 488-Maleimide 5.8 ± 0.5

Closed (2M9P) ATTO 488-Maleimide ATTO 647 N-Maleimide 2.9 ± 0.7

ATTO 647N-Maleimide ATTO 488-Maleimide 3.0 ± 0.6

FIGURE 3 Ensemble spectra of the S79C-S158C DENV protease double mutant labeled with the ATTO 488/ATTO 643 FRET pair in
buffer containing 10 vol% of DMSO and SDS PAGE gel of the labeled protease. (a) Absorption (black) and emission (red) spectra. The latter
was measured at 500 nm excitation. (b) SDS-PAGE gel of ATTO 488/ATTO 643 FRET pair labeled DENV protease. (i) Coomassie stain,
(ii) marker PageRuler™ Prestained protein ladder (in kDa), (iii) laser scan with excitation at 500 nm, (iv) laser scan with excitation at
630 nm. DENV, dengue virus
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643 labeled S79C-S158C DENV protease with and with-
out inhibitor are presented in Figure 4.

Auto- and cross-correlations were then calculated
from the collected data. The cross-correlation GAD after
addition of the allosteric inhibitor (Ia) drops faster to zero
than GAD without Ia (Figure 5). This observation indi-
cates the stabilization of one conformation by addition of
Ia. It is noteworthy that the cross-correlation GAD consists
of a diffusion term and in case of fluctuating FRET
dynamics an additional rise term, describing the
exchange rates between different FRET states. Thus,

fluctuating FRET dynamics effectively delay the decay of
the cross-correlation GAD compared to pure diffusion.
Accordingly, the observation of a faster decay indicates
less FRET dynamics or the stabilization of one conforma-
tion by addition of Ia. Neither triplet kinetics

43 nor quan-
tum yields depending on Ia should affect the normalized
cross-correlation.

As seen in Figure 5, the effect is rather moderate, and
no conclusion can be drawn from the cross-correlation
regarding which conformation is stabilized. Under the
assumption that Ia stabilizes a conformation of the prote-
ase for at least the period of observation, a difference
function (ΔGAD) can be calculated from the correlation
functions according to Torres et al.44 The exchange corre-
lation time ( k12þk21ð Þ$1) was estimated to be %32 μs
from the corresponding difference function
(Appendix S1).

A burst analysis was performed, resulting in 2D histo-
grams (Figure 6). Before (Figure 6a) and after addition
(Figure 6b) of Ia, distinct point clouds can be seen in the
2D histograms. However, no shift of the E&

ET frequency
distributions was observed.

While from both, donor and acceptor, 2D histograms
are available, point clouds at E&

ET >0.5 are better visible
in the acceptor 2D histograms. Moreover, with increasing
number of acceptor photons within a burst, the statistical
significance of the calculated fluorescence lifetimesFIGURE 4 Section of the fluorescence intensity time trace of

ATTO 488/ATTO 643 FRET pair labeled DENV protease with and
without 200 μM of the allosteric inhibitor. The sample was excited
with excitation pulses at 502 nm. The binning time was 1 ms. the
donor channel is shown in blue, the acceptor channel is shown in
red. DENV, dengue virus

FIGURE 5 Cross-correlations (GAD) of the ATTO 488 and
ATTO 643 labeled DENV protease S79C-S158C double mutant
before (black) and after addition (blue) of 200 μM of the allosteric
inhibitor (Ia).

31 The difference function ∆GAD of the cross-
correlations is shown as a dashed line, the corresponding fit in red.
DENV, dengue virus

FIGURE 6 Plot of the normalized occurrences of the
individual bursts (individual molecules) within the intensity time
trace of the ATTO 488/ATTO 643 FRET pair labeled DENV
protease in a 2D histogram, separated according to acceptor
lifetime τA and FRET efficiency E&

ET . (a) without allosteric
inhibitor. (b) Black: With allosteric inhibitor (Ia = 200 μM), red:
Without allosteric inhibitor. For an easier visual comparison of the
FRET populations before and after addition of the inhibitor, the
respective maxima were normalized to one. The respective
normalized 1D histograms of FRET efficiencies are shown as a
projection on the top of the 2D histograms. DENV, dengue virus;
FRET, Förster resonance energy transfer
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increases. Finally, counts in the acceptor channel mainly
originate from FRET pair labeled protease, while in the
donor channel donor–donor labeled protease and Raman
scattering contribute as well. Therefore, we omit the data
from the donor channel and will focus only on the accep-
tor 2D histograms.

In the 2D histogram, the acceptor lifetime τA, which
was obtained as the mean delay time of the fluorescence
of the acceptor dye without taking the instrumental
response function (IRF) into account, is plotted against
E!
ET from the intensity ratios per burst. A change of the

energy transfer efficiency leads to a shift of the point
cloud, respectively the formation of an additional point
cloud, which differs from the first one in its position of
E!
ET as well as of τA. To make even small changes visible,

it is useful to examine the 2D diagrams in addition to the
1D histograms of the E!

ET frequency distributions.
As seen in Figure 6, the point cloud is already located

at intermediate FRET efficiencies before the addition of
the allosteric inhibitor. In line with the observations of
Zhu et al., who reported the prevalence of the open con-
formation of the protease at high pH values,12 we con-
clude that the intermediate transfer efficiency of
E!
ET " 0.5 represents the open conformation. Accordingly,

at this point the absence of a shift to higher FRET effi-
ciencies in the presence of the allosteric inhibitor only
indicates that the inhibitor does not stabilize the closed
conformation. To reveal a potential shift of the conforma-
tional equilibrium of the protease in solution towards the
open conformation by the addition of an allosteric inhibi-
tor, the former approach had to be extended and a com-
petition assay was designed.

2.3 | Competition assay

The conformation of the protease in solution depends on
the pH value in the manner that the equilibrium of the
two conformations is on the side of the open conforma-
tion at high pH values.12 As a consequence, in our experi-
ments performed at pH 9.0, only stimuli that lead to the
stabilization of the closed conformation can be directly
investigated. Note that the experimental conditions were
adapted to the conditions during the fluorometric assay
(50 mM Tris, 1 mM CHAPS, pH 9.0).31,37

It is assumed that the addition of allosteric inhibitors
leads to the stabilization of the open conformation.24

Therefore, to investigate the influence of an allosteric
inhibitor on the conformation of the protease, a competi-
tion assay was designed.

To implement this approach, the stabilization of the
closed conformation by a competitive inhibitor30 was
exploited to obtain a significant fraction of proteases in

the closed conformation prior to addition of an allosteric
inhibitor. Only then a shift of the equilibrium towards
the open conformation could be observed. For this pur-
pose, we first investigated whether different concentra-
tions of the competitive inhibitor resulted in varying
populations of the closed conformation. Indeed, as seen
in Figure 7 the E!

ET frequency distributions support the
growth of the closed conformation with increasing con-
centration of the competitive inhibitor.

For the competition assay, a concentration of 2 μM of
the competitive inhibitor was used. At this concentration,
two distinct populations of protease can be seen in the fre-
quency distribution of E!

ET (Figure 7). Experiments were
performed with different concentrations of the allosteric
inhibitor (0.1–167 μM) while keeping the concentration
of the competitive inhibitor constant. The collected fluo-
rescence data were then subjected to burst analysis.

The E!
ET frequency distributions show two distinct

populations (Figure 8a,c) that can be interpreted as the
open (E!

ET " 0:4#0:6) and closed (E!
ET " 0:7#1:0) con-

formation. As the concentration of Ia did increase, the
fraction of the population of the closed conformation was
reduced while the fraction of the open conformation was
increased. This is a clear indication that the allosteric
inhibitor stabilizes the open conformation of the prote-
ase. To determine the binding affinity, the ratio between
open and closed conformations was determined using
two different analysis methods. First, this ratio was
derived from the cumulative integrals of the E!

ET fre-
quency distributions (Figure 8b). After normalization in
the range of E!

ET " 0:4#0:6, the cumulative integral Pi

FIGURE 7 E!
ET frequency distributions of ATTO 488/ATTO

643 FRET pair labeled DENV protease with different
concentrations of the competitive inhibitor.30 DENV, dengue virus;
FRET, Förster resonance energy transfer
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was determined at E!
ET ¼ 1:0 and plotted against the con-

centration of the inhibitor resulting in a sigmoidal affin-
ity curve (Figure 9). The binding affinity
KD = 15.9 ± 2.5 μM of the inhibitor was obtained from
the inflection point of the sigmoidal curve. For the sec-
ond analysis method, the E!

ET frequency distributions
were simply approximated by a bimodal fit composed of
three Gaussians which turned out to satisfactorily repro-
duce the data. (Figure 8c) The ratio between open and
closed conformation was then determined as the ratio of
the corresponding amplitudes. The amplitude ratios were
again plotted against the inhibitor concentration, yielding
a KD of 11.7 ± 2.2 μM (Figure S7).

The binding affinities obtained with these two
methods are very similar and both are within the same
range as the IC50 determined in the fluorometric assay
under the same buffer conditions (IC50 = 12.8 ± 0.8 μM,
Figure S4) and the apparent Ki (Ki

app) obtained from the
Dixon plot (Ki

app = 14.7 ± 3.7 μM, Figure S8).

2.4 | Inhibitor combination studies

Using the Chou-Talalay method, the impact of a combina-
tion of inhibitors was investigated.45 IC50 values of the com-
petitive and allosteric inhibitor were determined separately
and in combination using a fluorometric assay
(Figures S4#S6). Both compounds were subjected to assays
at 7 concentrations at least, starting from the minimum dose
required for the enzyme inhibition to that necessary to fully
suppress protease activity. IC50 values have been obtained
from dose response curves (Figures S4#S6). According to

their IC50 values, Ic and Ia were used in a 1:2 ratio in the
combination study. The combination index (CI) calculated
using the formula for mutually non-exclusive inhibitors
reads:

CI¼ Dð Þa
Dið Þa

! "
þ Dð Þc

Dið Þc

! "
þ

Dð Þa Dð Þc
# $

Dið Þa Dið Þc
# $

where (Di)a and (Di)c represent the concentrations of Ia
and Ic alone, that are necessary to produce i% of protease

FIGURE 8 E!
ET frequency distributions of the competition smFRET assay. (a) E!

ET frequency distributions of ATTO 488/ATTO
643 FRET pair labeled DENV protease with different concentrations of the allosteric inhibitor (0–150 μM) in the presence of 2 μM of the
competitive inhibitor. (b) Cumulative integrals of E!

ET frequency distributions of ATTO 488/ATTO 643 FRET pair labeled DENV protease
with different concentrations of the allosteric inhibitor (0–167 μM) in the presence of 2 μM of the competitive inhibitor normalized in the
range of E!

ET ' 0.4–0.6. (c) Exemplary bimodal fit for the E!
ET frequency distribution of ATTO 488/ATTO 643 FRET pair labeled DENV

protease with 2 μM of the competitive inhibitor and 5 μM of the allosteric inhibitor. DENV, dengue virus; smFRET, single molecule Förster
resonance energy transfer

FIGURE 9 Binding affinity curve determined from the
competitive smFRET assay based on the evaluation of the
cumulative integrals of the E!

ET frequency distributions. The
sigmoidal fit provides a binding affinity of the allosteric inhibitor of
KD = 15.9± 2.5 μM. smFRET, single molecule Förster resonance
energy transfer
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inhibition, while (D)a and (D)c are the concentrations of
both compounds able to produce i% of protease inhibition
when they are used in combination. From the value of
CI, we can infer how the combination of inhibitors
affects their inhibition. When CI <1, synergism is indi-
cated, for CI = 1 summation is indicated and CI >1 indi-
cates antagonism. CI values were calculated for i = 10,
20, 30, 40, 50, 60, 70, 80, 90, and 99% inhibition of the
protease (Table 2).

The calculated CI values, which are consistently
greater than 1 for inhibitions between 10 and 99%, indi-
cate antagonism of the two inhibitors. Since we cannot
be sure whether the inhibitors are mutually exclusive or
non-exclusive, the CI value was also calculated for exclu-
sive inhibitors (data not shown). Here, the last summand
of the above formula is not taken into account. The corre-
sponding CI values are also higher than 1 and thus indi-
cate antagonism. These results support our findings in
the smFRET experiments, where we observed that the
two inhibitors stabilize different conformations.

2.5 | Kinetic modeling

From the experiments described above, it was concluded
that the open conformation is stabilized by binding of the
allosteric inhibitor and that the inhibitors show antago-
nistic effects. To address the impact of the bound compet-
itive inhibitor onto the binding of the allosteric inhibitor
under the experimental setup, kinetic modeling was per-
formed. Since no statement can be made about which
conformation the inhibitor binds to, two different models
were considered. In the following, model 1, (model 2, see
Appendix S1) which assumes that the two inhibitors bind
exclusively to the conformation that they stabilize (con-
formational selection), will be discussed in more detail.
Based on this assumption, the following equilibria, with
Ic as the competitive inhibitor, Ia as the allosteric inhibi-
tor, Ec as the closed conformation of the protease, Eo as
the open conformation of the protease, EcIc as the com-
plex of closed conformation and competitive inhibitor,
and EoIa as the complex of open conformation and allo-
steric inhibitor, can be established:

Thus, the following equilibrium constants can be
formulated:

Ki,c ¼
Ec½ # Ic½ #
EcIc½ #

,Ki,a ¼
Eo½ # Ia½ #
EoIa½ #

,andKc ¼
Eo½ #
Ec½ #

:

Using the equilibrium constants Ki,c, Ki,a, and Kc and the
initial concentrations of the ligands I0a

! "
and I0c

! "
, the

total concentration of open E$
o

! "
and closed E$

c

! "
confor-

mations of the protease present during the measurement
can be described. Since the concentration of the protease
used in the experiments is significantly smaller than the
equilibrium constants Ki,c and Ki,a, the following approxi-
mations can be made:

E$
c

! "
ffi Ec½ # 1þ

I0c
! "

Ki,c

# $
and E$

o

! "
ffi Eo½ # 1þ

I0a
! "

Ki,a

# $
:

The relationship between the closed and the open confor-
mation can be described by the following term

E$
c

! "

E$
o

! "¼F
1

1þ I0a½ #
Ki,a

# $ ,

where F¼K'1
c 1þ I0c½ #

Ki,c

# $
remains constant during the

addition of the allosteric inhibitor. The resulting titration
curve T I0a

! "% &
runs independently of the concentration of

the competitive inhibitor from T 0ð Þ¼F over
T I0a

! "
¼Ki,a

% &
¼ 1

2F to T ∞ð Þ¼ 0. As such, it qualitatively
reproduces the binding affinity curve displayed in
Figure 9. The second binding model (induced fit) pro-
vides similar results which are discussed in detail in
Appendix S1.

Remarkably, both models showed that the binding affin-
ity of the allosteric inhibitor is not influenced by the pres-
ence of the competitive inhibitor under the experimental
conditions, although antagonism of the inhibitors was indi-
cated in the combination study. Which of the two models is
more applicable to the binding of the ligand cannot be
judged from the results described herein.

TABLE 2 CI for an inhibition of i% calculated with the Chou-
Talalay method for mutually non-exclusive inhibitors

i 99% 90% 80% 70% 60%

CI 1.74 1.73 1.67 1.66 1.66

i 50% 40% 30% 20% 10%

CI 1.67 1.70 1.74 1.81 1.96

Abbreviation: CI, combination index.
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The agreement between the results from the fluoro-
metric assay and the Dixon plot on one side and the
smFRET competition assay on the other side indicates
that the assay is suitable for the direct determination of
binding affinities. It should also be mentioned that the
inhibitory activity of Ia in the fluorometric assay is deter-
mined in the presence of a substrate, which is believed to
stabilize the closed conformation.

3 | CONCLUSIONS

The existence of at least two different conformations of
the DENV NS2B-NS3 protease, designated open and
closed, has been reported by various groups. While the
impact of competitive inhibitors on the protease has
already been sufficiently investigated, the effect of alloste-
ric inhibitors remains elusive. Various approaches
showed that competitive inhibitors stabilize the closed
conformation of the DENV protease. In contrast, the
impact of allosteric inhibitors on the conformation of the
protease has been inferred exclusively from the absence
of signals, which was interpreted as stabilization of the
open conformation.

To investigate the effect of an allosteric inhibitor on
the conformation of DENV protease, we statistically
labeled a double mutant (S79C-S158C) of the protease
with ATTO 488 and ATTO 643 and then performed
smFRET experiments. The positions of the point muta-
tions were chosen in such a way that their distance
changes significantly with the conformation. Analysis of
the fluorescence cross-correlation function of the labeled
double mutant in the absence and presence of the alloste-
ric inhibitor indicated stabilization of one conformation,
but it could not be decided which of the two conforma-
tions was stabilized. Since, under our experimental condi-
tions, the protease is mostly present in the open
conformation, only stabilizations of the closed conforma-
tion could be visualized by smFRET in the presence of a
competitive inhibitor. The absence of a shift to higher
FRET efficiencies after addition of an allosteric inhibitor
thus only indicated that the closed conformation is not
stabilized.

To directly visualize a shift to the open conformation
induced by an allosteric inhibitor, a competition assay
was designed. This assay is based on an initial shift of the
conformational equilibrium toward the closed conforma-
tion by a competitive inhibitor. This shift was noticed in
the E!

ET frequency distributions by the appearance of a
second peak (EET " 0:6#1:0), clearly separated from the
first peak (EET " 0:4#0:6) originating from the open con-
formation. In the presence of a constant concentration of
the competitive inhibitor, a titration with an allosteric

inhibitor was then performed. It was found that with
increasing concentration of the allosteric inhibitor, the
fraction of the open conformation of the protease in solu-
tion increased, while the fraction of the closed conforma-
tion was reduced. Accordingly, we could demonstrate
that the open conformation is stabilized by the allosteric
inhibitor.

The relationship between open and closed conforma-
tion was accessed in two ways. First, the ratio of the peak
areas of the E!

ET frequency distributions was considered.
For this purpose, cumulative integrals were calculated.
Secondly, the areas of the two peaks were put into rela-
tion. In this case, the E!

ET frequency distributions were
approximated by appropriate functions. The outcomes of
both methods, when plotted against the concentration of
the allosteric inhibitor, allowed the determination of the
binding affinity. The KD values are in good agreement
with the IC50 value determined by a fluorometric assay or
the Ki

app, constant determined by a Dixon plot. The simi-
larity of these values seems to indicate that equilibrium
kinetics sufficiently describes the interplay of both inhibi-
tors and the protease. This assumption was justified by
kinetic modeling which showed that the presence of the
competitive inhibitor has no effect on the binding affinity
of the allosteric inhibitor.

The competition smFRET assay developed in this work
appears as a promising tool to study ligand-protein interac-
tions. As such, the methodology can be transferred to other
enzymes that undergo conformational changes upon bind-
ing of ligands. An obvious case would be the structurally
similar NS2B-NS3 protease of the Zika virus. Moreover,
transfer to unrelated proteins is also conceivable.

4 | MATERIAL AND METHODS

4.1 | Protein constructs and cloning

Protein constructs were used and cloning was conducted as
described by Millies et al.37 In short, site directed mutagene-
sis was performed using the Kapa HiFi PCR kit
(KapaBiosystems Inc., Woburn, MA) to generate the S79C
and S158C mutations in a pET15b vector harboring the
DENV NS2Bcf-NS3pro gene (GenBank ID: AY037116.1). A
detailed description of protein constructs and cloning can be
found in Appendix S1.

4.2 | Protein expression and purification

Protein expression and purification were performed as
described by Millies et al.37 Briefly, competent Escheri-
chia coli BL21 Gold (DE3) cells (Agilent Technologies,
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Santa Clara, CA) were grown in LB medium and
expressed protein after induction with IPTG for 16 hr at
20!C. After harvesting and lysis of the cell pellets the
resulting supernatant was subjected to an immobilized
metal affinity chromatography (IMAC) on a HisTrap HP
5 ml column (GE Healthcare, Chicago, IL) and eluted in
a linear gradient of buffer containing raising imidazole
concentrations. Eluted fractions were further purified by
size exclusion chromatography (SEC). A detailed descrip-
tion of protein expression and purification can be found
in Appendix S1.

4.3 | Fluorescence labeling of the DENV-
Protease double mutant S79C-S158C

The fluorescence labeling was performed analogously to
Götz et al. using ATTO 643 instead of ATTO 647N.16 In
brief, a buffer containing TCEP was used to ensure free
thiol groups within the cysteine double mutants. After an
incubation time of 30 min at 4!C, TCEP was removed by
rebuffering using spin concentrators. To the rebuffered
protein solution were added a 2.1-fold excess of ATTO
488 and a 2.6-fold excess of ATTO 643, both dissolved in
DMF. Dye labeling occurred during a 2 hr incubation
time at room temperature. Labeled protease was then
dialyzed and purified by SEC. For more details in Fluo-
rescent Labeling, see Appendix S1.

4.4 | smFRET experiments

The smFRET experiments were performed analogously
to the literature.16 They were conducted in self-
constructed sample cells made of a poly(ethylene glycol)
coated glass coverslip and a glued-on plastic cylinder.
Sample cells were loaded with 150 μl of FRET pair
labeled double mutant of the protease (c " 100 pM) in
buffer containing 10 vol% DMSO. Fluorescence photons
were collected with a custom-built confocal microscope
over a period of 1800 s. Measurements with inhibitor
were performed after those without inhibitor, while the
concentration of the protease and buffer conditions were
kept constant. Excitation of the fluorophores was per-
formed with a spectrally filtered output from a pulsed
white light fiber laser (10 MHz, SC OEM, YSL Photonics,
China). Excitation pulses were centered around 502 nm
by using an acousto-optical tunable filter (AOTF-VIS-DR,
Fianium, UK). Excitation and emission were separated
by a dichroic mirror (ZT491 rdcxrxt-UF1, CHROMA, Bel-
lows Falls, VT). Emitted fluorescence light was spectrally
separated by a dichroic mirror (ZT640-rdc-UF1,
CHROMA, Bellows Falls, VT) into red light and light of

higher energy. Both beams were then focused onto two
APDs (acceptor channel A: SPCM-AQRH-15, PerkinEl-
mer, Waltham, MA; donor channel D: PDM 50ct, MPD,
Italy). The absolute and relative arrival times (relative to
excitation pulse) of the individual photons were detected
by a HydraHarp 400 module (PicoQuant, Germany)
which was connected to the two detector APDs. Further
details on smFRET experiments can be found in
Appendix S1.

4.5 | Analysis of smFRET data

The data were analyzed as described by Götz et al.16

Cross-correlation functions GAD(τ) (FCS-FRET) were cal-
culated from the arrival times of the individual photons.
Individual bursts extracted from the fluorescence inten-
sity time traces (bin time = 1 ms) were analyzed. Bursts
with at least 20 counts on both APDs were considered for
further evaluation. Average arrival times τA of the accep-
tor photons relative to the excitation pulse (without tak-
ing the IRF into account) were calculated for each
individual burst. The IRF was recorded at the beginning
of each measurement day. The full width at half-
maximum height (FWHM) was about 770 ps. The FRET
efficiency E#

ET was calculated for each burst:

E#
ET ¼

counts Að Þ
counts Að Þþ counts Dð Þ

:

The individual bursts were sorted with respect to their
E#
ET values and presented in frequency distributions.

Details on the analysis of smFRET data can be found in
Appendix S1.

4.6 | Analysis of competition assay

1. The cumulative integrals of the distributions of the
FRET efficiencies P EETð Þ were calculated and normalized
to each other in the range of the mean FRET efficiency
(EET " 0:4(0:6). For this purpose, normalization factors
f i were determined so that the maxima of
Vi,norm EETð Þ¼ f i )Vi EETð Þ overlap.

Pi EETð Þ¼
ZEET

0

Vi E0
ET

! "
dE0

ET

For a normalization of the cumulative distributions
Pi EETð Þ in the corresponding range, an adjusted intercept
bi is necessary in addition to a stretching factor mi, which
considers the different contributions at small EET <0:4,
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that is,
R0:4

0
Vi E0

ET

! "
dE0

ET . The determination of the nor-
malization pairs (mi, bi) was done via linear regression.
From the values Pi EET ¼ 1:0ð Þ, after subtracting an
unknown offset, the proportions of the closed conforma-
tion for the individual measurements i could be deter-
mined. The offset Boffset was treated as a fit parameter.
The Pi EET ¼ 1:0, I0a

# $! "
obtained at different concentra-

tions of the allosteric inhibitor were plotted as a function
of the concentration of the allosteric inhibitor I0a

# $
. Titra-

tion curves were obtained by applying a global
fit Pi EET ¼ 1:0, I0a

# $! "
¼Aj

1

1þ I0a½ &
Ki,a

% &þBoffset .

The measurements for the competition assay were
performed on three independent measuring days. Since
each measurement differs due to the individual adjust-
ment of the microscope and the exact protease concentra-
tions used, a factor Aj was introduced to compensate
these deviations.

2. For alternative evaluation, the E'
ET frequency distri-

butions were represented by a fit with a bimodal distribu-
tion composed of three Gaussians. For the range
EET ( 0:4)0:6 a Gaussian distribution with the parame-
ters EET,1 ¼ 0:47560 und σ1 ¼ 0:15927 (both determined)
was assumed.

G1 EETð Þ¼M1 exp ) EET )EET,1ð Þ2

2σ21

 !

The distribution function for the range EET ( 0:7)1:0 was
represented by a composite function with EET,2a¼
0:90448, σ2a ¼ 0:05107, EET,2b ¼ 0:82242, and
σ2b ¼ 0:07923.

G2 EETð Þ¼ M2 0:899 * exp ) EET )EET,2að Þ2

2σ22a

 !2

4

þexp ) EET )EET,2bð Þ2

2σ22b

 !3

5

For each distribution Vi EETð Þ, the amplitude ratios
M2,i=M1,i were determined and plotted as a function of
the concentration of the allosteric inhibitor. This titration
curve was approximated by a global fit from which the
binding affinity was determined as the inflection point.

4.7 | Fluorometric enzyme assay

The fluorometric assay was performed mainly as
described in the literature.31 Briefly, 250 nM of the

protease in buffer (50 mM Tris–HCl pH 9.0, 1 mM
CHAPS, 1 mM TCEP) with 5 μl of the substrate in DMSO
and 10 μl of the corresponding inhibitor in DMSO result-
ing in a total volume of 200 μl was added to a 96 well
plate and the fluorescence of the released AMC was mea-
sured at 380 nm excitation and 460 nm emission. The
percentage activity of the protease with the addition of
the inhibitors was determined as the proportion of the
slope with respect to the slope of the DMSO control. A
detailed description can be found in Appendix S1.
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1 Calculation of the Dye Distances 

'\H�GLVWDQFHV�LQ�WKH�SURWHLQ�ZHUH�FDOFXODWHG�XVLQJ�WKH�WRRONLW�IURP�6HLGHO¶V�laboratory (Kalinin, 

S.; Peulen, T.; Sindbert, S.; et al. A Toolkit and Benchmark Study for FRET-Restrained High-

Precision Structural Modeling. Nat. Methods 2012, 9 (12), 1218±1225. 

https://doi.org/10.1038/nmeth.2222). Approximately, ATTO647N was used as acceptor dye for 

the calculation since no structure of ATTO643 is available. The radii describing the ellipsoid 

enclosing the chromophore and the corresponding linker lengths for the dye maleimides are 

given in Figure S1. 
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Figure S1: Structures of the donor and acceptor dye ATTO488 and ATTO647N. The structure of ATTO647N was used as an 
approximation for ATTO643. The radii r1, r2 and r3 define the ellipsoid enclosing the chromophores. The linker length indicates 
the distances between the center of mass of the chromophores and the sulfur atom attached to the maleimide. 

The determined accessible volume of the dyes is shown in Figure S2.  

 

Figure S2: Accessible volume of the donor dye ATTO488 (green) and the acceptor dye ATTO647N (red) in the open (PDB: 
2FOM) and closed (PDB: 2M9P) conformation of the NS2B-NS3 protease that were caOFXODWHG�XVLQJ�WKH�WRRONLW�IURP�6HLGHO¶V�
laboratory (Kalinin, S.; Peulen, T.; Sindbert, S.; et al. A Toolkit and Benchmark Study for FRET-Restrained High-Precision 
Structural Modeling. Nat. Methods 2012, 9 (12), 1218±1225. https://doi.org/10.1038/nmeth.2222). 
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2 Activity of the Labelled Protein 

 

Figure S3: Progress curves of the wildtype NS2B-NS3 protease, the double mutant S79C-S158C and the dye labelled double 
mutant S79C-S158C ATTO488/ATTO643 at a protein concentration of 200 nM. Errors are indicated as bars. 

 

3 Difference Function of the Cross-Correlation 

The following notation bases on the publication from Torres, T. and Levitus, J. Phys. Chem. B 

2007, 111 (25), 7392±7400 (https://doi.org/10.1021/jp070659s). 

It is assumed, that fluorescence intensity fluctuations are caused by translational diffusion and 

by changes in energy transfer efficiencies between donor and acceptor moieties. Then the 

intensity cross-correlation function ܩ௫௬ሺ߬ሻ can be factorized into a diffusion term ܶሺ߬ሻ and 

ܺ௫௬ሺ߬ሻ, which solely depends on the intensity fluctuation due to switching between 

conformations with different energy transfer rates ܧଵ and ܧଶ, ܩ௫௬ሺ߬ሻ ൌ ܶሺ߬ሻܺ௫௬ሺ߬ሻ. ݇ଵଶ and 

݇ଶଵ denote the transition rates between both conformations. With ݇௘௫ ൌ ݇ଵଶ ൅ ݇ଶଵ and a 

constant ܣ the exchange term simplifies to ஺ܺ஽ሺ߬ሻ ൌ ͳ െ  ௄೐ೣఛ. Without conformationalି݁ܣ

change ஺ܺ஽ሺ߬ሻ ൌ ͳ follows. 
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After addition of a ligand, there are two species of proteases in solution, those that are present 

as a ligand-protease complex and free protease. It is assumed that the free protease changes 

between two conformations, the protease in complex with the ligand, however, is fixed in one 

conformation (at least during the observation period). Thus, the following relationships can be 

formulated: 

஺஽ܩ
௔௙௧௘௥ሺ߬ሻ ൌ ܶሺ߬ሻሾܣଵ ஺ܺ஽

௙௥௘௘ ൅ ଶܣ ஺ܺ஽
௖௢௠௣௟௘௫ሺ߬ሻሿ ൌ ܶሺ߬ሻሾܣଵ ൅ ଶܣ െ   ଵ݁ି௄೐ೣఛሿܣ

The proportions A1 and A2 depend on the concentration of the ligand. Before addition of the 

ligand, the following equation applies 

஺஽ܩ
௕௘௙௢௥௘ሺ߬ሻ ൌ ܶሺ߬ሻሾͳ െ  .ଵ݁ି௄೐ೣఛሿܤ

For further evaluation both cross-correlation functions must be normalized to 1,  

஺஽ܩ
௕௘௙௢௥௘ሺ߬ ൌ Ͳሻ ൌ ஺஽ܩ

௔௙௧௘௥ሺ߬ ൌ Ͳሻ ൌ ͳ. 

By normalizing ܶሺ߬ ൌ Ͳሻ ൌ ͳ as well, the following relationships result: 

஺஽ܩ
௕௘௙௢௥௘ሺ߬ሻ ൌ ܶሺ߬ሻሾܥଵ െ ଶ݁ି௄೐ೣఛሿܥ ൌ ܶሺ߬ሻሾܥଵ െ ሺܥଵ െ ͳሻ݁ି௄೐ೣఛሿ  

஺஽ܩ
௔௙௧௘௥ሺ߬ሻ ൌ ܶሺ߬ሻሾܦଵ െ ଶ݁ି௄೐ೣఛሿܦ ൌ ܶሺ߬ሻሾܦଵ െ ሺܦଵ െ ͳሻ݁ି௄೐ೣఛሿ , 

from which the difference can be calculated, 

οܩሺ߬ሻ ൌ ஺஽ܩ
௕௘௙௢௥௘ሺ߬ሻ െ ஺஽ܩ

௔௙௧௘௥ሺ߬ሻ ൌ ܶሺ߬ሻሾܥଵ െ ଵܦ െ ଵ݁ି௄೐ೣఛܥ ൅   ଵ݁௄೐ೣఛሿܦ

Since a conformation is stabilized after addition of the ligand, the following relation applies 

஼మ
஼భ
൐ ஽మ

஽భ
, i.e., C1 > D1. By defining ܲ ൌ ଵܥ െ ሺ߬ሻܩଵ with P >0,  οܦ ൌ ܶሺ߬ሻܲሾͳ െ ݁ି௄೐ೣఛሿ is obtained. 

Assuming free diffusion and an FCS excitation volume in ellipsoid form with aൌ ܾ ൌ ܿȀ͵, a 

function for a fit can be given: 

οܩሺ߬ሻ ൌ ܲ ቀͳ ൅ ఛ
௧೏
ቁ
ିଵ
ቀͳ ൅ ఛ

ଽ௧೏
ቁ
ିభమ ሾͳ െ ݁ି௄೐ೣఛሿ. 
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4 Binding Affinities of the Inhibitors 

 

Figure S4: Binding affinity curve of the allosteric inhibitor Ia. The inflection point of the curve indicates the 
IC50 = 12.8 ± 0.8 µM. Errors are indicated as bars. 
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Figure S5: Binding affinity curve of the competitive inhibitor Ic. The inflection point of the curve indicates the 
IC50 = 5.4 ± 0.4 µM. Errors are indicated as bars. 

 

 

Figure S6: Binding affinity curve of the combination of allosteric inhibitor Ia and competitive inhibitor Ic. Ratio of Ia to Ic was 
set to 2:1. The inflection point of the curve indicates the IC50 = 11.2 ±0.5 µM. Errors are indicated as bars. 
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5 Binding Curve Resulting from the Bimodal Fit 

 

Figure S7. Binding curve of the allosteric inhibitor resulting from the bimodal fit. The KD = 11.7 ± 2.2 µM was obtained 
from the inflection point of the sigmoidal curve. 

 

6 Kinetic Modelling 

Model 2 (induced fit): Both inhibitors can bind to both conformations of the protease 

independent from the conformation that is stabilized by the respective inhibitor. It is assumed 

that the allosteric inhibitor stabilizes the open and the competitive inhibitor stabilizes the closed 

conformation. 

The following equilibrium reactions can be formulated, where Eo is the open conformation of 

the enzyme, Ec is the closed conformation of the enzyme, Ic is the competitive inhibitor and Ia 

is the allosteric inhibitor: 
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The corresponding equilibrium constants are ܭ௜ǡ௖ ൌ
൤ா೎

಼೎ሯሰா೚൨ሾூ೎ሿ

ሾா೎ூ೎ሿ
௜ǡ௔ܭ , ൌ

൤ா೎
಼೎ሯሰா೚൨ሾூೌሿ

ሾா೚ூೌሿ
 and ܭ௖ ൌ

ሾா೚ሿ
ሾா೎ሿ

. 

Using the equilibrium constants ܭ௜ǡ௖, ܭ௜ǡ௔ and ܭ௖ and the initial concentrations of the ligands 

ሾܫ௔଴ሿ and ሾܫ௖଴ሿ, the total concentration of open ሾܧ௢כሿ and closed ሾܧ௖כሿ protease present during the 

measurement can be described. Since the applied concentration of the protease is markedly 

smaller than the equilibrium constants ܭ௜ǡ௖ and ܭ௜ǡ௔, the following approximations can be made: 

ሾܧ௖כሿ ൌ ሾܧ௖ሿ ൅ ሾܧ௖ܫ௖ሿ ൌ ሾܧ௖ሿ ൅
ሾா೎ାா೚ሿൣூ೎బ൧
௄೔ǡ೎ାሾா೎ାா೚ሿ

؆ ሾܧ௖ሿ ൅
ሾா೎ାா೚ሿൣூ೎బ൧

௄೔ǡ೎
  

ሾܧ௢כሿ ൌ ሾܧ௢ሿ ൅ ሾܧ௢ܫ௔ሿ ൌ � ሾܧ௢ሿ ൅
ሾா೎ାா೚ሿൣூೌబ൧
௄೔ǡೌାሾா೎ାா೚ሿ

؆ ሾܧ௢ሿ ൅
ሾா೎ାா೚ሿൣூೌబ൧

௄೔ǡೌ
  

Taking into account ሾܧ௢ሿ ൌ ሾܧ௖ ൅ ௢ሿܧ െ ሾܧ௖ሿ and ሾܧ௖ሿ ൌ
ሾா೚ሿ
௄೎

, it follows ሾܧ଴ሿ ൌ
ሾா೎ାா೚ሿ

ଵା భ
಼೎

 and thus 

ሾܧ௢כሿ ൌ ሾܧ௖ ൅ ௢ሿܧ ቆ
ଵ

ଵା భ
಼೎

൅ ൣூೌబ൧
௄೔ǡೌ

ቇ. 

The concentration ratio of closed and open conformation follows 

ሾா೎כሿ
ሾா೚כሿ

ൌ ܨ ଵ

൬ ಼೎
಼೎శభ

ାൣ಺ೌ
బ൧

಼೔ǡೌ
൰
ൌ ܨ ଵ

ቀ ಼೎
಼೎శభ

ାோቁ
 ,  
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where ܨ ൌ ൬ ଵ
ଵା௄೎

൅ ൣூ೎బ൧
௄೔ǡ೎

�൰ remains constant during the titration. For a simplified representation 

ܴ ൌ ൣூೌబ൧
௄೔ǡೌ

 is defined. The resulting titration curve ܶሺሾܫ௔଴ሿሻ progresses with increasing 

concentration of the allosteric inhibitor ሾܫ௔଴ሿ from ܶሺͲሻ ൌ ி
಼೎

಼೎శభ

 to ܶሺλሻ ൌ Ͳ. 

The amplitude has dropped to half at: 

ܶሺݔሻ ൌ ଵ
ଶ

ி
಼೎

಼೎శభ

ൌ ி

ቀ ಼೎
಼೎శభ

ାோቁ
 with R= ௄೎

௄೎ାଵ
ൌ ௫

௄೔ǡೌ
, 

i.e., ሾܫ௔଴ሿభ
మ
ൌ ݔ ൌ ௜ǡ௔ܭ ή

௄೎
௄೎ାଵ

 

If, without inhibitors, the open conformation is significantly present, i.e., ܭ௖ ب ͳ, this can be 

used to further approximate ܶሺሾܫ௔଴ሿሻ ؆ ܨ ଵ
ሺଵାோሻ

 

In contrast to model 1 (conformational selection), in this model the titration curve depends on 

the equilibrium constant ܭ௖. Only in the limiting case ܭ௖ ب ͳ it becomes independent of it. 

 

7 Protein Constructs and Cloning 

As a starting point for generating the S79C (NS2B) and the S158C (NS3pro) mutations, a 

pET15b vector harboring the DENV2 NS2Bcf-NS3pro gene (GenBank ID: AY037116.1), with 

two-point mutations (I30A and L31A in NS3) for better protein solubility and an N-terminal 

hexa-histidine tag linked to NS2Bcf via a thrombin cleavage site, was used. Site-directed 

mutagenesis was performed using the Kapa HiFi PCR kit (KapaBiosystems Inc, Woburn, MA, 

USA) and following primers:  

(i) 6��&�� �ƍ-GATCCTGTCAATTACGATCTGCGAAGATG-�ƍ� DQG� �ƍ-

GACATGCTACCATCTTCGCAGATCGTAATTG-�ƍ 
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(ii) 6���&�� �ƍ-GGATCGGGCAGCTACCGCTGATTTCTGCTTG-�ƍ� DQG� �ƍ-

CGTAGGCACCACAACGGGTCACGACACCATTACC-�ƍ� 

 

8 Protein Expression and Purification 

Competent E. coli BL21-Gold (DE3) cells (Agilent Technologies, Santa Clara, CA, USA) were 

used for expression of the protein. After transformation, cells were grown in LB medium 

containing 100 ȝM ampicillin at 37 °C until they reached an OD600 of 0.7׽. Expression was 

then induced with 1 mM Isopropyl-ȕ-D-thiogalactopyranosid (IPTG) for 16 h at 20 °C. After 

harvesting by centrifugation, cell pellets were resuspended in lysis buffer (20 mM Tris-HCl 

pH 8.0, 300 mM NaCl, 0.1 vol% TritonX-100, 20 mM imidazole, DNase, lysozyme,) and lysed 

by sonication (Sonoplus, Bandelin, Berlin, Germany).  The lysate was cleared via centrifugation 

(10 krpm, 45 min) and the supernatant was subjected to an immobilized metal affinity 

chromatography (IMAC) on a HisTrap HP 5 mL column (GE Healthcare, Chicago, IL, USA). 

After washing with 5 column volumes (CV) of buffer A (20 mM Tris-HCl pH 8, 300 mM NaCl, 

20 mM imidazole), the protein was eluted in a linear gradient of buffer B (20 mM Tris-HCl 

pH 8, 300 mM NaCl, 250 mM imidazole). Eluted fractions were further purified by size 

exclusion chromatography (SEC) using a HiLoad 16/600 Superdex 75 pg (GE Healthcare, 

Chicago, IL, USA) and eluted in SEC buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl). Prior 

to storage at ±80 °C, proteins were concentrated, and flash-frozen with liquid nitrogen. 

Throughout all purification steps, protein concentrations were measured via absorbance at 

280 nm, and sample purity was assessed via SDS-PAGE. 
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9 Fluorescent Labelling of the DENV-Protease double Mutant S79C-

S158C 

Purified protein was rebuffered by using Vivaspin protein concentrators (MWCO 10.0 kDa, GE 

Healthcare, Chicago, IL, USA) in labelling buffer (20 mM Tris-HCl pH 6.8, 150 mM NaCl, 

0.5 mM TCEP) and incubated for 30 min at 4 °C. TCEP was removed using a Vivaspin protein 

concentrator in the same buffer without TCEP. A 2.1- fold excess of ATTO 488 and a 2.6-fold 

excess of ATTO 643 were added to the protein solution (26 ȝ0�SURWHLQ��DQG�VDPSOHV�ZHUH�

incubated by gently shaking in the dark for 2 h at room temperature. This enables a Michael 

addition of the thiol group of cysteine to the ȕ-position of the Į�ȕ-unsaturated carbonyl moiety 

(maleimide anchor) of the dyes, forming a stable thioether. Labelled protease was then dialyzed 

overnight at 4 °C (20 mM Tris-HCl pH 6.8, 150 mM NaCl, 1 mM CHAPS) and purified by gel 

filtration (HiLoad 16/600 Superdex 75 pg column, GE Healthcare, Chicago, IL, USA, 20 mM 

Tris-HCl pH 8.0, 150 mM NaCl). 

 

10 smFRET Experiments 

For smFRET measurements of the FRET-paired double mutant DENV protease, self-

constructed sample cells consisting of a poly(ethylene glycol) (PEG_01 & 02, MicroSurfaces 

Inc., Minneapolis, MN, USA) coated glass coverslip and a glued-on cylinder of protein 

repellent plastic (Protein LoBind Tube, Eppendorf SE, Hamburg, Germany) were used. 150 ȝ/�

of the respective solution of FRET pair labelled double mutant of the DENV protease 

(c 100 ׽ pM) in buffer (50 mM Tris-HCl pH 9.0, 1 mM CHAPS, 1 mM TCEP) was placed in 

the sample cell, and fluorescence photons were collected over a period of 1800 s using a 

custom-built confocal microscope. The ligands were dissolved in DMSO and added to the 

protease solution, resulting in a 10 vol% DMSO content in the sample cell. First, in each case 
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a measurement was performed without ligand (76 pM protease, 50 mM Tris-HCl, 1 mM 

CHAPS, 1 mM TCEP, 10 vol% DMSO). Then a solution of a ligand in buffer with protease 

was added. In this way, the concentration of protease and the DMSO content were kept constant 

during all measurements. The concentration of the competitive inhibitor was varied between 

1 µM and 10 µM, and that of the allosteric between 0.1 µM and 150 µM. The recordings of 

both data sets with and without the ligand were performed in direct succession. The 

fluorophores were excited with the spectrally filtered output from a pulsed white light fiber 

laser (10 MHz, SC OEM, YSL Photonics, China). To obtain excitation pulses centered around 

502 nm (FWHM 1.5 ׽ nm), an acousto-optical tunable filter (AOTF-VIS-DR, Fianium, United 

Kingdom) was used. The laser light, after passing a single-mode fiber, was recollimated and 

then focused into the solution by using a microscope objective (plan apochromat, 100×, 

NA = 1.4, oil immersion, Zeiss, Germany). In front of the objective, the excitation power was 

measured and set to 10 µW. Fluorescence emitted by FRET pair labelled DENV protease 

diffusing through the focus was collected through the objective. Excitation and emission were 

separated by a dichroic mirror (ZT491 rdcxrxt-UF1, CHROMA, USA). The emitted 

fluorescence light passed a dichroic mirror (ZT640rdc-UF1, CHROMA, USA) in the detection 

beam path, which allowed red light to be transmitted, while light of higher energy was reflected. 

These two spectrally separated beams were then focused onto two APDs (acceptor channel A: 

SPCM-AQRH-15, PerkinElmer, United States; donor channel D: PDM 50ct, MPD, Italy) after 

appropriate spectral filtering (acceptor channel A: ET655lp, CHROMA, United States; donor 

channel D: FF01-550/88-25, Semrock, USA). The use of the described filter combination 

ensured separate detection of donor and acceptor fluorescence. The two detector APDs were 

connected to a HydraHarp 400 module (PicoQuant, Germany), which records the absolute and 

relative arrival time (relative to the excitation pulse) of the individual photons. This allowed the 

subsequent calculation of correlation functions, lifetime, and intensity time traces for the burst 

analysis. Such time traces were calculated for both channels.  
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11 Analysis of smFRET Data 

First, for the initial assessment of the conformational influence of ligands on DENV protease, 

cross-correlation functions GAD�Ĳ���)&6-FRET) were calculated from the macro arrival times 

of the individual photons recorded by using the HydraHarp 400 module (PicoQuant, Berlin, 

Germany). It had been shown that the cross-correlation can drop more slowly to zero if there is 

an exchange between two conformations that differ in their energy transfer efficiency provided 

that this process is not much slower than the diffusional time through the focus.36,39 Exchange 

manifests itself as additional term in the correlation function; that is, in addition to the 

diffusional term without exchange, the cross-correlation function is extended by an increasing 

term 
୅ୈ ן ሺͳ െ �୅ୈ�
ି ಜ
ಜ౛౮ሻ. Notably, it is expected that the cross-correlation does no longer 

drop significantly slower to zero if an added ligand stabilizes one of the conformations of the 

protein, and therefore no or a significantly reduced conformational exchange takes place. It is 

consequently possible to draw conclusions about the conformational dynamics based on the 

cross-correlations of the donor and acceptor intensities with and without added ligands. To 

explore the presence of conformational subpopulations, data must be viewed at the single-

molecule level (smFRET). For this purpose, individual bursts extracted from the fluorescence 

intensity time traces (bin time = 1 ms) were analyzed. For further evaluation, only bursts were 

considered which showed a total of at least 20 counts on both APDs. Average arrival times ߬஺ 

of the acceptor photons relative to the excitation pulse (without taking the instrumental response 

function (IRF) into account) were calculated for each individual burst. Furthermore, the FRET 

efficiency ܧ୉୘ was calculated for each burst: 

ா்ܧ ൌ
௖௢௨௡௧௦ሺ஺ሻ

௖௢௨௡௧௦ሺ஺ሻା௖௢௨௡௧௦ሺ஽ሻ
�  
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We did not account for spectral crosstalk or direct excitation of the acceptor. Furthermore, we 

omitted a detection correction factor, which could compensate for the different detection 

efficiencies of the two APDs toward donor and acceptor fluorescence and the different quantum 

yields of both dyes.  

The individual bursts were sorted with respect to their ܧா்כ  and presented in frequency 

distributions. These allow the identification of subpopulations that differ in their EET. The 

occurrences of the individual bursts (individual molecules) were then plotted in a 2D histogram, 

separated according to acceptor lifetime and FRET efficiency, which enables the visual 

identification of existing subpopulations.  

 

12 Fluorometric Enzyme Assay  

The inhibitory activity of the allosteric inhibitor towards DENV protease was determined using 

an assay based on the fluorogenic substrate Boc-GRR-AMC (Bachem, Bubendorf, 

Switzerland). Substrate and inhibitor were pipetted as DMSO stock solutions to the protease 

(250 nM) dissolved in buffer (50 mM Tris-HCl pH 9.0, 1 mM CHAPS, 1 mM TCEP). The 

measurements were carried out in flat-bottom 96-well microtiter plates (Greiner bio-one, 

Kremsmünster, Austria) with a Tecan Infinite F2000 PRO fluorimeter or a Tecan Spark 10M 

(Agilent Technologies, Santa Clara, USA) in three independent experiments. In each well, a 

total volume of 200 ȝ/�ZDV�XVHG��FRQVLVWLQJ�RI���� ȝ/�RI�EXIIHU��� ȝ/�RI�WKH�HQ]\PH�VROXWLRQ��

resulting in a final concentration of 125 nM, 10 ȝ/�RI�WKH�LQKLELWRU�LQ�'062�RU�SXUH�'062�DV�

control, and 5 ȝ/� RI� D� VROXWLRQ� RI� WKH� VXEVWUDWH�ZLWK� D� ILQDO� FRQFHQWUDWLRQ� RI� ��� ȝ0� The 

fluorescence was measured every 30 s for 10 min at 25 °C with 380 nm excitation and 460 nm 

emission wavelengths. The Dixon plot was determined by repeating the measurement at 

different substrate concentrations (50 µM, 150 µM and 200 µM). 
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Figure S8: Dixon plot of the DENV NS2B-NS3 protease with the allosteric inhibitor. The intersection of the lines reveals 
the apparent Ki = 14.7 ± 3.7 µM. Errors are indicated as bars. 
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5.3 The Effects of Allosteric and Competitive Inhibitors on ZIKV Protease 

Conformational Dynamics Explored Through smFRET, nanoDSF, DSF, 

and 19F-NMR. 

5.3.1 Context, Project Summary, and Own Contributions 

Only a few studies have examined the conformational dynamics of the ZIKV protease in solution, 

mainly using NMR spectroscopy.[124,278–282] These studies focused on the impact of competitive ligands, 

while the effects of allosteric ligands have yet to be thoroughly investigated. Research on the DENV 

protease using smFRET (see previous Chapters 5.1 and 5.2), a split-luciferase assay, and NMR 

spectroscopy revealed an equilibrium between two conformations, demonstrating that competitive 

ligands favor the closed conformation.[106,114,283,284] In contrast, allosteric ligands stabilize the open 

conformation.[284] To study the ZIKV protease, which has native cysteine residues, site-specific labeling 

for smFRET experiments requires mutagenesis and the introduction of cysteine residues.  

We employed smFRET to investigate the conformational dynamics of a glycine-linked ZIKV protease 

construct (gZiPro, WT) with five cysteine point mutations (S84*C-C80S-C143S-S160C-C178S, 5ZiPro, 

Figure 24A). This construct maintained enzymatic activity and structural integrity, making it suitable 

for studying ZIKV protease dynamics, shown by fluorometric assay and CD spectroscopy. Like the 

DENV protease, we found that a competitive inhibitor (Ic
ZIKV) stabilized the closed conformation, while 

an allosteric inhibitor (Ia) favored the open conformation. 

Furthermore, we utilized more accessible methods such as 19F-NMR spectroscopy, DSF, and nanoDSF 

to investigate ligand-protein interactions of the ZIKV protease in solution. Opposite effects of the 

competitive and the allosteric inhibitor were observed using thermal shift assays. Together with the 

smFRET results, it was speculated that the respective in- or decrease in melting temperature caused by 

the different ligands is a consequence of stabilizing two different protease conformations. For 19F-NMR 

experiments, fluor-labeling was performed by expressing the protease in a defined media containing 7F-

tryptophane to be incorporated into the protein (Figure 24B). In 19F-NMR spectroscopy, the shift of W50 

allowed tracking of the respective binding mode of the ligands. However, no shift was observed for the 

allosteric inhibitor, which was explained by the further stabilization of the conformation, predominantly 

present without a ligand, resulting in the lack of response in the NMR experiments. 

Overall, this study represented the first comprehensive investigation of the conformational dynamics of 

the ZIKV protease in response to allosteric ligands using multiple biophysical techniques. The findings 

enhanced our understanding of inhibitor interactions with the ZIKV protease. 
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Figure 24. Structure of the ZIKV protease. A Quintuple mutant (S84*C-C80S-C143S-S160C-C178S) of the closed 
conformation (PDB-ID: 6y3b) of the ZIKV Protease (5ZiPro). Mutated amino acids are labeled and highlighted with yellow 
sticks. C178S is not resolved in the crystal structure and consequently not shown. S84* and S160 are labeled with maleimide 
containing donor (D) and acceptor (A) dyes. B Positions of the native tryptophan residues in the open (PDB-ID: 5gxj) and 
closed (PDB-ID: 6y3b) conformation of the ZIKV protease. W5 is not resolved in the crystal structure and thus is not shown. 
NS3 is shown in white, NS2B in yellow (open conformation) or blue (closed conformation). Tryptophan residues are 
highlighted with sticks in yellow (open conformation) or blue (closed conformation). 

Own contributions: protein labeling for smFRET experiments, smFRET data curation, DSF 

experiments, nanoDSF experiments, CD spectroscopy experiments, fluorometric enzyme assays, 

protein labeling for 19F-NMR experiments (together with Stefan J. Hammerschmidt), 19F-NMR data 

curation (together with Stefan J. Hammerschmidt and Victor H. Pérez), and writing of the original draft 

& editing of the manuscript. 

Contributions of others: protein expression & purification, site-directed mutagenesis, smFRET data 

analysis, protein labeling for 19F-NMR experiments, 19F-NMR data curation, 19F-NMR data analysis, 

and writing parts of the original draft & editing of the manuscript. 

This work was published in European Journal of Medicinal Chemistry (impact factor:7.09). 

Article reprinted with permission of European Journal of Medicinal Chemistry 2023, 258 (February): 

115573 “The effects of allosteric and competitive inhibitors on ZIKV protease conformational dynamics 

explored through smFRET, nanoDSF, DSF, and 19F-NMR.” © 2023 Elsevier B.V. (Netherlands). 
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5.3.2 Publication 

The following publication quoted within “” from page 180 to page 200 is the same as the manuscript 

cited on page 179. 
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Hydrophobicity of the Surface of the ZIKV Protease 

 
Figure S1. Representation of the surface of the ZIKV protease (PDB: 5GXJ) stained according to hydrophobicity. Deeper red color shades indicate 
less polarity of the surface.1 The allosteric ligand Ia is shown in blue. 

1. Tryptophan Residues in Open and Closed Conformation of the ZIKV Protease 

 

Figure S2. Tryptophan residues in the open (blue, PDB: 5GXJ) and closed conformation (red, PDB: 6Y3B) of the ZIKV protease. Tryptophan 
residues are highlighted as sticks. NS2B is shown in darker colors and NS3 in light colors. Residue W61 within NS2B is labeled by an asterisk. W5 
at the N-terminus of NS3 is not resolved in the structures and thus not included here. 
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2. Assignment of Tryptophan Residues Using W/F Point Mutants 
To assign the analyzed peak around 125 ppm to one of the six tryptophane residues, six different single W/F 

mutants were generated, each with one of the tryptophan residues replaced by a phenylalanine by site directed 
mutagenesis. Consequently, the mutated tryptophan is not labeled with 19F upon expression. The absence of the 
peak allows a definite assignment. The asterisk indicates residues in the NS2Bcf region. 

Figure S3. 19F-NMR spectra of the 5F-5Trp labeled W/F mutants of ZIKV protease for assignment purposes. W83F and W89F did not show activity 
and aberrant shift patterns, so they were excluded from this analysis. # residual solvent peak.�

3. Fluorescence Labeling of the 5ZiPro 
Purified protein was rebuffered by using Vivaspin 10 MWCO spin concentrators (Sartorius AG, G�ǅ ttingen, 

Germany) in labeling buffer (20 mM Tris-HCl pH 6.8, 150 mM NaCl, 0.5 mM TCEP) and incubated for 30 min at 
4 °C. TCEP was removed using a Vivaspin protein concentrator in the same buffer without TCEP. A 2.1-fold excess 
of ATTO 488 and a 2.6-fold excess of ATTO 643 were added to the protein solution (5 µM) and samples were 
incubated by gently shaking in the dark for 2 h at room temperature. This enables a Michael addition of the thiol 
group of cysteine to the Ⱦ-position of the ȽǡȾ-unsaturated carbonyl moiety (maleimide anchor) of the dyes, 
forming a stable thioether. Labeled protease was then dialyzed overnight at 4 °C (20 mM Tris-HCl pH 6.8, 150 mM 
NaCl, 1 mM CHAPS) and purified by gel filtration (HiLoad 16/600 Superdex 75 pg column, GE Healthcare, Chicago, 
IL, USA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl). 

4. smFRET Experiments2,3 
For smFRET measurements of the FRET-paired quintuple mutant of the ZIKV protease (5ZiPro), self-

constructed sample cells consisting of a poly(ethylene glycol) (PEG_01 & 02, MicroSurfaces Inc., Minneapolis, MN, 
USA) coated glass coverslip and a glued-on cylinder of protein repellent plastic (Protein LoBind Tube, Eppendorf 
SE, Hamburg, Germany) were used. 150 Ɋ��������������������������������	�����������������5ZiPro (c 1000 ׽ pM) 
in buffer (50 mM Tris-HCl pH 9.0, 1 mM CHAPS, 1 mM TCEP) was placed in the sample cell, and fluorescence 
photons were collected throughout 1800 s using a custom-built confocal microscope. The ligands were dissolved 
in DMSO and added to the protease solution, resulting in a 10 vol% DMSO content in the sample cell. First, a 
measurement was performed for each experiment without ligand (900 pM protease, 50 mM Tris-HCl, 1 mM 
CHAPS, 1 mM TCEP, 10 vol% DMSO). Then a solution of a ligand in buffer with protease was added. In this way, 
the protease concentration and the DMSO content were kept constant during all measurements. The 
concentration of the competitive inhibitor (Ic) varied between 1 µM and 20 µM, and the allosteric inhibitor was 
used at 150 µM. The recordings of both data sets with and without the ligand were performed in direct succession. 
The fluorophores were excited with the spectrally filtered output from a pulsed white light fiber laser (10 MHz, 
SC OEM, YSL Photonics, China). To obtain excitation pulses centered around 502 nm (FWHM 1.5׽ nm), an 
acousto-optical tunable filter (AOTF-VIS-DR, Fianium, Southampton, United Kingdom) was used. After passing a 
single-mode fiber, the laser light was recollimated and then focused into the solution using a microscope objective 
(plan apochromat, 100×, NA = 1.4, oil immersion, Carl Zeiss AG, Oberkochen, Germany). In front of the objective, 
the excitation power was measured and set to 10 µW. Fluorescence emitted by the FRET pair labeled 5ZiPro 
diffusing through the focus was collected through the objective. Excitation and emission were separated by a 
dichroic mirror (ZT491 rdcxrxt-UF1, Chroma Systems Solutions Inc., Lake Forest, CA, USA). The emitted 
fluorescence light passed a dichroic mirror (ZT640rdc-UF1, Chroma Systems Solutions Inc.) in the detection beam 
path, which allowed red light to be transmitted, while the light of higher energy was reflected. These two 
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spectrally separated beams were then focused onto two APDs (acceptor channel A: SPCM-AQRH-15, PerkinElmer 
Inc., Waltham, MA, USA; donor channel D: PDM 50ct, Micro Photon Devices S.r.l., Bolzano, Italy) after appropriate 
spectral filtering (acceptor channel A: ET655lp, Chroma Systems Solutions Inc.; donor channel D: FF01-550/88-
25, Semrock Inc., Rochester, NY, USA). Using the described filter combination ensured separate detection of donor 
and acceptor fluorescence. The two detector APDs were connected to a HydraHarp 400 module (PicoQuant 
GmbH, Berlin, Germany), which records the absolute and relative arrival time (relative to the excitation pulse) of 
the individual photons. This allowed the subsequent calculation of correlation functions, lifetime, and intensity 
time traces for the burst analysis. Such time traces were calculated for both channels. 

5. Analysis of smFRET Data2,3 

First, for the initial assessment of the conformational influence of ligands on 5ZiPro, cross-correlation functions 
GADȋɒȌ� ȋ	��-FRET) and auto-correlation functions GAAȋɒȌ were calculated from the macro arrival times of the 
individual photons recorded by using the HydraHarp 400 module (PicoQuant GmbH, Berlin, Germany). It has 
been shown that the cross-correlation can drop more slowly to zero if there is an exchange between two 
conformations that differ in their energy transfer efficiency provided that this process is not much slower than 
the diffusional time through the focus.4,5 Exchange manifests as an additional term in the correlation function; 
that is, in addition to the diffusional term without exchange, extended by an increasing term: 


୅ୈ ן ሺͳ െ �୅ୈ�
ି ಜ
ಜ౛౮ሻ. 

Notably the cross-correlation is expected to no longer drop significantly slower to zero if an added ligand 
stabilizes one of the conformations of the protein. Therefore, no or a considerably reduced conformational 
exchange takes place. It is consequently possible conclude the conformational dynamics based on the cross-
correlations of the donor and acceptor intensities with and without added ligands. To explore the presence of 
conformational subpopulations, data must be viewed at the single-molecule level (smFRET). For this purpose, 
individual bursts extracted from the fluorescence intensity time traces (bin time = 1 ms) were analyzed. For 
further evaluation, only bursts were considered which showed at least 20 counts on both APDs. Average arrival 
times (߬஺) of the acceptor photons relative to the excitation pulse (without taking the instrumental response 
function (IRF) into account) were calculated for each individual burst. Furthermore, the FRET efficiency ܧ୉୘ was 
calculated for each burst: 

ா்ܧ ൌ
ሻܣሺݏݐ݊ݑ݋ܿ

ሻܣሺݏݐ݊ݑ݋ܿ ൅ ሻܦሺݏݐ݊ݑ݋ܿ
� 

We did not account for spectral crosstalk or direct excitation of the acceptor. Furthermore, we omitted a 
detection correction factor, which could compensate for the different detection efficiencies of the two APDs 
toward donor and acceptor fluorescence and the different quantum yields of both dyes. The individual bursts 
were sorted with respect to their EET and presented in frequency distributions. These allow the identification of 
subpopulations that differ in their EET. The occurrences of the individual bursts (individual molecules) were then 
plotted in a 2D histogram, separated according to acceptor lifetime and FRET efficiency, which enables the visual 
identification of existing subpopulations. 

6. Fluorometric Enzyme Assay 

The inhibitory activity of the allosteric inhibitor towards ZIKV protease was determined using an assay based 
on the fluorogenic substrate Boc-GRR-AMC (Bachem, Bubendorf, Switzerland). Substrate and inhibitor were 
pipetted as DMSO stock solutions to the protease (25Ϋ125 nM) dissolved in buffer (50 mM Tris-HCl pH 9.0, 1 mM 
CHAPS, 1 mM TCEP). The measurements were carried out in flat-bottom 96-well microtiter plates (Greiner bio-
one, Kremsmünster, Austria) with a Tecan Infinite F2000 PRO fluorimeter or a Tecan Spark 10M (Agilent 
Technologies, Santa Clara, CA, USA) in three independent experiments. In each well, a total volume of 200 Ɋ������
used, consisting of 180 Ɋ�����������ǡ�ͷ Ɋ������������������������ǡ���������������������������������������25Ϋ125 nM, 
10 Ɋ����� ���� ��������r in DMSO or pure DMSO as control, and 5 Ɋ����� �� ������������ ���� ����������������� ������
concentration of 100 Ɋ�Ǥ� ���� �������������������������� in 30 s intervals for 10 min at 25 °C with 380 nm 
excitation and 460 nm emission wavelengths. KM values were determined for substrate concentrations between 
0 µM and 500 µM.  



 
196 Project 2: NS2B-NS3 Protease-Ligand-Interactions 

 

 

 

  

6 
 

7. KM Curves 
KM values indicate the affinity of proteases and mutants for the substrate. KM values were determined for all 

proteases analyzed in this paper. They range between 361 µM and 1641 µM. The affinity of the single W/F 
mutants to the substrate is slightly lower than that of the wild type and 5ZiPro. 
Table S1. KM, kcat and catalytic efficiency of all proteases and mutants used in this study. 

protein KM [µM] vmax [nM sí1] kcat [sí1] kcat KM
í1 [L molí1 sí1] 

WTLit6 558 ± 62 - 0.026 ± 0.001 40.6 ± 2.5 

WTTCEP 641 ± 20 0.600 ±0.028 0.024 ± 0.001 37.5 ± 2.1 
5ZiProTCEP 794 ± 115 0.018 ± 0.002 (1.42 ��������Â���í4 0.179 ± 0.031 

5ZiProATTO 488/ ATTO 643TCEP 261 ± 23 (9.17 ��������Â���í3 (1.83 ��������Â���í4 0.70 ±0.07 

eZiProTCEP 1202 ± 111 0.500 ± 0.041 0.020 ± 0.002 16.6 ± 2.1 

5F-W eZiProTCEP 885 ± 56 1.32 ± 0.08 0.053 ± 0.003 59.6 ± 5.2 

eZiPro W61*FTCEP 1120 ± 134 0.217 ± 0.020 0.009 ± 0.001 7.11 ± 1.03 

eZiPro W5FTCEP 1318 ± 150 0.377 ± 0.038 0.015 ± 0.001 11.5 ± 1.7 

eZiPro W50FTCEP 1642 ± 157 0.585 ± 0.052 0.023 ± 0.002 14.3 ± 1.9 

eZiPro W69FTCEP 1493 ± 168 0.449 ± 0.045 0.018 ± 0.002 12.0 ± 1.8 

eZiPro W83FTCEP n.a. n.a. n.a. n.a. 

eZiPro W89FTCEP n.a. n.a. n.a. n.a. 

n.a. indicates not active 
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Figure S4. Fluorometric assay of the WT (gZiPro) of the ZIKV protease with 1 mM TCEP. (a) Fluorescence increases over time for different substrate 
concentrations. (b) Fitted curve to determine KM value. 
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Figure S5. Fluorometric assay of the enzymatically cleavable linked ZIKV protease (eZiPro) with 1 mM TCEP. (a) Fluorescence increases over time 
for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S6. Fluorometric assay of the quintuple mutant of the wildtype of the ZIKV protease (5ZiPro) with 1 mM TCEP. (a) Fluorescence increases 
over time for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S7. Fluorometric assay of the dye labeled quintuple mutant of the wildtype of the ZIKV protease (5ZiProATTO 488/ ATTO 643) with 1 mM TCEP. 
(a) Fluorescence increases over time for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S8. Fluorometric assay of the 5F-tryptophane labeled ZIKV protease (5F-W eZiPro) with 1 mM TCEP. (a) Fluorescence increases over time 
for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S9. Fluorometric assay of the W61*F mutant of the ZIKV protease (eZiPro W61*F) with 1 mM TCEP. (a) Fluorescence increases over time 
for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S10. Fluorometric assay of the W5F mutant of the ZIKV protease (eZiPro W5F) with 1 mM TCEP. (a) Fluorescence increases over time for 
different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S11. Fluorometric assay of the W50F mutant of the ZIKV protease (eZiPro W50F) with 1 mM TCEP. (a) Fluorescence increases over time 
for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S12. Fluorometric assay of the W69F mutant of the ZIKV protease (eZiPro W69F) with 1 mM TCEP. (a) Fluorescence increases over time 
for different substrate concentrations. (b) Fitted curve to determine KM value. 
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Figure S13. Fluorometric assay of the W83F mutant of the ZIKV protease (eZiPro W83F) with 1 mM TCEP. 
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Figure S14. Fluorometric assay of the W89F mutant of the ZIKV protease (eZiPro W89F) with 1 mM TCEP. 
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5.4 Conformational Selection and Induced Fit: The Behavior of Two 

Homologous Proteases. 

5.4.1 Context, Project Summary, and Own Contributions 

Trypsin-like serine proteases, specifically flaviviral NS2B-NS3 proteases, have been extensively studied 

concerning ligand recognition models.[122,184,285] Structural studies have revealed conformational 

changes in the NS2B-NS3 proteases during substrate recognition, small molecule binding, and 

catalysis.[32,84,106,278] Previous research has investigated the ligand binding mechanism of these proteases, 

but the appropriate model (conformational selection or induced fit) remains to be determined. In our 

earlier studies of the ZIKV and DENV2 NS2B-NS3 proteases (see previous Chapters 5.1–5.3), we 

utilized quintuple (5ZiPro) and double mutants (2DPro), respectively, to examine their conformational 

changes as a response to inhibitors.[283,284,286] Despite structural similarities and sequence homology, 

there are differences in the three-dimensional structure of ZIKV and DENV protease (see Chapter 

1.2.4)[115,124], making the detailed study of the interactions of both proteases with ligands interesting. 

We compared the conformational changes induced by small molecule inhibitors in these homologous 

proteases and employed smFRET analysis to study the binding mechanism. For this purpose, the labeled 

proteases were immobilized on a Ni-NTA-modified glass slide using their His6-tags (Figure 25). This 

allowed the observation of individual proteases for the lifetime of the dyes. From the recorded time 

traces of the individual proteases, we calculated empirical cumulative distribution functions of the dwell 

times in the open and closed conformations for different concentrations of the competitive ligands. The 

results showed that, as shown before, both proteases favored the closed conformation in the presence of 

competitive ligands, but their conformational kinetics differed. The 5ZiPro ligand reduced dwell times 

in the open state with increasing concentrations of Ic
ZIKV, while dwell times in the closed conformation 

remained independent of ligand concentration. Conversely, the 2DPro exhibited dwell times independent 

from the ligand concentration in the open state but increased dwell times in the closed state with 

increasing concentrations of Ic
DENV. Following Weikl et al., the reaction rate depending on the ligand 

concentration can be utilized to unravel the binding mechanism of a ligand (Figure 25).[250] 

Determination of the rates of conformational transitions in the presence of different concentrations of 

the competitive inhibitors allowed us to assign the interaction mechanisms unambiguously. While 5ZiPro 

follows the IF model, the interaction of Ic
DENV with the 2DPro follows the CS model. Kd values of the 

competitive inhibitors estimated using the kinetic parameters were in the same size range as the Ki values 

determined in the fluorometric assay, further supporting the reliability of our approach.  

These findings demonstrated that specific binding mechanisms observed in one protease may not apply 

to an entire class of proteases, emphasizing the importance of detailed analysis for each protease. 

Additionally, we showed that smFRET is a powerful method to distinguish between different ligand 

binding models by analyzing conformational transitions. 
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Figure 25. On a Ni-NTA modified glass slide, immobilized DENV protease. The protease is in an equilibrium between open 
(PDB-ID: 2fom) and closed (PDB-ID: 3u1i) conformation. Kinetic parameters obtained from the immobilized protease allow 
discrimination between induced fit and conformational selection models.  

Own contributions: protein labeling, smFRET data curation, and writing of the original draft & editing 

of the manuscript. 

Contributions from other authors: protein expression & purification, smFRET data analysis, and 

manuscript editing. 
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Abstract. Protein-ligand interactions are crucial for many cellular processes, with details of the binding mechanism being 
discussed as essential for biological functions. Interestingly, protein binding often involves conformational changes between 
two or more states, whereby different binding mechanisms are possible even with a simple two-state description. Two models 
are widely used to portray protein-ligand interactions: Induced fit and conformational selection. However, distinguishing them 
experimentally is challenging. Single-molecule Förster resonance energy transfer (smFRET) has emerged as a powerful 
tool to resolve structural dynamics at the level of single proteins. Here, we investigated immobilized Zika virus (ZIKV) and 
dengue virus (DENV2) NS2B-NS3 proteases using smFRET to compare their conformational changes upon binding to 
competitive small molecule inhibitors. The analysis of the smFRET data allowed us to distinguish between induced fit and 
conformational selection models and assign the binding mechanism from the kinetic parameters obtained. Although DENV 
and ZIKV protease are proteins with high structural similarities, our results reveal that they have opposite binding 
mechanisms for competitive ligands. While the protein-ligand interaction in the ZIKV protease follows an induced fit 
mechanism, the DENV protease follows the conformational selection mechanism. 

Introduction 

Proteins are one of the fundamental macromolecules of life 
with their various functions being determined by their three-
dimensional structures.[1–4] Adopting these structures is 
crucial for many cellular processes, including signal 
transduction, metabolism, and gene regulation.[5,6,15,16,7–14] In 
particular, conformational changes of proteins are of utmost 
importance in protein-ligand interactions, where small 
molecules bind to the protein to modulate its function.[14,17,18] 
The two most commonly used models to describe protein-
ligand interactions accompanied by conformational changes 
are the induced fit (IF) and conformational selection (CS) 
models.[19,20] 
The IF model proposes that the protein (E) undergoes a 
significant conformational change upon binding to the ligand 
(L). In contrast, the CS model suggests that the protein has a 
pre-existing conformational equilibrium that is shifted (and 
stabilized) upon ligand binding (Figure 1).[18,21–23] Thus, 
conformational changes can occur before (CS) or after (IF) 
ligand binding.  

 

Figure 1. Induced fit and conformational selection model. Induced fit 
postulates a conformational transition between the complexes E1∙L and 
E2∙L that optimizes binding of the ligand. k12 and k21 denote the transition 
rates between the two conformations E1 / E1·L and E2 / E2·L, depending on 
the ligand concentration. Conformational selection postulates a pre-
existing equilibrium between the conformations E1 and E2 of the protein, of 
which only E2 binds the ligand. [24] 

Both models possess distinct differences in their 
underlying assumptions, and determining which model 
describes best a particular protein-ligand interaction is an 
active research area.[3,17,25,26] Besides these two 
borderline cases, combinations of both mechanisms are 
also discussed.[17,20,27] Providing experimental evidence to 
distinguish between these models is challenging. 
Traditional biochemical and biophysical techniques yield 
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ensemble-averaged data that can mask the heterogeneity 
of protein conformations.[27–30]  

Single-molecule Förster resonance energy transfer 
(smFRET) can overcome these limitations by studying 
conformational changes one protein at a time. Thereby, it 
presents a unique opportunity to follow the dynamics of 
protein-ligand interactions in real-time, thus providing 
information beyond that from ensemble measurements.[31–
33] SmFRET allows for measuring distances and distance 
changes  between fluorescent labels attached to different 
protein regions, yielding spatial information about 
conformational transitions in response to ligand 
binding.[34–39] By recording transitions between 
conformational states for a certain time, it is possible to 
extract their time scales or rates. The reaction rate 
depending on the ligand concentration, has often been 
utilized to gain more insights into ligand binding, thus being 
of paramount importance to unravel the underlying 
mechanistic details.[17,24] 

Trypsin-like serine proteases have often been used in the 
literature to discuss ligand recognition models.[3,26,40] 
Among these, the flaviviral NS2B-NS3 proteases are of 
special interest since they exist in at least two 
conformations. These proteases are key enzymes in the 
replication cycles of dengue (DENV), Zika (ZIKV), 
Japanese encephalitis, West Nile, tick-borne encephalitis, 
and Yellow fever viruses turning them into validated drug 
targets.[41–45] High-resolution structural studies have 
revealed key conformational changes of the NS2B-NS3 
proteases that occur during the proteases’ substrate 
recognition, small molecule binding, and catalysis.[43,46–48] 
Both conformations differ mainly in the relative positioning 
of the NS2B cofactor to the NS3 protease (NS3pro). In the 
so-called “open conformation”, the NS2B cofactor 
(NS2Bcf) region is disordered, and the active site is not fully 
formed, while in the closed conformation the NS2B 
cofactor is fully engaged with the NS3 protease and 
contributes to substrate recognition.[43,46,47,49,50] Up to now, 
the ligand-binding mechanism of these proteases has 
been investigated by different groups.[3,26,40,51] Yet, it has 
not yet been unambiguously clarified whether CS or IF is 
the appropriate model. 

In our study of the Zika virus (ZIKV) and dengue virus 2 
(DENV2) NS2B-NS3 proteases we have employed a 
quintuple mutant (C80S, C134S, C178S, S84C, S160C, 
5ZiPro) in case of the ZIKV protease, while for DENV 
protease a double mutant (S79C, S158C, 2DPro) was 
used. Despite the overall structural similarity and high 
sequence homology of the two proteases, the position of 
a loop within the ZIKV NS2Bcf, i.e. residues 152–167, in 
the open conformation differs compared to the position of 
the respective DENV protease loop. The loop in the ZIKV 
protease kinks at Gly151 and runs in the opposite direction 
compared to the closed conformation. The stabilization of 
the loop in this position is achieved by hydrophobic 
interactions.[52] Furthermore, the C-terminus of the ZIKV 
NS2Bcf seems to exhibit increased flexibility compared to 
the DENV2 protein. Roy et al. attributed this to reduced 
interactions between NS2Bcf and NS3pro in the ZIKV 

protein.[52–54] Herein, we compared the conformational 
changes of the homologous proteases upon binding small 
molecule inhibitors[55–57] (Figure 2). Analyzing the smFRET 
data of immobilized proteases provided substantial 
evidence to distinguish between induced fit and 
conformational selection and to assign the binding 
mechanism from the kinetic parameters obtained.  

 

Figure 2. Structures and inhibition constants of the competitive inhibitors 
for ZIKV (IcZIKV)[57] and DENV2 protease (ICDENV)[56] and the allosteric 
inhibitor Ia[55]. IC50 values were determined for the corresponding mutants 
(5ZiPro, 2DPro) under the conditions used in the smFRET experiments. 

 

Results and Discussion 

smFRET of immobilized Proteases 

The impact of competitive and allosteric inhibitors on the 
conformations of ZIKV and DENV2 NS2B-NS3 protease, 
respectively, has already been studied using smFRET, 
NMR, thermal shift assays, and a luciferase split 
assay.[38,39,46,58–60] In these studies, proteases diffusing 
freely in solution were examined, allowing to retrieve the 
ratio of open and closed conformations as a function of 
ligand concentrations. However, it could not be deduced 
from these data whether IF or CS caused the ligand-
dependent conformational change. Nevertheless, based 
on the smFRET experiments in solution we had 
speculated that the binding of small molecules to DENV 
protease might follow the CS model.[38] 

As described before, the proteases (5ZiPro, 2DPro) were 
labeled with a donor and an acceptor dye[38,39,59] Using 
their His6-tags, they were immobilized at low coverage on 
a glass slide modified with Ni-NTA (Figure 3 A). Thus, 
individual dye-labeled proteases could be addressed. The 
positions of the doubly labeled proteases immobilized on 
the glass slides were determined from fluorescence 
images (Figure 3 B). 
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Figure 3. Immobilized proteases. (A) Schematic depiction of the 2DPro protease immobilized on the Ni-NTA modified glass slide. The protease is in equilibrium 
between closed (left, PDB: 3U1I) and open (right, PDB: 2FOM) conformation. (B) Fluorescence image to localize dye-labeled 2DPro. Proteases were excited 
at 502 nm and both the donor and acceptor dyes were detected. Donor-acceptor labeled proteases are seen as red spots, and donor-only labeled proteases 
as green spots. Acceptor-only and unlabeled proteases are not visible. (C) Exemplary time trace of 2DPro with 2 µM of IcDENV. red line: acceptor time trace, 
green line: donor time trace, black line: mean, gray lines: state boundaries.

After localization, the stream of emitted photons of 
individual proteases was recorded until photobleaching of 
one of the dyes occurred. In this way, time traces of the 
donor and acceptor emission intensity were recorded 
simultaneously for every single protease. As exemplarily 
seen in Figure 3 C, the donor and the acceptor intensities 
fluctuate in an anticorrelated manner. When the acceptor 
signal is high, the donor signal is low and vice versa. These 
fluctuations reflect the conformational transitions between 
open and closed states of the protease. In the closed 
conformation the donor and the acceptor dye are expected 
to be at a smaller distance as compared to the open 
conformation (Figure 3 A). Accordingly, the FRET efficiency 
is high, and the acceptor signal is larger than the donor 
signal. Upon a transition to the open state the situation is 
reversed. The fluctuating and anticorrelated signals are a 
unique characteristic of smFRET allowing to follow 
conformational transitions in real time. Thus, residence or 
dwell times of individual conformations are accessible. 

In total, over 3,500 individual (donor and acceptor) time 
traces were recorded, of which about 2,000 could be 
evaluated. Time traces of the proteases were recorded in 
the absence and presence of different concentrations of 
competitive inhibitors. Without ligands, in 73% of the time 
traces only one conformational state was detected for the 
5ZiPro. For 2DPro in the apo state, about half of the time 
traces did not show conformational transitions. For both 
proteases only time traces that showed at least two different 
states were used for further analysis. Time traces that did 
show only one intensity level (no conformational transitions 
within the limits given by the signal-to-noise-ratio) were not 
considered because the apparent dwell time in the 
conformational state was determined by photobleaching of 

one of the dyes. Thus, the observation time did not 
correspond to the actual residence time of the protease in 
this conformation. With the same argument, the very last 
state of each multi-state trajectory was omitted. The 
exclusion of these time traces and last states led to an 
underrepresentation of the more frequent conformation 
(Table S2) in the following analyses but was mandatory 
because the real dwell time could not be estimated in a 
reliable way. 

After adding the competitive inhibitor IcZIKV (Figure 2) the 
proportion of time traces with more than one conformational 
state increased in case of the 5ZiPro (Table S1). 
Accordingly, the competitive inhibitor induced a more 
frequent switching between the different states of the 
proteases. On the other hand, the allosteric inhibitor Ia 
caused a reduction in transition frequency between the 
different conformations of the 5ZiPro and was not 
investigated further, since only a fraction of 12% of the time 
traces eventually showed at least two different states. 
Similarly, for the 2DPro, the proportion of time traces with 
multiple states was increased by the addition of IcDENV 
(Table S2). However, the effect was smaller than for the 
5ZiPro, probably due to the already higher proportion of 
multiple-state time traces without ligand and could not 
further be increased with growing concentration of IcDENV. 

Immobilized 5ZiPro 

Empirical cumulative distribution functions (eCDF) of the 
dwell times in the open and closed conformations were 
plotted for immobilized 5ZiPro in the presence of different 
concentrations of IcZIKV (Figure 4A, B). As seen in Figure 
4A, higher concentrations of IcZIKV led to a shift of the eCDF 
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towards shorter times designating significantly reduced 
dwell times in the open conformation (open-times). A 
doubling of the inhibitor concentration caused a shortening 
of the average dwell time in the open conformation by 
almost one half. On the other hand, the dwell times of the 
closed conformation (closed-times) were found to be 
independent of the inhibitor concentration. Consequently, 
the probability of the protease to adopt the closed 
conformation was on average increased in presence of the 
inhibitor. This fits well with previous studies on the influence 
of competitive ligands on the conformation of ZIKV protease 
in solution.[59]  

From the mean intensities of each state energy transfer 
efficiencies have been calculated without any additional 
assumptions (Fig. S1 A). The resulting distribution of energy 
transfer efficiencies are similar to results obtained from 
ZIKV protease freely diffusing in solution.[59] This 
agreement indicates that immobilization of the protease did 
not impact the conformational states involved in the 
smFRET experiments.  

Immobilized 2DPro 

Remarkably, the data from 2DPro reveal a completely 
different picture. In Figure 4C and D, the eCDFs of the dwell 
times in the open and closed conformation are presented 
for the immobilized 2DPro. While the dwell times of the open 
conformation of the 5ZiPro strongly decreased by adding 
IcZIKV, the open-times of the 2DPro were independent from 
the inhibitor. Simultaneously, the dwell times of the 2DPro in 
the closed conformation significantly increased with higher 
inhibitor concentration. Overall, IcDENV on average 
increased the probability of the 2DPro being in the closed 
conformation, as described previously.[38,39] We emphasize 
that regarding 2DPro, this was caused by an increase in the 
closed-times. In contrast, a decrease in the open-times was 
responsible for the higher probability of the closed state of 
the 5ZiPro. 

For the immobilized 2DPro, the distributions of energy 
transfer efficiency (Figure S1 B) were also compatible to 
those of the protease freely diffusing in solution.[39] The 
relative underrepresentation of the open conformation in 
case of the immobilized protease without ligands is 
attributed to the discarding of time traces showing only a 
single state which more frequently was the open state 
(Table S2).  

Conformational Selection or Induced Fit? 

From crystal structures and experiments in solution is 
known that competitive inhibitors favor the closed 
conformation of flaviviral proteases.[38,39,57] The mechanism 

by which this preference is established can be understood 
using the results from the smFRET studies with the 
immobilized proteases described above. Under the 
condition that the applied ligand concentration [L] is 
significantly higher than the concentration [E] of the 
protein[17] and assuming that ligand binding and unbinding 
is substantially faster than the conformational changes of 
the protease, the equilibrium kinetics shown in Figure 1 can 
be simplified as follows.[24] For the IF model, the rate 
constants !!" (closing) and the !"! (opening) are !!"#$ =
#!" !

!%&! [(]⁄  and !"!#$ = #"!, respectively. For the model of 

CS, k12 becomes independent from [L], !!"+, = $!", while k21 
decreases with ligand concentration, !"!+, = $"! !

!%[(] &!⁄ . 

Similar expressions were derived from ensemble 
experiments for the case of first-order rate constants.[17] 

The average open- and closed-times are the reciprocal of 
the rate constants of the conformational equilibrium, 
%-./0 = !

1"#
 and %23-4/5 = !

1#"
. Thus, in the case of the IF 

model, the dwell times of the open state decrease with 

increasing ligand concentration, %-./0#$ = !%&! [(]⁄
6"#

, while the 

dwell times of the closed states remain unaffected by [L], 
%23-4/5#$ = !

6#"
. This is precisely what we observed for the 

5ZiPro. In the case of 2DPro, a different mechanism was 
revealed. Here, the dwell times of open states remained 
unaffected by [L] while the dwell times of closed states 
increased with [L]. This is both predicted by the CS model, 
with %-./0+, = !

7"#
 and %23-4/5+, = !%[(] &!⁄

7#"
, respectively. 

In the next step, it was checked whether the calculated 
concentration-dependent rate constants !!"#$  and !"!+, lead to 
reasonable predictions regarding binding constants. 
Approximate binding affinities (Kd values) were obtained by 
fitting a model function (see SI) to the ligand concentration 
dependent rate constants (Figure 5). The Kd of IcZIKV was 
estimated to be 8.0 µM. For the DENV protease, the Kd of 
IcDENV was determined to be 2.6 µM. Both Kd values lie in 
the same range as the inhibition constants obtained in 
fluorometric enzyme assays: Ki(IcZIKV) = 2.5 ± 0.2 µM, 
Ki(IcDENV) = 5.0 ± 0.37 µM (see Figure 1). We interpret this 
satisfying agreement as further confirmation that kinetic 
details of protease-ligand interactions can be derived by our 
approach. 

From our data, the ligand-binding of ZIKV and DENV2 
proteases can be assigned to the IF and CS models, 
respectively. Despite the fact that ZIKV and DENV2 NS2B-
NS3 proteases are structurally highly similar proteins, they 
follow the opposite limiting cases of protein-ligand 
interactions. 
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Figure 4. Empirical cumulative distribution functions (eCDF) of the dwell times in the open and closed conformation of ZIKV (A, B) and DENV2 (C, D) protease, 
respectively. (A) Open conformation of the ZIKV protease. (B) Closed conformation of the ZIKV protease. (C) Open conformation of the DENV2 protease. (D) 
Closed conformation of the DENV2 protease. The orange lines are fits to the experimental data; see SI. 

 

Figure 5. Calculated rate constants ki as a function of competitive inhibitor concentration. The red lines are fits to the data (see SI). (A) Induced fit model of 
ZIKV NS2B-NS3 protease. Kd = 8.0 µM. (B) Conformational selection modelDENV2 NS2B-NS3 protease. Kd = 2.6 µM.
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Conclusion 

Conformational changes that are triggered by protein-
ligand interactions are essential for protein function. The 
present study utilized smFRET to study the binding 
mechanism of competitive small molecule inhibitors to 
individual immobilized ZIKV and DENV2 NS2B-NS3 
proteases. Although for both proteases an increased 
preference for the closed conformation was observed in the 
presence of competitive ligands, as already shown in 
experiments in solution,[38,39,59] the kinetics of the 
conformational changes was different for the two proteases. 
The 5ZiPro exhibited decreased dwell times in the open 
state with increasing ligand concentrations, whereas dwell 
times in the closed conformation were independent from the 
ligand concentration. This indicates that the binding 
mechanism follows the IF model. In contrast, in the case of 
the 2DPro, the dwell times in the open conformation were 
found to be independent from the ligand concentration, 
while the dwell times in the closed state increased with 
increasing ligand concentrations. This implies that the 
binding mechanism follows the CS model. Our results 
highlight the power of smFRET to distinguish between 
different models of ligand binding by unravelling the kinetics 
of the conformational transitions involved. Moreover, they 
suggest in a more general way that a particular binding 
mechanism determined for a specific protease may not be 
representative for an entire class of proteases (e.g., trypsin-
like proteases),[3] as has been assumed in the past, even 
for dissimilar proteins (flaviviral NS2B-NS3 proteases).[26] In 
contrast, it appears that each specific protease has to be 
analyzed in detail. Zika and dengue viruses are increasingly 
getting into the focus of current research due to their 
growing prevalence.[61] To date, there is no reliable 
treatment option nor a vaccine to prevent infection with 
these viruses.[62] In the search for potent drugs, the flaviviral 
proteases in particular represent an interesting target.[63–65] 
Our surprising finding of opposing binding mechanisms of 
competitive ligands to structurally similar proteases is 
expected to open new avenues for drug discovery and 
rational drug design.  
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behind them. Using cutting-edge smFRET technology, the study investigates the binding of ZIKV and DENV2 NS2B-NS3 
proteases to small molecule inhibitors and distinguishes between two models – Induced Fit and Conformational Selection. 
The results shed new light on the kinetics of conformational changes and may advance progress in drug design. 
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Experimental Procedures 

Protein Constructs and Site-directed Mutagenesis 

ZIKV. To generate the ZIKV protease constructs, we used a pET-11a vector containing the sequence of the French Polynesia 
ZIKV strain (GenBank ID: KJ776791.2)[1]. This vector had been previously used by our team.[2] The construct consisted of 
two domains, NS2Bcf (amino acids 1423-1467) and NS3pro (amino acids 1503-1688), which were linked together by a 
glycine-rich linker (G4SG4). We inserted a R95A mutation in NS2B to prevent autocatalytic cis-cleavage. [3] The construct 
included an N-terminal hexahistidine (His6) tag followed by a tobacco etch virus protease (TEV) cleavage site. To obtain the 
ZIKV NS2B/NS3 5ZiPro construct, we performed site-directed mutagenesis using the Kapa HiFi PCR kit (Kapa Biosystems 
Inc., Woburn, MA, USA) and the gZiPro template. We used ten primers with the following sequences (amino acids in NS2B 
are indicated with an *): 

(i) C80S: 5'-CTACTCCGGTCCGTGGAAACTGG-3' and 5'-GGACCGGAGTAGCTAACCAGGTC-3' 

(ii) C143S: 5'-GGACAAATCCGGCCGTGTTATTGG-3' and 5'-CGGCCGGATTTGTCCAGAATCGG-3' 

(iii) C178S: 5'-GTGGAGTCCTTTGAACCGAGCATG-3' and 5'-GTTCAAAGGACTCCACCGGGGTTTC-3' 

(iv) S84*C: 5'-GTGACTTCTGCCTGGTTGAAGACG-3' and 5'-CCAGGCAGAAGTCACCGCTTTCG-3' 

(v) S160C: 5'-GAACGGTTGCTACGTTAGCGCGATC-3' and 5'-CTAACGTAGCAACCGTTCTTGATCACAAC-3' 

The PCR was performed with an annealing temperature gradient ranging from 65 to 75 °C, increasing by 0.33 °C per cycle. 
Out of approximately 15 clones, we obtained the correct sequence after screening for variants that did not have all the 
desired mutations. 

DENV.[2,4] To introduce the S79C (NS2B) and S158C (NS3pro) mutations into the DENV NS2B-NS3 protease, we utilized a 
pET15b vector containing the DENV2 NS2Bcf-NS3pro gene (GenBank ID: AY037116.1). This vector already had two-point 
mutations (I30A and L31A in NS3) incorporated to enhance protein solubility. Additionally, it featured an N-terminal hexa-
histidine tag linked to NS2Bcf via a thrombin cleavage site. 

For site-directed mutagenesis, we employed the Kapa HiFi PCR kit (Kapa Biosystems Inc., Woburn, MA, USA) and the 
following primers: 

(i) S79C: 5'-GATCCTGTCAATTACGATCTGCGAAGATG-3' and 5'-GACATGCTACCATCTTCGCAGATCGTAATTG-3' 

(ii) S158C: 5'-GGATCGGGCAGCTACCGCTGATTTCTGCTTG-3' and 5'-
CGTAGGCACCACAACGGGTCACGACACCATTACC-3'. 

Protein Expression and Purification 

The quintuple mutant of glycine-linked ZIKV NS2Bcf-NS3pro and the double mutant of glycine-linked DENV NS2Bcf-NS3pro 
were expressed and purified following previously established methods.[5,6] In summary, the respective expression vectors 
(pET11a and pET15b) were transformed into Escherichia coli (E. coli) BL21 Gold (DE3) cells made competent using calcium 
chloride (Agilent Technologies, Santa Clara, CA, USA). The transformed cells were cultured in LB medium supplemented 
with 100 mg·L–1 ampicillin at 37 °C until reaching an optical density (OD600) of approximately 0.8. Overexpression of the 
target proteins was induced by adding 1 mM isopropyl-β-D-thiogalactoside (IPTG) and incubating the cultures at 18 °C for 
approximately 20 hours. The cells were then harvested by centrifugation at 9000 rpm and 4 °C for 15 minutes. 

For purification, the cell pellets were resuspended in a lysis buffer containing 20 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM 
imidazole, 0.1 vol% TritonX�100, RNase, DNase, lysozyme, and 1 mM DTT. The cells were lysed by sonication (10 cycles 
of 45 seconds each at 60% power) while maintaining constant cooling with ice (Sonoplus HD 2200; Bandelin, Berlin, 
Germany). The crude lysate was clarified by centrifugation (20,000 rpm at 4 °C for 1 hour) and subjected to purification using 
immobilized metal affinity chromatography (IMAC) with a HisTrap HP 5ml column (Cytiva Europe GmbH, Freiburg im 
Breisgau, Germany) on an ÄKTA start FPLC device (Cytiva). After washing with 5 column volumes (CV) of IMAC buffer A 
(20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole), the His6-tagged protein was eluted using a linear gradient of 
IMAC buffer B containing 250 mM imidazole. The eluted NS2B-NS3 protein was concentrated using Vivaspin 10 MWCO 
spin concentrators (Sartorius AG, Göttingen, Germany) and further purified using size exclusion chromatography (HiLoad 
16/600 Superdex 75 column, GE Healthcare) in SEC buffer A (20 mM Tris-HCl, pH 8.0, 150 mM NaCl) or SEC buffer B for 
the ZIKV NS2B-NS3 (with an additional 1 mM DTT). Fractions containing NS2B/NS3 were concentrated, rapidly frozen in 
liquid nitrogen, and stored at �80 °C. The purity and identity of NS2B/NS3 were confirmed using SDS-PAGE with Coomassie 
blue staining, followed by fluorometric enzyme activity assays. 
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The quintuple mutant of glycine-linked ZIKV NS2Bcf-NS3pro and the double mutant of glycine linked DENV NS2Bcf-NS3pro, 

were expressed and purified as described previously. In brief, the respective expression vectors (pET11a and pET15b) were 

transformed into calcium chloride competent Escherichia coli (E. coli) BL21 Gold (DE3) cells (Agilent Technologies, Santa 

Clara, CA, USA). After reaching an optical density (OD600) of ~0.8 in LB medium containing 100 mg�L�1 ampicillin at 37 °C, 

overexpression was induced by the addition of 1 mM isopropyl-β-D-thiogalactoside (IPTG) at 18 °C for ~20 h. Cell pellets 

were harvested by centrifugation at 9000 rpm at 4 °C for 15 min. For purification, cell pellets were resuspended in lysis buffer 

(20 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM imidazole, 0.1 vol% TritonX�100, RNase, DNase, lysozyme, 1 mM DTT) 

and lysed by 10 cycles à 45 s of sonication at 60% power under constant cooling with ice (Sonoplus HD 2200; Bandelin, 

Berlin, Germany). The crude lysate was cleared by centrifugation (20,000 rpm at 4 °C for 1 h) and purified by immobilized 

metal affinity chromatography (IMAC) using a HisTrap HP 5ml column (Cytiva Europe GmbH, Freiburg im Breisgau, 

Germany) on an ÄKTA start FPLC device (Cytiva). After a washing step with 5 column volumes (CV) of IMAC buffer A (20 mM 

Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole), elution of the His6 tagged protein was performed with a linear gradient 

in IMAC buffer B with 250 mM imidazole. Eluted NS2B-NS3 was concentrated using Vivaspin 10 MWCO spin concentrators 

(Sartorius AG, Göttingen, Germany) and subjected to a size exclusion chromatography step (HiLoad 16/600 Superdex 75 

column, GE Healthcare) in SEC buffer A (20 mM Tris-HCl, pH 8.0, 150 mM NaCl) or SEC buffer B for the ZIKV NS2B-NS3 

(with additional 1 mM DTT). Fractions containing NS2B/NS3 were concentrated, flash�frozen in liquid nitrogen, and stored 

at �80 °C. The purity and identity of NS2B/NS3 were confirmed by SDS�PAGE with Coomassie blue staining and 

subsequent fluorometric enzyme activity assays. 

Fluorescent Dye Labeling of the NS2B-NS3 Proteases 

Dye labeling was performed as described previously.[4,7,8] To prepare the purified protein for labeling, Vivaspin protein 

concentrators with a molecular weight cutoff (MWCO) of 10.0 kDa (GE Healthcare, Chicago, IL, USA) were utilized. The 

protein was rebuffered by exchanging the solution with labeling buffer containing 20 mM Tris-HCl pH 6.8, 150 mM NaCl, and 

0.5 mM TCEP. The rebuffering process took place at 4 °C and lasted for 30 minutes. Subsequently, the TCEP was removed 

from the protein solution using a Vivaspin protein concentrator in the same buffer without TCEP. For labeling, an excess of 

ATTO 488 (≈2-fold) and ATTO 643 (≈2.5-fold) dyes were added to the protein solution. The samples were incubated in the 

dark at room temperature with gentle shaking for 2 hours. During this incubation, a Michael addition reaction occurred 

between the thiol group of cysteine in the protein and the β-position of the α,β-unsaturated carbonyl moiety (maleimide 

anchor) of the dyes, resulting in the formation of stable thioether bonds. Following labeling, the labeled protease was dialyzed 

overnight at 4 °C in a dialysis buffer containing 20 mM Tris-HCl pH 6.8, 150 mM NaCl, and 1 mM CHAPS. This step allowed 

for the removal of excess dyes and unreacted components. Finally, the labeled protease was purified using gel filtration on 

a HiLoad 16/600 Superdex 75 pg column (GE Healthcare, Chicago, IL, USA) with a buffer consisting of 20 mM Tris-HCl 

pH 8.0 and 150 mM NaCl. The gel filtration step helped separate the labeled protease from any remaining impurities and 

ensured its purity for subsequent experiments. 

smFRET Experiments 

SmFRET Experiments were performed as described before.[4,7,8] The FRET-pair labeled NS2B-NS3 proteases were studied 

in custom-made sample cells. These cells consisted of a glass coverslip coated with Ni-NTA modified poly(ethylene glycol) 

(Ni_01, MicroSurfaces Inc., Minneapolis, MN, USA), and a cylinder of protein repellent plastic (Protein LoBind Tube, 

Eppendorf SE, Hamburg, Germany) securely attached to it. In each sample cell 150 μL of the respective solution containing 

FRET-labeled NS2B-NS3 protease were filled. For DENV, the concentration was approximately 100 pM, while for ZIKV, it 

was around 1000 pM. The protease solutions were prepared in a buffer consisting of 50 mM Tris-HCl pH 9.0, 1 mM CHAPS, 

and 1 mM TCEP. To dissolve the ligands, DMSO was used, which resulted in a 10 vol% DMSO content in the sample cell. 

For measurements without ligands, 10 vol% DMSO were also included in the sample cell. The concentration of competitive 

inhibitors was varied between 2 µM and 10 µM. Additionally, an allosteric inhibitor was examined at a concentration of 

100 µM. The protease solutions, with or without inhibitors, were added to the sample cells, and incubation was carried out 

for 3 minutes, to immobilize the proteins on the Ni-NTA modified glass slide.  

To excite the fluorophores, we employed a custom-built confocal microscope equipped with a pulsed white light fiber laser 

(10 MHz, SC OEM, YSL Photonics, China). The excitation pulses were centered around 502 nm (FWHM ∼ 1.5 nm) via an 

acousto-optical tunable filter (AOTF-VIS-DR, Fianium, United Kingdom). The laser light passed through a single-mode fiber, 

was recollimated, and focused onto the sample surface by a microscope objective (plan apochromat, 100×, NA = 1.4, oil 

immersion, Zeiss, Germany). The excitation power was set to 50 nW in front of the objective. The emitted fluorescence from 

the FRET-labeled NS2B-NS3 proteases was collected through the same objective. Excitation and emission were separated 

using a dichroic mirror (ZT491 rdcxrxt-UF1, CHROMA, USA). The fluorescence light passed through another dichroic mirror 

(ZT640rdc-UF1, CHROMA, USA) in the detection beam path, which transmitted red light while reflecting shorter wavelength  

light. These two spectrally separated beams were then focused onto two avalanche photodiodes (APDs): the acceptor 

channel (A: SPCM-AQRH-15, PerkinElmer, United States), and the donor channel (D: PDM 50ct, MPD, Italy). Appropriate 

spectral filtering (acceptor channel A: ET655lp, CHROMA, United States; donor channel D: FF01-550/88-25, Semrock, USA 

ensured separate detection of donor and acceptor fluorescence. The two detector APDs were connected to a HydraHarp 

400 module (PicoQuant, Germany), which recorded the individual photons' absolute and relative arrival time (relative to the 
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excitation pulse). After alignment of the microscope fluorescence images of 10 x 10 µm size were captured from the coated 
glass slide. The localized red spots corresponded to the donor-acceptor labeled proteases (see Figure 3 B). Subsequently, 
time traces were recorded for each single protease and analysed as described below.   

Data Analysis and Modeling 

Analysis of smFRET Data 

Data analysis was performed in several steps (1-4). Time-tagged photons of donor and acceptor emission were recorded to 
identify the open/closed states of the proteases by their differing FRET efficiencies. For this purpose, both the intensities of 
the two detection channels as well as the TCSCP times (fluorescence lifetimes of the two fluorophores) are suitable,. An 
automated evaluation of the large number of time traces was prohibited by the high variability of intensities and fluctuations, 
which ultimately made an almost complete manual inspection and evaluation necessary. 

1) With the help of self-developed software, the photon stream from single proteases could be visualized as intensity time 
traces of donor and acceptor fluorescence. Different bin times could be set, and markers were placed to indicate the 
transitions between open/closed states. Afterward, an assignment to open or closed states was performed based on intensity 
and fluorescence lifetime changes in both channels, resulting in a sequence of dwell times of open and closed states for 
each individual time trace. 

2) Some of the data traces were evaluated employing a hidden Markov model algorithm [M. Pirchi, R. Tsukanov, R. Khamis, 
T.E. Tomov, Y. Berger, D.C. Khara, H. Volkov, G. Haran, E. Nir, J. Phys. Chem. B 2016, 120, 13065-13075] with subsequent 
calculation of states by means of the Viterbi algorithm implemented in MATLAB (MathWorks, R2017b). However, this 
approach neglected the available information from fluorescence lifetimes and was very vulnerable to signal fluctuations that 
were not caused by FRET efficiency fluctuations. 

3) With the aim of Matlab routines, dwell times in open or closed states from individual time traces were grouped depending 
on protease and ligand concentration. Notably, each protease/ligand combination was measured 2– 4 times on different 
days. 

4) For each protease/ligand combination, empirical cumulative distribution functions (eCDF) were calculated from the dwell 
times, neglecting the very last state of each individual time trace sinceit was artificially terminated by dye bleaching. 

Data Interpretation and Modeling 

The mean rates 〈#!"〉 and 〈#"!〉 were determined from each of the eCDFs. 

E!#$%&
'!"&' E"()#*%+ and E"()#*%+

'"!&' E!#$%& 

If presence of only a single rate constant kx, the eCDF functions could be described with eCDF(τ) = 1 − exp	(−#, ∙ τ). 
However, non-exponential distributions were observed. For their modeling, it is assumed that the activation energies which 
determine the rate constants via the Arrhenius equation are normally distributed:  

V-.(E.) ∝ exp 8− /-#0-#,%1
"

"2" 9 and #(E.) = #3 exp :− -#
4	6; 

This approach generates a log-normal distribution of rates. In the fits performed, the parameters E.,3 and #3 were combined 

because otherwise, the fits would be overdetermined: E.8 = E. − E.,3 and #(E.) = #3 exp :− -#&9-#,%
4	6 ; = #(E.8 ) = #38 exp :− -#&

4	6;. 
A separate parameterization of E.,3 and #3 would only be possible via a temperature dependence. Mean rates were 
determined via arithmetic means: 

〈#,〉 = ∫ #9:
0: V'(#)d#  
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Experimental Results 

Lists of Time Traces of Immobilized ZIKV and DENV2 NS2B-NS3 Proteases 

Table S1. List of time traces recorded for the immobilized ZIKV NS2B-NS3 protease. 

sample date total number of 
time traces 

evaluable 
number of 
time traces 

single state 
single state 

multiple 
states 

distribution 

open closed single multiple 

ZIKV 
NS2B-NS3 

apo 

19.08. 96 63 53 50 3 10 84% 16% 

23.08. 103 68 56 54 2 12 82% 18% 

25.08. 86 28 25 22 3 3 89% 11% 

13.09. 166 107 87 84 3 20 81% 19% 

 451 266 221 210 11 45 83% 17% 

ZIKV 
NS2B-NS3 
+2 µM IcZIKV 

19.08. 89 68 21 19 2 47 31% 69% 

23.08. 118 43 14 10 4 29 33% 67% 

25.08. 117 48 25 21 4 23 52% 48% 

13.09. 87 54 14 14 0 40 26% 74% 

 358 213 74 64 10 139 35% 65% 

ZIKV 
NS2B-NS3 
+5 µM IcZIKV 

19.08. 89 62 13 12 1 49 21% 79% 

23.08. 118 42 9 3 6 33 21% 79% 

25.08. 114 51 12 11 1 39 24% 76% 

13.09. 79 55 12 11 1 43 22% 78% 

 400 210 46 37 9 164 22% 78% 

ZIKV 
NS2B-NS3 

+10 µM 
IcZIKV 

14.09. 55 39 10 7 3 29 26% 74% 

15.09. 84 47 7 5 2 40 15% 85% 

16.09. 94 54 7 5 2 47 13% 87% 

 233 140 24 17 7 116 17% 83% 

ZIKV 
NS2B-NS3 
apo +1 mM 

TCEP 

14.09. 123 79 54 52 2 25 68% 32% 

15.09. 128 70 44 40 4 26 63% 37% 

16.09. 81 50 29 27 2 21 58% 42% 

 332 199 127 119 8 72 64% 36% 

ZIKV 
NS2B-NS3 

+1 mM 
TCEP +100 

µM Ia 

14.09. 60 41 37 36 1 4 90% 10% 

15.09. 77 49 46 46 0 3 94% 6% 

16.09. 68 50 40 40 0 10 80% 20% 

 205 140 123 122 1 17 88% 12% 

Σ  1979 1168       

  



 
216 Project 2: NS2B-NS3 Protease-Ligand-Interactions 

 

 

 

  

7 
 

Table S2. List of time traces recorded for the immobilized DENV NS2B-NS3 protease. 

sample date 
total 

number of 
time traces 

evaluable 
number of 
time traces 

single state 
single state 

multiple 
states 

distribution 

open closed single multiple 

DENV NS2B-
NS3 apo 

25.07 188 97 52 46 6 45 54% 46% 

12.08. 101 62 29 28 1 33 47% 53% 

16.08. 176 110 52 47 5 58 47% 53% 

12.09. 130 82 46 36 10 36 56% 44% 

 595 351 179 157 22 172 51% 49% 

DENV NS2B-
NS3 +2 µM 

IcDENV 

10.08. 175 65 24 20 4 41 37% 63% 

11.08. 137 79 22 19 3 57 28% 72% 

16.08. 120 69 12 5 7 57 17% 83% 

12.09. 104 56 23 13 10 33 41% 59% 

 536 269 81 57 24 188 30% 70% 

DENV NS2B-
NS3 +5 µM 

IcDENV 
17.08. 307 75 28 24 4 47 37% 63% 

 12.09. 134 54 15 9 6 39 28% 72% 

  441 129 43 33 10 86 33% 67% 

Σ  1619 752       

 

Distributions of Energy Transfer Efficiencies  

 
Figure S1. Distributions of energy transfer efficiencies of immobilized 5ZiPro (A) and 2DPro (B). 
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5.5 Designing Photo Affinity Tool Compounds for the Investigation of the 

DENV NS2B-NS3 Protease Allosteric Binding Pocket 

5.5.1 Context, Project Summary, and Own Contributions 

Allosteric inhibitors of the DENV protease have been developed to target the protease by binding to a 

site other than the active site.[105,108,121,135,249] This leads to a conformational change and inhibition of 

protease activity.[106,284] However, these inhibitors’ precise mechanism of action and binding site on the 

protease still need to be better understood. While crystal structures of competitive inhibitors show the 

protease in the closed conformation[84,116], methods in solution have demonstrated that allosteric 

inhibitors prefer the open conformation.[106,284] Noble et al. and Yildiz et al. identified a potential 

allosteric binding pocket around the amino acid Ala125.[84,103] Further investigations using site-directed 

mutagenesis and maleimide labeling confirmed the binding of benzo[d]thiazole-based allosteric 

inhibitors in this pocket.[108] To better understand the binding site of allosteric inhibitors, photoaffinity 

labeling (PAL) offers a valuable technique. PAL involves attaching a photoreactive group to a ligand, 

which UV light can activate to form a covalent bond with the target protein. This enables the 

identification of the ligand’s binding site.[234,236]  

In this study, we designed and synthesized tool compounds for PAL targeting the allosteric pocket of the 

DENV protease. These compounds consisted of a benzo[d]thiazole, representing the affinity unit, 4-(3-

(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid as the photoreactive group, and a ligation handle (thiol 

or norbornene) which allowed click chemistry with a reporter (maleimide or tetrazine functionalized 

dye or biotin) after photoaffinity labeling of the protease (Figure 26). Dye labeling and biotin-mediated 

pull-down were used to detect the binding of inhibitors on an SDS-PAGE gel. Additionally, LC-MS/MS 

analysis of the labeled protein after digestion demonstrated the interaction of the allosteric inhibitor with 

Gly121, which confirmed the inhibitor’s binding to the proposed allosteric pocket. Molecular docking 

validated that the interaction of the allosteric inhibitor with Gly121 was likely. The results were further 

supported by maleimide blockage of the proposed allosteric binding pocket after site-directed 

mutagenesis of Thr122 and the resulting decreased affinity of the inhibitor.  

Our study demonstrated different PAL tool compound design and synthesis strategies and confirmed the 

binding pocket location through mass spectrometry and maleimide blockage assays. These findings 

provide a foundation for the development of potent allosteric inhibitors.  
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Figure 26. Bi- and trifunctional PAL tool compounds carrying an affinity unit (blue), a photoreactive group (red), and in the 
case of trifunctional compounds, a ligation handle (yellow). The affinity unit allows non-covalent interaction with the target 
enzyme. After irradiation, a covalent bond is formed. The covalent protein-ligand complex can be detected after reporter tag 
attachment in an SDS-PAGE gel or by LC-MS/MS. 

Own contributions: tool compound synthesis, fluorometric enzyme assay, PAL experiments, SDS-

PAGE gel analysis, molecular docking experiments, and writing of the original draft & editing of the 

manuscript. 

Contributions from other authors: protein expression & purification, mass spectrometry experiments, 

and manuscript editing. 

Manuscript submitted to RSC Medicinal Chemistry (impact factor: 3.47). 
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Designing Photoaffinity Tool Compounds for the Investigation of 
the DENV NS2B-NS3 Protease Allosteric Binding Pocket 
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* Corresponding author, barthels@uni-mainz.de 

Abstract. Dengue virus (DENV) infection still lacks specific antiviral therapy, making the NS2B-NS3 protease an attractive 
target for drug development. However, allosteric inhibitors that bind to a site other than the active site still need to be better 
understood. In this study, we designed and synthesised tool compounds for photoaffinity labelling (PAL) to investigate the 
binding site of allosteric inhibitors on the DENV protease. These tool compounds contained an affinity moiety, a photoreactive 
group, and a reporter tag for detection. Upon irradiation, the photoreactive group formed a covalent bond with the protease, 
allowing for binding site identification. SDS-PAGE-based assays confirmed the qualitative binding of the designed inhibitors 
to the allosteric pocket, and pull-down experiments validated the interaction. Tryptic protein digestion following liquid 
chromatography/mass spectrometry analysis further supported the binding of the inhibitor to the proposed pocket revealing 
photo-attachment to an NS3 loop close to the C-terminus. These results enhance our understanding of allosteric inhibitors 
and their mechanism of action against the DENV protease. The developed tool compounds and PAL are potent tools for 
future drug discovery efforts and investigations targeting the DENV protease.

Introduction 

Dengue virus (DENV) is a globally prevalent arbovirus that 
infects millions yearly, resulting in significant morbidity and 
mortality.[1,2] DENV belongs to the Flaviviridae family of 
viruses, including other important human pathogens such 
as Zika and yellow fever virus. Currently, no specific 
antiviral therapy is available to treat DENV infection, and 
the management of the disease is primarily 
symptomatic.[3,4] 

Flaviviruses have a small single-stranded RNA genome 
that is translated into a polyprotein.[5,6] The cleavage of the 
polyprotein into seven structural and three non-structural 
proteins is essential for viral replication. Host proteases 
and the viral NS2B-NS3 protease carry it out.[7–9] The 
DENV NS2B-NS3 protease has emerged as a promising 
target for antiviral drug development. It is highly conserved 
across different viral serotypes and shows high homology 
between all flaviviral species.[10–12] 

The viral protease exists in solution in an equilibrium 
between at least two different conformations, termed open 
and closed, which differ mainly in positioning the NS2B 
cofactor concerning the NS3 protease.[13–16] 

Over the past decade, significant efforts have been made 
to identify and develop inhibitors of the DENV protease.[17–
23] Competitive inhibitors, which compete with the natural 
substrate for binding to the protease’s active site, have 
been extensively studied as potential drugs against the 
protease. The NS2B-NS3 protease is a chymotrypsin-like 
serine protease that prefers basic amino acids (Arg, Lys) 
in the substrate binding pocket.[24] 

This active site binding pocket is relatively shallow and 
difficult to address by small molecules. Therefore, mainly 
substrate-like inhibitors with dibasic or polybasic character 
are reported as competitive inhibitors.[8] In addition to the 
charged character and the associated poor bioavailability 
of competitive inhibitors, one major limitation of 
competitive inhibitors is their lack of inhibitory selectivity, 
as they can also inhibit host proteases that share a similar 
active site.[25] 

Allosteric inhibitors of the DENV protease have been 
developed to overcome this issue. They bind to a site on 
the protein other than the active site, causing a 
conformational change that inhibits the protease 
activity.[26,27] In recent years, allosteric NS2B-NS3 
inhibitors with different structures have been described in 
the literature.[5,19,20,23,28,29] 

Despite the promise of allosteric inhibitors, their 
mechanism of action and binding site on the protease 
remains poorly understood. While several crystal 
structures for competitive inhibitors show the protease in 
the closed conformation[14,18], for allosteric inhibitors, it has 
been shown exclusively by methods in solution that they 
favour the protease's open conformation.[26,30] The co-
crystal structures of DENV NS2B-NS3 protease in 
complex with a set of allosteric inhibitors were published[10] 
but are controversial discussed in the scientific community, 
which suggests that probably not an allosteric inhibitor but 
rather the C-terminus of NS3 was placed in the allosteric 
pocket.[31–33] A potential allosteric binding pocket of the 
NS2B-NS3 protease was described by Noble and Yildiz 
and is localised around the amino acid Ala-125.[11,14] Site-
directed mutagenesis and maleimide labelling in this 
binding pocket reduced the binding affinity of 
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benzo[d]thiazole-based allosteric inhibitors, suggesting 
the binding of these inhibitors in this pocket.[19] 

To better understand the binding site of allosteric 
inhibitors, photoaffinity labelling (PAL) might provide a 
valuable technique that can identify the binding site of a 
ligand on a protein.[34,35] PAL involves the covalent 
attachment of a photoreactive group to a ligand, which can 
then be activated by UV light to form a covalent bond with 
the target protein.[35,36] This allows for the identification of 
the binding site of the ligand on the protein. 

A suitable photoaffinity probe should ideally have a similar 
structure to known inhibitors and have comparable affinity 
and activity levels.[35,37] The photoreactive group should be 
able to be activated at a wavelength that does not destroy 
biological molecules such as proteins but only forms highly 
reactive intermediates (300–400 nm). Known classical 
photo crosslinkers include, for example, diazirines or aryl 
azides.[35,37] A photoaffinity probe requires two mandatory 
functionalities in a molecule, and one optional functionality 
can be introduced to report binding. Mandatory is an 
affinity moiety responsible for reversible binding to the 
target molecule. This can be based on a known inhibitor of 
the target protein. In addition, a photoreactive group is 
required, which, upon irradiation, forms a permanent 
covalent bond with the target molecule (protein). Finally, a 
reporter tag can be introduced, which is used to detect the 
formed covalent bond with a fluorescent dye binding or to 
enable the enrichment of labelled proteins using a pull-
down enrichment. Reporter tags can be, for example, 
groups that are suitable for bioorthogonal click 
reactions.[35] 

Here, we describe the design and synthesis of tool 
compounds for PAL that address the allosteric pocket of 
DENV protease. Using various reporter tags and click 
chemistry, we could detect the specific binding of the 
inhibitors using an SDS-PAGE gel. The analysis of labelled 
protein by LC/MS confirmed the binding of an inhibitor to 
the proposed binding pocket around Ala-125. 

 
Figure 1. Schematic representation of the reaction of a PAL tool compound 
with a target protein upon irradiation to form a covalent protein-inhibitor 
complex. 

Results and Discussion 

Design and Synthesis of PAL Tool Compounds 

Design. Based on literature-known allosteric inhibitors 
1a–c[20], different tool compounds suitable for the PAL of 
DENV protease were designed. As a common structural 
feature, all tool compounds have a benzo[d]thiazole 
building block responsible for the compound´s affinity 
towards the protease. As the photoreactive building block, 
4-(3-(Trifluoromethyl)-3H-diazirin-3-yl)benzoic acid was 
used. Compound 2 represents the most straightforward 
combination of these two building blocks. However, this 
compound lacks a reporter tag to detect binding to the 
protein in an SDS-PAGE gel by a dye or biotin labelling. 
Therefore, additional tool compounds (compounds 3a–c 
and 4) were designed, each containing a reporter group 
that enables the detection of binding of these compounds 
to the target protein in an SDS-PAGE gel. In compounds 
3a–c, the free thiol of a cysteine moiety is used as a 
reporter to label it after irradiation with maleimide-bearing 
dyes. In addition to the tool compound with free cysteine 
3a, the cysteine was protected with two different 
reductively cleavable protecting groups, namely SStBu 3b 
and disulfanyl-2-methyl tetrahydrofuran (SS-Mot, 3c). The 
latter can be cleaved faster and with higher conversion 
rates than the commonly used SStBu protecting group.[38] 
The introduction of the thiol-protecting group guarantees 
the stability of the tool compounds during PAL irradiation 
and can reductively be removed before maleimide 
labelling of the inhibitor-protein conjugate. The norbornene 
reporter group in compound 4 can be labelled with 
tetrazine-bearing fluorescent dyes by an inverse electron 
demand Diels-Alder reaction (IEDDA).[39,40] In addition, 
this group was used to pull down protein-inhibitor 
conjugate by labelling with tetrazine-biotin and enrichment 
on streptavidin-bearing magnetic beads. 

 

Figure 2. Design of PAL tool compounds. 

Synthesis. The building block 5,6-
dimethoxybenzo[d]thiazol-2-amine 6 was synthesised 
starting from 3,4-dimethoxyaniline 5 as described 
previously.[19,41] A base-catalysed TBTU-coupling of 5,6-
dimethoxybenzo[d]thiazol-2-amine 6 with 4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid and 
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subsequent cleavage of the methyl ethers with BBr3 gave 
compound 2. 

Compounds 3a–c were obtained in 5-step synthesis 
starting from 5,6-dimethoxybenzo[d]thiazole 6. Base-
catalysed TBTU-coupling with Boc-cysteine(SStBu) 
provided intermediate 7. The Boc group was removed 
under acidic conditions. The intermediate hydrochloride 
obtained was reacted in a base-catalysed TBTU-coupling 

with 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid to 
give the dimethoxy-protected intermediate 8. The 
dimethoxy- and the SStBu protecting groups were cleaved 
in dichloromethane using ethanethiol and aluminium 
chloride, yielding compound 3a with a free cysteine moiety. 
Different protecting groups were introduced using S-tert-
butyl methanesulfonothioate or S-(2-
methyltetrahydrofuran-3-yl)methanesulfonothioate, and 
final tool compounds 3b and 3c were obtained.

 

Scheme 1. Synthesis of PAL tool compounds. A Synthesis of building block 5,6-dimethoxybenzo[d]thiazol-2-amine 6. Reagents and conditions a: KSCN, Br2, 
acetic acid, 16 h, r.t. B Synthesis of compound 2. Reagents and conditions a: 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid, TBTU, DIPEA, ethyl acetate, 
2 d, 0 °C – r.t.; b: BBr3 in DCM, 16 h, -78 °C – r.t. C Synthesis of PAL tool compounds with thiol reporter group 3a–c. Reagents and conditions a: Boc-Cys(SStBu)-
OH, TBTU, HOBt, DIPEA, ethyl acetate, 2 d, 0 °C – r.t.; b: HCl in dioxane, 2 h, r.t.; c: 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid, TBTU, HOBt, DIPEA, 
ethyl acetate, 2 d, 0 °C – r.t.; d: ethanethiol, AlCl3 in DCM, 2 h, 0 °C – r.t.; e: S-tert-butyl methanesulfonothionate or S-(2-methyltetrahydrofuran-3-
yl)methanesulfonothionate, methanol, triethylamine, 2 h, r.t. D Synthesis of compound 4. Reagents and conditions a: (Fmoc)-Gly-OH, triethylamine, DCM, 16 h, 
r.t.; b: 2x 40% piperidine in DMF, 10 min, r.t.; c: norbornenecarbaldehyde, acetic acid cat., DMF, 2 h, r.t.; d: sodium borohydride, THF/MeOH (1:1), 2 h, r.t.; e: 
TFA/DCM (1:1), 3 h, r.t.; f: di-tert-butyldicarbonat, triethylamine, water, 3 h, r.t.; g: 5,6-dimethoxybenzo[d]thiazol-2-amine, TBTU, DIPEA, ethyl acetate, 2 d, 0 °C 
– r.t; h: HCl in dioxane, 2 h, r.t.; i: 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid, TBTU, DIPEA, ethyl acetate, 2 d, 0 °C – r.t.; j: BBr3 in DCM, 2 h, -78 °C – 
r.t 
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Compound 4 was obtained in a solid phase reaction using 
2-chlorotrityl chloride resin. Fmoc-protected glycine was 
covalently bound base-catalysed to the resin. A 40% 
piperidine solution in DMF removed the Fmoc protecting 
group. Norbornene carboxaldehyde was then used to form 
the imine 12 in situ. Sodium borohydride reduced the imine 
to the secondary amine 13. Subsequently, the intermediate 
product was cleaved from the solid phase by TFA and DCM 
(1:1). Before a base-catalysed TBTU-coupling with 5,6-
dimethoxybenzo[d]thiazole was carried out, the secondary 
amine 14 was protected using Boc anhydride. The Boc 
group was cleaved after the coupling under acidic 
conditions. Compound 4 was then obtained by coupling 
with 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid and 
cleaving the aryl methyl ethers using BBr3. 

Photochemical Reactivity of the PAL Tool Compounds 

To determine the optimal irradiation conditions, the PAL tool 
compounds were first irradiated without protein in a 
buffered solution at 365 nm, and the products and 
intermediates formed were analysed by LC/MS. In addition 
to the intensity, variable parameters during irradiation are 
the distance between the radiation source and the sample 
solution. The latter was fixed at 2 cm for all experiments. 
The duration of irradiation was limited to a maximum of 
30 minutes to prevent possible damage to the protease and 
the associated loss of function.[34,42,43] To determine the 
optimal conditions, exemplarily, a solution of a PAL tool 
compound 3b in buffer (50 mM Tris pH 9.0, 1 mM CHAPS) 
with 10 vol% DMSO was irradiated in a quartz cuvette 
under argon atmosphere. A sample was analysed by 
LC/MS before the start of irradiation and after 30 s, 1 min, 
5 min, 10 min, 15 min, 20 min, 25 min, resp. 30 min of 
irradiation time. When the diazirine is irradiated, nitrogen is 
released, and a carbene is formed. This subsequently 
reacts with the protein or the solvent (water) to form a 
covalent bond. In addition to this stable photo adduct, the 
more long-living linear diazo compound is formed as an 
unwanted side product upon irradiation (Figure 3A).[44,45] 
The percentage of the reactant, the photo adduct with water 
and the linear by-product was determined from the relative 
peak areas of the UV spectra at 254 nm. Figure 3B shows 
the mass fractions of the described adducts after different 
irradiation times for tool compound 3b. It is shown that the 
proportion of the reactant decreases with increasing 
irradiation time, while the ratio of the photo adduct with 
water and the linear form increases. However, a complete 
conversion of the reactant could not be achieved after 30 
min. Yet, a sub-stochiometric conversion is sufficient to form 
protein-inhibitor adducts since the tool compound is used in 
excess in protein labelling. In addition to the pulsed 
irradiation, continuous irradiations (without interruption) 
were carried out for the tool compounds in the buffer. 
Slightly different results were obtained. The optimised 
irradiation conditions defined for protein labelling are listed 
in Table 1. 

No irradiation conditions could be established for 
compound 3a since complete decomposition of the 
compound was observed after an irradiation period of 30 s, 
demonstrating the necessity of a protecting group to ensure 
sufficient stability during irradiation. 

 

Figure 3. Photochemical reactivity of diazirines. A Decay of the diazirine 
during irradiation. B Mass fraction of the reactant, the linear form and the 
photo adduct upon irradiation of compound 3b in buffer (50 mM Tris HCl 
pH 9.0, 1 mM CHAPS). 

Reductive Deprotection of PAL Tool Compounds with 
Thiol-Protecting Group 

Compounds 3b and 3c are derivatives of compound 3a with 
a thiol-protecting group, which ensures the stability of the 
compounds during irradiation, but subsequently has to be 
cleaved off for labelling with a reporter dye. Both groups are 
reductively cleavable. TCEP was used as the reducing 
agent, offering the advantage over DTT that residues of the 
reducing agent do not interfere with the subsequent 
maleimide click reaction with fluorescent dyes. Compounds 
3b and 3c were incubated with 1 mM TCEP in Tris buffer at 
pH 6.8 and pH 9.0, respectively, and the cleavage of the 
protecting group was monitored by LC/MS. The percentage 
of free thiol as the peak area of the UV spectrum at 254 nm 
was determined after 30 min, 1 h, and 2 h. 
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Table 1. Optimised irradiation conditions of PAL tool compounds. 

 
# R Intensity Duration 
2 

 
10% 
(1 W·cm-2) 

30 min 

3a 

 

- - 

3b 

 

6% 
(0.6 W·cm-2) 

15 min 

3c 

 

6% 
(0.6 W·cm-2) 

5 min 

4 

 

6% 
(0.6 W·cm-2) 

15 min 

 
For compound 3b, which carries an SStBu protecting group, 
a mass fraction of about 10% free thiol was detected at 
pH 9.0 after 30 min. The proportion could not be 
significantly increased by more prolonged incubation. At 
pH 6.8, no cleavage of the protecting group could be 
detected even after 2 h. The reductive cleavage of the SS-
Mot protecting group is reported in the literature to be faster 
and more efficient than the cleavage of the SStBu protecting 
group.[38] We confirmed this with compound 3c, which 
privileged the SS-Mot protecting strategy for our 
application. At pH 9.0, complete cleavage was detected 
after 30 min. Reducing the pH to 6.8 resulted in 75% 
cleavage, indicating that a higher pH of 9.0 is more 
advantageous. 

Table 2. Reductive cleavage of protecting group of compounds 3b and 3c 
by TCEP in buffer (50 mM Tris pH 9.0, 1 mM CHAPS, 1 mM TCEP). 

  fraction of free thiol after 
# pH 15 min 30 min 1 h 2 h 4 h 

3b 6.8 n.d. 0% 0% 0% 4% 
9.0 n.d 10% 14% 9% 7% 

3c 6.8 76% 85% n.d. n.d. n.d. 
9.0 94% 85% n.d. n.d. n.d. 

 

Inhibitory Activity of PAL Tool Compounds 

The inhibitory activity of the tool compounds was 
investigated by a fluorometric assay. Cleavage of the 
substrate Boc-Gly-Arg-Arg-AMC by the NS2B-NS3 
protease results in the formation of free AMC and, 
consequently, the increase in fluorescence (excitation 
380 nm, detection 460 nm). The increase in fluorescence 
per unit time (slope) can be considered a measure of the 
activity of the protease. Inhibition of the protease resulted 

in a decrease in the fluorescence increase. From a dilution 
series of the tool compounds, IC50 values were determined 
from the relative inhibition compared to a control 
measurement with DMSO. For example, the fluorescence 
increases within 10 min in the presence of seven different 
concentrations of compound 3c and the resulting IC50 
curves are shown in Figure 4. The IC50 values of the 
different tool compounds were between 10 µM and 20 µM 
matching the parent compounds 1a–c potency (Table 3). 
Consequently, the affinity was only slightly affected by the 
structural variations of the different tool compounds. 

 

Figure 4. Inhibitory activity of compound 3c. A Fluorescence increase over 
time for different concentrations of 3c. B IC50 curve resulting from A. A four 
parament Hill fit determined the IC50 to be 20.0 ± 2.0 µM. 

Detection of Photoaffinity Labelling by Click Reaction 

For the following experiments, compounds 3c and 4 were 
considered. Compound 2 does not carry a reporter group, 
so click reaction cannot detect its covalent binding to the 
protease. Compound 3c was advantageous compared to 
compound 3b due to the more efficient protecting group 
cleavage. 

For photoaffinity labelling of DENV NS2B-NS3 protease, a 
10-fold excess of the respective inhibitor was used 
compared to the protein concentration. The reporters 
integrated into the respective tool compound can 
demonstrate the successful formation of a covalent adduct 
between the PAL tool compound and protein. Fluorescent 
dyes with appropriate functionality were used for this 
purpose. Compounds 3b and 3c have a thiol as a reporter 
group, which maleimides can address.  
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Table 3. IC50 values for PAL tool compounds. 

 
# R IC50 (µM) 

2 
 

18.8 ± 2.0* 

3a 
 

13.4 ± 2.1 

3b 
 

10.2 ± 1.5 

3c 

 

20.0 ± 2.0 

4 

 

17.0 ± 1.3  

* The IC50 was obtained from five different inhibitor concentrations (0, 
0.3, 1, 3, 10, 30 µM). 

Since the DENV protease is free of native cysteine 
residues, labelling only occurs if the inhibitor previously 
introduced a free thiol into the inhibitor-protein complex. To 
avoid non-specific maleimide labelling of the protease, the 
sample solution was buffered to pH 6.8 using centrifuge 
filters after irradiation and cleavage of the protective group. 
On the one hand, this suppresses the labelling of lysin and 
histidine residues in the protein by maleimide labels. On the 
other hand, free inhibitor, which is not covalently bound to 
the protein, is removed from the solution. In addition, the 
excess reducing agents could be removed, which would 
interfere with the dye labelling of the thiol with maleimide. 
Maleimide functionalised Cy5 was added to the sample 
solution (2–6 eq.), and the reaction mixture was incubated 
for 2 h in the dark. This allowed the click reaction between 
the free thiol and the maleimide to form a covalent bond. 
Dye labelling of the protein and, thus, successful 
photoaffinity labelling of the protein was demonstrated 
using an SDS-PAGE gel (Figure 5). For this purpose, the 
gel was scanned with an excitation and detection 
wavelength specific to the Cy5 label (633 nm/670 nm). In 
addition, the protein was stained with Coomassie brilliant 
blue to monitor the total protein content in the gel. The 
intensity of the bands of the unirradiated sample without 
inhibitor (blind-), the unirradiated sample with inhibitor 
(blind+), and the irradiated sample (irr+) were compared 
(Figures 5A and B). The Coomassie staining confirmed that 
the same amount of protein was loaded in each case, and 
the protein was stable under the irradiation conditions. The 
fluorescent Typhoon scan (Cy5) showed that a weak 
fluorescent band is visible without irradiation. The sample 
of the protein-inhibitor solution after irradiation, on the other 
hand, shows a clear band at the level of the NS2B-NS3 
protease. The labelling by compound 4 showed similar 

results (see SI), confirming specific PAL labelling by the 
designed tool compounds. 

Even though non-specific Cy5-maleimide labelling could 
not be suppressed entirely, this experiment clearly shows 
that the formation of a covalent protein-inhibitor adduct can 
be formed by irradiation and subsequently detected by dye 
labelling. 

In addition to Cy5 labelling, we demonstrated the 
successful formation of the covalent protein-inhibitor 
complex by enrichment using biotin-streptavidin pull-down 
in an SDS-PAGE gel. For this purpose, the irradiated 
sample of compound 4 and the DENV protease was mixed 
with tetrazine-functionalised biotin and incubated overnight 
for norbornene IEDDA ligation. Subsequently, the protein-
inhibitor complexes covalently bound to biotin were 
immobilised on magnetic beads carrying streptavidin. 
Several washing steps then removed unlabelled protein 
and free inhibitor. To detach the complexes from the 
magnetic spheres, these were taken up in Lämmli buffer 
with biotin and SDS in excess for elution. After heating to 
95 °C for 10 min, the sample was applied to an SDS-PAGE 
gel. A single protein band indicated the successful formation 
of the covalent inhibitor-protein complex and showed that 
only intact NS2B-NS3 were enriched from the mixture. 
Several closely spaced bands are visible in the gel for the 
negative sample (Figure 5C, line ii), which contained only 
non-irradiated DENV NS2B-NS3 protein previously 
attributed to auto-cleavage of the protease.[46] 

 

Figure 5. Scan of SDS-PAGE gels of PAL experiments with DENV NS2B-
NS3 protease. A Typhoon Scan of the gel. i) marker; ii) control blind-: non-
irradiated sample of DENV NS2B-NS3 after labelling with Cy5; iii) control 
blind+: non-irradiated sample of DENV NS2B-NS3 with compound 3c after 
labelling with Cy5; iv) Sample irr+: irradiated sample of DENV NS2B-NS3 
with compound 3c after labelling with Cy5. B Scan of the Coomassie-stained 
gel. i) marker; ii) blind-: DENV NS2B-NS3; iii) blind+: DENV NS2B-NS3 + 3c; 
iv) irr+: DENV NS2B-NS3 + 3c. C Scan of the Coomassie-stained gel after 
Biotin-Streptavidin pull-down of the DENV NS2B-NS3 with compound 4. i) 
marker; ii) DENV NS2B-NS3; iii) DENV NS2B-NS3 + 4 after Biotin-
Streptavidin pull-down. 

Mass spectrometry of Covalent Protein-Ligand 
Complexes 

The evidence on forming the covalent protein-ligand 
complex in the PAL experiment using SDS-PAGE gel is 
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essential for further investigations. However, detecting 
covalent binding alone does not reveal where the binding 
pocket addressed by the ligand is located in the protein. To 
obtain this information, samples of the covalent protein-
ligand complexes from the PAL experiments were first 
proteolytically digested, and the tryptic peptide fragments 
obtained were then analysed by liquid chromatography-
mass spectroscopy. Sequence coverage of more than 99% 
was obtained for the DENV protease. For prototypic 
inhibitor 2, this experimental setup could detect covalent 
modification of the protein at position G121 (Figure 6A). 
G121 is located in the loop117–121, part of the allosteric 
binding pocket proposed by Noble et al.[14] (Figure 6B). 
Docking experiments of compound 2, performed 
analogously to Wu et al.[23],proposed the location of the 
trifluormethyldiazirine near G121 (Figure 6C), supporting 
PAL and LC/MS results. 

To further support these results, maleimide blockage 
assays which have already been described for the class of 
benzo[d]thiazole inhibitors[19,20], were performed with 
compound 2. For this purpose, a wildtype (WT) cysteine 
mutant T122C was used (Figure 6B), which allowed 
blockage of the proposed allosteric binding pocket with N-
benzyl maleimide (BMI). A comparison of the affinities of 
compound 2 with and without blockage of T122C (Figure 
6D) confirmed the binding pocket, which was also found in 
the PAL experiments. Blocking the proposed allosteric 
pocket with BMI increased the IC50 of compound 2 
(21.81 ± 1.82 µM) approximately by a factor of 2, compared 
to the unblocked binding pocket of T122C 
(11.64 ±2.41 µM). The unaffected IC50 of the WT in the 
presence of BMI (19.42 ± 4.06 µM) compared to the IC50 of 
the WT without BMI (18.82 ± 1.96 µM) shows that the 
increase in IC50 is not due to the presence of BMI. The 
reduction of the affinity of compound 2 for the protein by 
blocking the binding pocket located next to T122C confirms 

the interaction of the inhibitor with the proposed allosteric 
binding pocket. 

Conclusions 

Here we describe the synthesis of different PAL tool 
compounds for the allosteric binding pocket of the DENV 
NS2B-NS3 protease. PAL allows the location of the 
interaction between a ligand and a target to be identified. 
For this purpose, a covalent bond is formed between the 
ligand carrying a photoreactive group and the target protein 
by irradiation at 365 nm. In addition to the prototypic 
compound 2, consisting of an affinity unit and a 
photoreactive group, further compounds were synthesised, 
allowing the formation of the covalent protein-ligand 
complex to be detected by fluorescent labelling or pull-down 
with a reporter tag. The demonstration of the successful 
formation of the complex upon irradiation is an essential 
prerequisite for further experiments and encouraged us to 
search for the binding site of the ligand in the protein. Using 
protein digestion and mass spectrometry, we were thus 
able to show that the class of allosteric inhibitors studied 
here, based on a benzo[d]thiazole, bind into the binding 
pocket around Ala-125 proposed by Noble et al.[14] In this 
way, our study not only demonstrated different strategies for 
the design and synthesis of PAL tool compounds but also 
confirmed the location of the allosteric binding pocket by 
mass spectrometry of the labelled protein and maleimide 
blockage assays. Our results can form the basis for 
developing new potent allosteric inhibitors. The 
demonstrated interaction of benzo[d]thiazole-based 
inhibitors with the region around G121/T122C offers new 
starting points for the introduction of functional groups into 
this class of inhibitors that enable, for example, a covalent 
interaction with T122 or T120. In this way, it might be 
possible to design covalent allosteric inhibitors.
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Figure 6. Identification of the binding pocket of compound 2. A Results of mass spectroscopic studies of the digested protein after covalent modification by 
compound 2 by PAL experiments. B Structure of the dengue virus protease (PDB: 2FOM).[13] NS2B is highlighted in red, NS3 in grey and the allosteric pocket 
in blue. The modified amino acid G121 and the mutated amino acid T122C are shown as yellow sticks. C The by docking proposed binding pose of compound 
2 in the allosteric pocket of the closed conformation of the DENV3 protease (PDB: 3U1I)[14]. Compound 2 is shown in cyan. NS2B is highlighted in red, NS3 
grey. Amino acids forming polar interactions are labelled and highlighted with sticks. Note that at position 122, there is an E in DENV3 instead of T. D Results 
of the maleimide blockade experiments with compound 2. Relative IC50 values for the wildtype (WT) used for the PAL experiments and T122C mutant of the 
wildtype (T122C), which was used for maleimide blockade experiments with (+) and without N-benzyl maleimide (BMI). The absolute IC50 values are given as 
numerical values. The quotient of the respective absolute IC50 for the corresponding protein with and without BMI was formed to provide relative IC50 values
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Material and Methods 

Photochemical Studies 

Laser and experimental setup. The photoactivation 
studies were performed according to procedures as 
reported by Brunner et al.[45] and Seifert et al.[47] using a 
high-power UV LED (λmax = 365 nm; 5 W; UV LED smart; 
Opsytec Dr. Gröbel GmbH) with the “standard” optic for a 
small spot diameter and a focused beam profile. Please 
refer to the homepage of the UV light source supplier 
(https://www.opsytec.com/products/uv-led-light-sources) 
for further details. Irradiation experiments were conducted 
within a ventilated fume hood in quartz cuvettes (d = 10 
mm), including a tiny magnetic stirring bar, placed 2 cm from 
the light source for effective photoactivation. Quartz 
cuvettes were sealed with a septum so the experiments 
could be carried out under an argon atmosphere. 

PAL Experiments for Gel-Assay. Experiments were 
carried out in Tris buffer (50 mM Tris pH 9.0, 1 mM CHAPS) 
containing 10 vol% of DMSO to ensure the solubility of PAL 
tool compounds. PAL tool compounds were used at a 
concentration of 100 µM. The protease was used at a final 
concentration of 10 µM. The buffer was degassed with 
Argon and filtered before use. The samples with protein 
were irradiated under the settings described in Table 1 after 
an incubation time of 5 min. After irradiation, incubation was 
continued for another 10 min to allow a complete reaction 
of the carbene. TCEP dissolved in buffer was then added to 
the sample at a final concentration of 1 mM. Using Amicon 
Ultra centrifuge filters (Millipore, cutoff 10 kDa, volume 
0.5 mL), the buffer was exchanged to remove excess TCEP 
and adjust the pH to 6.8 (50 mM Tris pH 6.8, 1 mM 
CHAPS). Subsequently, an excess of 2−6 eq. Cy5 
maleimide or 10 eq. Cy5 tetrazine dissolved in DMF was 
added. Dye labelling was done in the dark at room 
temperature within one hour for Cy5 maleimide and 
overnight for Cy5 tetrazine. The labelled protein was then 
rewashed using the centrifuge filters to remove excess dye. 
Lämmli buffer was added to 10 µL of the resulting solution, 
which was heated to 95 °C for 10 min and applied to an 
SDS-PAGE gel. Control samples (blind- and blind+) were 
treated identically without irradiation. 

PAL Experiments for Pull-Down. After irradiation, a 100-
fold excess of tetrazine-biotin was added to the samples 
and incubated overnight at room temperature. 
Subsequently, streptavidin immobilised on magnetic beads 
(100 µL, Pierce, ThermoScientific) was added. After 5 min 
incubation, the buffer solution containing excess biotin-
tetrazine was removed, and the spheres were washed three 
times with 200 µL buffer. Before applying to the gel, 10 µL 
of Lämmli buffer supplemented with biotin (final 
concentration 10 µM) was added to the dry beads and 
heated to 95 °C for 10 min. 

SDS-PAGE gels. For gel electrophoresis, separation gels 
with 15% acrylamide and stacking gels with 4% acrylamide 
were used. The gels were produced with a thickness of 
1 mm. The running buffer was 25 mM Tris pH 6.8, 192 mM 
glycine and 0.1% SDS. An 80-100 V voltage was applied 
for 10 min, then increased to 120-160 V. The gels were run 
at this voltage for 10 min. The marker PageRuler 

Prestained Protein Ladder from Thermo Fisher Scientific 
was applied as a size reference. 

The SDS-PAGE gels were scanned on the AMERSHAM 
BIOSCIENCE TYPHOON TRIO+ scanner. The programme 
TYPHOON SCANNER CONTROL version 5.0 was used. 
For Cy5, an emission filter at 670 nm (670 BP) with a width 
of 30 nm was used. A red laser with a wavelength of 633 nm 
and a gain of 400 to 600 V was used for excitation. The gels 
were stained with Coomassie brilliant blue staining solution 
for one to two hours. After subsequent destaining of the gels 
with acetic acid, a colourimetric scan of the gels was taken. 

Enzyme Assay 

Fluorometric enzyme assays were performed as described 
previously.[19,20] Briefly, 250 nM of the purified protease in 
buffer (50 mM Tris pH 9.0, 1 mM CHAPS) with 5 µL 
substrate (100 µM Boc-Gly-Arg-Arg-AMC) in DMSO and 
10 µL of the corresponding inhibitor in DMSO resulting in a 
total volume of 200 µL was added to a 96 well plate. The 
fluorescence of the released AMC was measured at 380 nm 
excitation and 460 nm emission. The percentage activity of 
the protease with the addition of the inhibitors was 
determined as the proportion of the slope with respect to 
the slope of the DMSO control. 

AMC correction. To determine the AMC correction factors, 
the fluorescence of 1 µM AMC F(AMCDMSO) was compared 
with the fluorescence of 1 µM AMC in the presence of the 
corresponding inhibitor F(AMCinhibitor) concentration. For 
this purpose, 185 µL buffer (50 mM Tris pH 9.0, 1 mM 
CHAPS) with 5 µL AMC (final concentration 1 µM) and 
10 µL of the corresponding inhibitor in DMSO were mixed, 
and the fluorescence was determined (λex =380 nm, 
λem = 460 nm). The residual activities determined from the 
slopes in the fluorometric assay were multiplied by the 
correction factor of F(AMCDMSO)/F(AMCinhibitor) to obtain the 
corrected residual activities. 

Maleimide Blockage Assay. A stock solution of the 
corresponding protein (50 µM) in buffer (50 mM Tris pH 9.0, 
1 mM CHAPS) was mixed with a 1.5-fold excess of N-
benzyl maleimide (75 µM) in DMSO (1 vol%) and incubated 
on ice for 15 min. Subsequently, the fluorometric assay was 
performed as described above. 

Mass spectrometry of Covalent Protein-Ligand 
Complexes 

Protein in-gel digestion. The Coomassie-stained gel band 
was excised and cut into small cubes, followed by 
destaining in 50% ethanol/25 mM ammonium bicarbonate. 
The proteins were then reduced in 10 mM DTT at 56 °C and 
alkylated by 50 mM iodoacetamide in the dark at room 
temperature. Afterwards, proteins were digested by trypsin 
in 50 mM ammonium bicarbonate overnight at 37 °C. 
Following peptide extraction sequentially using 30% and 
100% acetonitrile, the sample volume was reduced in a 
centrifugal evaporator to remove residual acetonitrile. The 
resultant peptide solution was purified by solid phase 
extraction in C18 StageTips.[48] 
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Liquid chromatography-tandem mass spectrometry. 
Peptides were separated in the EASY-nLC 1200 UHPLC 

system (Thermo Fisher Scientific) using an in-house 

packed 55 cm analytical column (inner diameter: 75 μm; 

ReproSil-Pur 120 C18-AQ 1.9 μm silica particles, Dr. 

Maisch GmbH) by online reversed-phase chromatography 

through a 90 min gradient of 2.4–32% acetonitrile with 0.1% 

formic acid at a nanoflow rate of 250 nl/min. Electrospray 

ionisation sprayed The eluted peptides directly into an 

Orbitrap Exploris 480 mass spectrometer (Thermo Fisher 

Scientific). Mass spectrometry measurement was 

conducted in data-dependent acquisition mode using a 

top10 method with one full scan (resolution: 60,000, scan 

range: 300-1650 m/z, target value: 3 × 106, maximum 

injection time: 60 ms) followed by ten fragmentation scans 

via higher energy collision dissociation (HCD; normalised 

collision energy: 30%; resolution: 30,000, target value: 1 × 

105, maximum injection time: 60 ms, isolation window: 

1.4 m/z). Only precursor ions of +2 to +7 charge state were 

selected for fragmentation scans. Additionally, precursor 

ions already isolated for fragmentation were dynamically 

excluded for 25 s. 

Mass spectrometry data analysis. The raw data file was 

processed by the MaxQuant software package (version 

2.1.3.0)
[49]

 using its built-in Andromeda search engine
[50]

. 

Spectral data were searched against a target-decoy 

database consisting of the forward and reverse sequences 

of DENV NS2B-NS3 and a list of 246 common 

contaminants. Trypsin/P specificity was assigned. 

Carbamidomethylation of cysteine was set as a fixed 

modification. Oxidation of methionine, acetylation of the 

protein N-terminus and the TPD-labelled ligand of 

compound 2 (C16H9F3N2O3S) on all 20 possible natural 

amino acids were assigned as variable modifications. A 

maximum number of five modifications per peptide was 

allowed. A maximum of two missed cleavages were 

tolerated. The minimum peptide length was set to seven 

amino acids. The false discovery rate (FDR) was set to 1% 

for both peptide and protein identifications. The processed 

MS/MS spectra were visualised and annotated in the 

Viewer module of MaxQuant.
[51]

 

Molecular Docking 

The crystal structure of DENV-3 protease in complex with 

the aldehyde inhibitor Bz-nKKR-H (PDB: 3U1I) was used 

for molecular docking.
[14]

 Possible docking modes between 

the ligand and the protease were studied using the FlexX 

docking approach of the LeadIT 2.1.6 suite (BioSolveIt, 

Germany). The MOE software was used for the energy 

minimisation of compound structures (Molecular Operating 

Environment, 2012.10). All water and ligand molecules 

were neglected during the docking procedure. The binding 

site was defined on a proper protein pocket, which was 

shown to be a specific allosteric binding site for other 

noncompetitive inhibitors near the catalytic site.
[52]

 

Chemistry 

All solvents and reagents were obtained from commercial 

suppliers (Sigma-Aldrich, Acros Organics, Alfa Aesar, TCI, 

BLDpharm or Apollo Scientific) and used without prior 

purification, if not otherwise stated. Reactions at −78 °C 

were conducted in a dry ice/acetone cooling bath. 

Purifications by flash chromatography were performed on 

silica gel (0.015−0.040 mm, Machery-Nagel). Reaction 

progress was monitored by thin-layer chromatography 

(TLC) using Machery-Nagel Alugram Xtra Sil G/UV254 

silica 60 plates. Compound visualisation on these plates 

was attained by irradiation at 254 nm. 
1
H and 

13
C NMR 

spectra were recorded on a Bruker Fourier 300, a Bruker 

Avance-III HD (
1
H NMR, 300 MHz; 

13
C NMR, 75.5 MHz), or 

a Bruker Avance-II (
1
H NMR 600 MHz; 

13
C NMR 151 MHz). 

All chemical shifts are referenced to the signal of the 

residual solvent (CDCl3, 7.26 and 77.16 ppm; DMSO-d6, 
2.50 and 39.52 ppm; methanol-d4, 3.31 and 49.00 ppm for 

1
H NMR and 

13
C NMR, respectively) and reported in parts 

per million (ppm) relative to tetramethylsilane (TMS). 

Multiplicities of the corresponding NMR signals are given 

using the following abbreviations: br = broad, s = singlet, d 

= doublet, t = triplet, q = quartet, m = multiplet, and 

combinations thereof. 

Analytical HPLC analysis was performed on an HP Agilent 

1100 series HPLC system using an Agilent Poroshell 120 

EC-C18 (150 × 2.10 mm, 4 μm) column at 40 °C oven 

temperature and a detection wavelength of 254 nm. The 

mobile phase consisted of mixtures of acetonitrile, Milli-Q-

grade water, and 10% of a 0.1% formic acid solution in Milli-

Q-grade water. The purity of the final compounds was 

confirmed by HPLC analysis and was higher than 95% in 

all cases. 

Method A. O-(benzotriazole-1-yl)-N,N,N',N'-

tetramethyluronium tetrafluoroborate (TBTU; 1.1 eq.), N- 

hydroxy-benzotriazole (HOBt; 1.1 eq.) and the respective 

carboxylic acid (1 eq.) were suspended in ethyl acetate. 

Under ice cooling at 0 °C, N,N-diisopropylethylamine 

(DIPEA; 2.5 eq.) was added. After 30 minutes, the 

corresponding amine (1 eq.) was added at RT and stirred 

for at least 24 hours at RT.  

To terminate the reaction, water was added, the two phases 

were separated using a separating funnel, and the aqueous 

phase was washed three times with ethyl acetate. The 

combined organic extracts were extracted three times with 

hydrochloric acid (2 M), once with deionised water, three 

times with saturated sodium hydrogen carbonate solution 

and once with saturated saline solution and dried over 

sodium sulfate and filtered. The solvent was removed under 

reduced pressure, and the residue was lyophilised for 

further drying. The crude products were purified by column 

chromatography. 

Method B. Approximately 4 mL HCl in dioxane (4 M) was 

added to the respective Boc-protected amine and stirred for 

two hours. Petroleum ether (40 °C – 60 °C) was then 

added, and the precipitated product was filtered off through 

a frit and washed with petroleum ether (40 °C – 60 °C). 

Method C. Ethanethiol (1 mL) and AlCl3 (10 eq.) were 

dissolved in DCM under an argon atmosphere. Under ice 

cooling at 0 °C, the corresponding aryl methyl ether (1 eq.) 

was added, and the mixture was slowly brought to RT and 

stirred for 24 hours. 

The reaction was then terminated by adding hydrochloric 

acid (2 M), and the two resulting phases were separated 
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using a separating funnel. The aqueous phase was washed 
three times with DCM, and the combined organic extracts 
were extracted with saturated saline, dried over sodium 
sulfate, and filtered. The solvent was removed under 
reduced pressure, and the residue was lyophilised for 
further drying. The crude products were purified by column 
chromatography. 

Method D. The aryl methyl ether was dissolved in dry 
dichloromethane under an argon atmosphere. It was cooled 
to –78°C, and an excess (2–10 eq.) of BBr3 in DCM was 
added. After a complete reaction, termination was done by 
adding methanol and excess solvent was removed. The 
crude products were purified by column chromatography. 

Method E. A solution of a thiol (1 eq.) and the 
corresponding methane sulfonothionate (1.5 eq.) with 
triethylamine (1 eq) in ethanol was stirred overnight at room 
temperature. After removing the solvent, the crude product 
was purified by column chromatography. 

5,6-Dimethoxy benzo[d]thiazole-2-amine (6) was 
synthesised following Trapani et al.[41] 3,4-Dimethoxyaniline 
(5 g, 32.7 mmol, 1 eq.) and potassium thiocyanate (6.98 g, 
71.9 mmol, 2.2 eq.) were suspended in acetic acid, and 
bromine (1.64 mL, 32.7 mmol, 1 eq.) was slowly added 
under cooling at a temperature below 20 °C. The reaction 
mixture was stirred at RT for one day and then filtered. The 
residue was heated under reflux for 20 minutes in water and 
1 mL hydrochloric acid conc. and then filtered. The boiling 
in the hydrochloric acid solution was repeated with the 
residue, and the filtrates obtained were combined. When 
the filtrates cooled, 6 crystallised out of the solution as 
hydrochloride. Colourless solid; yield: 2.58 g (1.1 mmol, 
38%); mp = 272 – 274 °C; 1H NMR (300 MHz, DMSO-d6) δ 
[ppm] = 9.66 (s, 2H), 7.55 (s, 1H), 7.13 (s, 1H), 3.78 (d, J = 
9,4 Hz, 6H); 13C (75 MHz, DMSO-d6) δ [ppm] = 169.2, 
149.7, 147.1, 132.7, 114.9, 106.4, 98.9, 56.6, 56.4. 

N-(5,6-dihydroxybenzo[d]thiazol-2-yl)-4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzamide (2) was 
synthesised following method A and D. A: 4-(3-
(Trifluoromethyl)-3H-diazirin-3-yl)benzoic acid (40 mg, 
0.22 mmol, 1.1 eq.), TBTU (71 mg, 0.22 mmol, 1.1 eq.), 
DIPEA (0.14 mL, 0.82 mmol, 4 eq.), 6 (40 mg, 0.20 mmol, 
1 eq), DMF (5 mL). D: crude product from A (30 mg, 
0.07 mmol, 1 eq.), BBr3 in DCM 1 M (0.43 mL, 0.43 mmol, 
6 eq.). The crude product was purified by column 
chromatography (DCM/MeOH 49:1 + 0.1% TFA). Yellow 
solid; yield: 27.0 mg (0.06 mmol 58%); mp = 238 – 240 °C; 
1H NMR (300 MHz, DMSO-d6) δ [ppm] = 8.21 (d, J = 8.4 
Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.26 (s, 1H), 7.13 (s, 1H); 
13C (75 MHz, DMSO-d6) δ [ppm] = 164.8, 158.7, 158.2, 
145.8, 144.2, 134.1, 131.5, 129.2, 126.6, 123.6, 121.7, 
120.0, 106.5, 105.9, 27.9; m/z for [C16H10F3N4O3S]+ calc. 
395.0, found 394.9; purity: 97%. 

tert-Butyl-(S)-(3-(tert-butyldisulfanyl)-1-((5,6-
dimethoxybenzol[d]thiazole-2-yl)amino-1-oxopropan-2-
yl)carbamate (7) was synthesised following method A. N-
(tert-butoxycarbonyl)-S-(tert-butylthio)-L-cysteine (0.254 g, 
0.82 mmol, 1 eq.), TBTU (0.29 g, 0.902 mmol, 1.1 eq.), 
HOBt (0.122 g, 0.902 mmol, 1.1 eq.), DIPEA (0.35 mL, 
2.05 mmol, 2.5 eq.), 24 (0.202 g, 0.820 mmol, 1 eq.). No 
further purification of this intermediate was carried out. 

Colourless solid; yield: 0.383 g (0.76 mmol, 92%); mp = 107 
– 109 °C; ["]!"#$!  = - 20 (c = 0.005 %&'; MeOH); 1H NMR 
(300 MHz, DMSO-d6) δ [ppm] = 12.44 (s, 1H), 7.55 (s, 1H), 
7.33 (d, J = 7.9 Hz, 1H), 7.30 (s, 1H), 4.50 (d, J = 7.3 Hz, 
1H), 3.82 (d, J = 6.4 Hz, 6H), 3.12 – 3.03 (m, 2H), 1.40 – 
1.35 (m, 9H), 1.29 – 1.28 (m, 9H); 13C NMR (75 MHz, 
DMSO-d6) δ [ppm] = 156.7, 155.6, 149.4, 147.5, 143.0, 
123.4, 104.2, 104.0, 79.1, 56.4, 56.2, 54.5, 48.2, 42.4, 38.7, 
30.0, 28.6. 

(S)-N-(3-(tert-Butyl-disulfanyl)-1-((5,6-
dimethoxybenzo[d]thiazole-2-yl)amino)-1-oxopropan-2-yl)-
4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (8) was 
synthesised following method B and A. B: 7 (0.3 g, 1 eq), 
HCl in Dioxane 4 M (2 mL)  A: 4-(3-(Trifluormethyl)-3H-
diazirin-3-yl)benzoic acid (0.10 g, 0.43 mmol, 1 eq.), TBTU 
(0.152 g, 0.473 mmol, 1.1 eq.), HOBt (0.064 g, 
0.473 mmol, 1.1 eq.), DIPEA (0.18 mL, 1.075 mmol, 
2.5 eq.), crude product from B (0.17 g, 0.43 mmol, 1 eq.). 
No further purification of this intermediate was carried out. 
Colourless solid; yield: 0.215 g (0.35 mmol, 79%); decomp. 
> 62 °C; ["]!"#$!  = - 28 (c = 0.005 %&'; MeOH); 1H NMR 
(300 MHz, DMSO-d6) δ [ppm] = 12.60 (s, 1H), 9.07 (d, J = 
7.5 Hz, 1H), 8.09 – 7.98 (m, 2H), 7.55 (s, 1H), 7.46 – 7.38 
(m, 2H), 7.29 (s, 1H), 5.05 – 4.93 (m, 1H), 3.82 (d, J = 5.8 
Hz, 6H), 3.32 (s, 2H), 1.30 (s, 9H); 13C (75 MHz, DMSO-d6) 
δ [ppm]= 169.8, 166.1, 149.4, 147.5, 142.9, 135.7, 131.1, 
129.0, 126.9, 123.4, 104.2, 104.0, 56.4, 56.2, 54.0, 48.3, 
41.9, 30.0. 

(S)-N-(1-((5,6-Dihydroxy-benzo[d]thiazole-2-yl)-amino)-3-
mercapto-1-oxopropan-2-yl)-4-(3-(trifluoromethyl)-3H-
diazirin-3-yl)benzamide (3a) was synthesised following 
method C. 8 (0.1 g, 0.15 mmol, 1 eq.), AlCl3 (0.2 g, 
1.5 mmol, 10 eq.) und 1 mL ethanethiol. The crude product 
was purified by HPLC. Colourless solid; yield: 0.045 g 
(0.09 mmol, 56%); mp = 152 – 154 °C; ["]!"#$!  = + 22 (c = 
0.005 %&'; MeOH); 1H NMR (600 MHz, DMSO-d6) δ [ppm] = 
12.37 (s, 1H), 9.19 (s, 2H), 8.97 (d, J = 7.4 Hz, 1H), 8.08 – 
8.03 (m, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.21 (s, 1H), 7.09 (s, 
1H), 4.80 – 4.75 (m, 1H), 3.05 – 3.00 (m, 1H), 2.97 – 2.92 
(m, 1H), 2.61 – 2.57 (m, 1H); 13C NMR (151 MHz, DMSO-
d6) δ [ppm] = 169.2, 165.8, 158.4, 158.1, 155.2, 145.6, 
144.0, 141.9, 135.2, 130.7, 128.6, 128.4, 126.5, 124.5, 
122.7, 121.9, 120.9, 106.5, 106.4, 56.7, 40.1, 28.3, 28.0, 
25.4; m/z for [C19H15F3N5O4S2]+ calc. 498.1, found 498.2; 
purity: 99%. 

(S)-N-(3-(tert-Butyl disulfanyl)-1-((5,6-
dihydroxybenzo[d]thiazol-2-yl)amino)-1-oxopropan-2-yl)-4-
(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (3b) was 
synthesised following method E. 3a (0.045 g, 0.088 mmol, 
1 eq.) (S)-tert-Butylmethan-sulfonothionate (0.022 g, 
0.133 mmol, 1.5 eq.), triethylamine (1 eq.), ethanol. The 
crude product was purified by HPLC. Colourless solid; yield: 
10.5 mg (0.02 mmol, 20%); mp = 135 – 137 °C; ["]!"#$!  = + 
2,5 (c = 0.005 %&'; MeOH); 1H NMR (600 MHz, DMSO-d6) δ 
[ppm] = 12.48 (s, 1H), 9.08 (d, J = 7.5 Hz, 1H), 8.03 (d, 
J = 8.5 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.22 (s, 1H), 7.09 
(s, 1H), 4.97 – 4.90 (m, 1H), 3.30 – 3.19 (m, 3H), 3.12 – 
3.07 (m, 1H), 1.30 (s, 9H); 13C NMR (151 MHz, DMSO-d6) 
δ [ppm] = 169.2, 165.6, 158.3, 158.0, 155.2, 145.6, 144.0, 
141.9, 135.2, 130.7, 128.6, 126.5, 122.7, 122.0, 120.9, 
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106.5, 106.4, 53.5, 47.9, 45.7, 41.4, 40.1, 29.6, 28.3, 28.0, 
27.7, 8.7; m/z for [C23H23F3N5O4S3+] calc. 586.1, found 
585.9; purity: 97%. 

N-((2S)-1-((5,6-Dihydroxy benzo[d]thiazole-2-yl) amino)-3-
((2-methyl tetrahydrofuran-3-yl) disulfanyl)-1-oxopropan-2-
yl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (3c) 
was synthesised following method E. 3a (0.026 g, 
0.052 mmol, 1 eq.), S-(2-methyltetra-hydrofuran-3-yl) 
methansulfonothionate (0.022 g, 0.133 mmol, 1.5 eq.), 
triethylamine (1 eq.), ethanol. The crude product was 
purified by HPLC. Colourless solid; yield: 13 mg 
(0.02 mmol, 41%); mp = 99 – 101 °C; 1H NMR (600 MHz, 
DMSO-d6) δ [ppm] = 12.57 – 12.50 (m, 1H), 9.14 – 9.09 (m, 
1H), 8.03 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.22 
(s, 1H), 7.09 (s, 1H), 5.02 – 4.94 (m, 1H), 4.03 – 3.95 (m, 
1H), 3.82 – 3.78 (m, 1H), 3.74 – 3.71 (m, 1H), 3.36 – 3.31 
(m, 1H), 3.24 – 3.17 (m, 1H), 2.34 – 2.24 (m, 1H), 2.04 – 
1.97 (m, 1H), 1.92 – 1.85 (m, 1H), 1.26 – 1.20 (m, 1H), 1.20 
– 1.12 (m, 3H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] = 
165.6, 155.2, 145.6, 144.0, 141.9, 135.2, 130.7, 128.5, 
126.5, 122.7, 120.9, 120.1, 106.4, 80.0, 79.8, 76.5, 76.5, 
65.8, 65.8, 65.2, 53.2, 53.1, 53.1, 53.1, 40.1, 32.6, 32.6, 
32.2, 32.1, 28.3, 28.0, 19.8, 19.7, 16.7, 16.5; m/z for 
[C24H23F3N5O5S3+] calc. 614.1, found 613.9; purity: 96%. 

(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)glycine (14) 2Cl-Trt-Cl 
resin (1 g, 1 mmol) was placed in a syringe. Then Fmoc-
Gly-OH (1 g, 3 mmol) was dissolved in DCM and drawn up 
with the syringe together with TEA (1 mL). The mixture was 
shaken at RT for 16 hours. Subsequently, piperidine (40%) 
in DMF was added twice to remove the Fmoc group and 
incubated for 10 minutes. Norbornenecarboxyaldehyde 
(1 mL) in DMF (4 mL) with a drop of acetic acid was then 
added to the syringe and incubated for one hour. The 
2ClTrt-Cl resin was transferred to a round bottom flask and 
suspended in a mixture of THF/MeOH (1:1). Sodium 
borohydride (200 mg) was added in portions. The resin was 
then transferred to the syringe and washed with MeOH and 
THF. The mixture was shaken with TFA/DCM (1:1) for 
3 hours at RT. DCM was then removed under reduced 
pressure, and the product was lyophilised with an 
acetonitrile/water mixture. Colourless solid; yield: 0.3 g 
(1.66 mmol, 49%); decomp. > 110 °C; 1H NMR (300 MHz, 
DMSO-d6) δ [ppm] = 8.95 (s, 1H), 8.54 – 7.59 (m, 1H), 6.60 
– 5.70 (m, 2H), 3.88 (d, J = 9.4 Hz, 1H), 3.81 – 3.41 (m, 
1H), 3.14 – 2.91 (m, 1H), 2.86 – 2.73 (m, 1H), 2.64 (d, J = 
7.2 Hz, 1H), 2.37 (dtd, J = 11.5, 7.6, 3.9 Hz, 1H), 1.95 – 1.60 
(m, 1H), 1.35 (dq, J = 8.3, 2.1 Hz, 1H), 1.28 – 1.13 (m, 2H), 
0.56 (ddd, J = 11.7, 4.4, 2.5 Hz, 1H); 13C NMR (75 MHz, 
DMSO-d6) δ [ppm] = 168.6, 168.6, 138.4, 137.4, 136.4, 
132.4, 51.5, 49.5, 47.8, 47.6, 45.2, 44.3, 44.2, 42.4, 41.7, 
35.9, 35.7, 31.2, 30.7, 9.0. 

N-(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)-N-(tert-
butoxycarbonyl)glycine (15). 14 (270 mg, 1.5 mmol) was 
dissolved in DCM (20 mL), and then Boc2O (261 mg, 
1.5 mmol) and TEA (675 μL) were added and stirred at RT 
for 3 hours. The product was extracted with HCl (1 M) three 
times and filtered through a mini-silica column. The solvent 
was removed under reduced pressure, and the crude 
product was used without further purification. Yellowish oil; 
yield: 0.302 g (1.07 mmol, 72%); 1H NMR (300 MHz, 
DMSO-d6) δ [ppm] = 7.23 – 6.99 (m, 2H), 4.90 – 4.79 (m, 

2H), 4.40 – 4.13 (m, 1H), 3.86 (d, J = 40.9 Hz, 3H), 3.60 (d, 
J = 33.3 Hz, 2H), 2.71 (d, J = 49.2 Hz, 1H), 2.42 (s, 4H), 
2.38 (s, 4H), 2.25 (d, J = 7.8 Hz, 2H), 2.14 (s, 2H); 13C NMR 
(75 MHz, DMSO-d6) δ [ppm] = 171.8, 146.6, 137.3, 136.9, 
85.9, 79.3, 79.1, 52.8, 51.8, 51.7, 49.5, 44.3, 44.2, 42.2, 
41.8, 40.4, 40.1, 37.9, 30.4, 30.1, 28.5, 28.5, 28.3, 27.3. 

tert-Butyl(bicyclo[2.2.1] hept-5-en-2-ylmethyl)(2-((5,6-
dimethoxybenzo[d]thiazole-2-yl)amino)-2-
oxoethyl)carbamate (16) was synthesised following method 
A. 5,6-dimethoxybenzo[d]thiazole-2-amine 6 (0.130 g, 
1 eq.), TBTU (0.166 g, 1.1 eq.), DIPEA (0.300 mL, 2.5 eq.), 
15 (0.150 g, 0.53 mmol, 1 eq.). The crude product was 
purified by column chromatography (CH/EtOAc 2:1). 
Yellowish oil; yield: 0.22 g (0.46 mmol, 88%); 1H NMR 
(300 MHz, DMSO-d6) δ [ppm] = 11.26 (s, 2H), 6.94 (d, J = 
13.4 Hz, 2H), 5.74 (dt, J = 16.0, 2.5 Hz, 1H), 3.90 (dd, J = 
10.7, 6.4 Hz, 2H), 3.87 – 3.74 (m, 1H), 3.65 (d, J = 3.2 Hz, 
6H), 3.30 – 3.05 (m, 1H), 2.92 – 2.73 (m, 1H), 2.56 – 2.47 
(m, 1H), 1.76 (d, J = 8.6 Hz, 1H), 1.61 – 1.46 (m, 1H), 1.19 
(s, 6H), 1.13 (s, 3H), 1.09 (s, 1H), 1.00 – 0.91 (m, 2H); 13C 
NMR (75 MHz, DMSO-d6) δ [ppm] = 158.1, 149.8, 148.0, 
136.9, 136.2, 122.1, 102.8, 102.0, 56.4, 56.2, 53.6, 49.7, 
44.4, 42.3, 41.8, 38.1, 38.0, 30.4, 30.0, 28.3, 26.9, 14.2. 

N-(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)-N-(2-((5,6-
dimethoxybenzo[d]thiazole-2-yl)amino)-2-oxoethyl)-4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzamide (17) was 
synthesised following method B and A. The crude product 
was purified by column chromatography (CH/EtOAc 6:1). 
Yellow solid; yield: 0.26 g (0.44 mmol, 79%); mp = 137 – 
139 °C; 1H NMR (300 MHz, CD2Cl2) δ [ppm] = 7.50 – 7.26 
(m, 1H), 6.87 (q, J = 6.5, 5.0 Hz, 2H), 6.58 (d, J = 8.0 Hz, 
2H), 6.54 – 6.49 (m, 2H), 5.47 – 5.14 (m, 2H), 4.73 – 4.58 
(m, 1H), 3.74 (d, J = 15.2 Hz, 1H), 3.40 (q, J = 7.1 Hz, 1H), 
3.19 (d, J = 3.4 Hz, 6H), 2.84 – 2.71 (m, 1H), 2.53 – 2.41 
(m, 1H), 2.02 (d, J = 10.0 Hz, 1H), 0.81 (s, 1H), 0.56 (dd, J 
= 13.3, 6.2 Hz, 3H), 0.19 (q, J = 7.7, 7.1 Hz, 1H); 13C NMR 
(75 MHz, CD2Cl2) δ [ppm] = 176.6, 167.2, 157.9, 149.8, 
148.0, 140.7, 137.1, 131.0, 127.8, 127.1, 126.6, 122.6, 
103.0, 102.5, 60.3, 56.2, 56.0, 54.1, 53.8, 53.4, 53.1, 52.7, 
44.3, 42.3, 41.8, 30.6, 30.3, 27.1, 20.9, 14.0. 

N-(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)-N-(2-((5,6-
bihydroxybenzo[d]thiazol-2-yl)amino)-2-oxoethyl)-4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzamide (4) was 
synthesised following method D. 17 (0.1 g, 0.17 mmol, 
1 eq.), DCM (10 mL), BBr3 in DCM 1 M (1 mL, 1 mmol, 
6 eq.). The crude product was purified by HPLC. Colourless 
solid; yield: 8.3 mg (0.01 mmol, 8%); decomp. > 134 °C; 1H 
NMR (600 MHz, DMSO-d6) δ [ppm] = 12.26 (d, J = 11.5 Hz, 
1H), 12.05 (d, J = 20.5 Hz, 1H), 9.18 (s, 2H), 7.58 – 7.54 
(m, 1H), 7.49 – 7.45 (m, 1H), 7.42 – 7.37 (m, 1H), 7.33 – 
7.29 (m, 1H), 7.21 (d, J = 3.0 Hz, 1H), 7.10 – 7.04 (m, 1H), 
6.12 – 6.06 (m, 1H), 6.07 – 6.00 (m, 1H), 4.39 (s, 1H), 4.24 
– 4.12 (m, 1H), 3.45 – 3.38 (m, 1H), 3.36 – 3.26 (m, 1H), 
3.21 – 3.08 (m, 1H), 3.05 – 2.95 (m, 1H), 2.89 – 2.75 (m, 
1H), 2.74 – 2.55 (m, 2H), 2.31 (s, 1H), 1.87 – 1.80 (m, 1H), 
1.78 – 1.69 (m, 1H), 1.64 – 1.58 (m, 1H), 1.29 – 1.21 (m, 
1H), 1.20 – 1.15 (m, 1H), 1.09 – 1.03 (m, 1H), 0.58 – 0.51 
(m, 1H)*; 13C NMR (151 MHz, DMSO-d6) δ [ppm] = 170.1, 
169.7, 155.3, 145.6, 143.9, 137.9, 137.3, 136.9, 136.7, 
136.5, 136.2, 128.6, 128.4, 128.0, 127.8, 127.4, 126.7, 
121.8, 106.5, 106.4, 54.7, 53.9, 50.5, 49.6, 49.3, 44.2, 44.0, 
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43.9, 43.7, 43.2, 41.7, 41.4, 41.2, 40.1, 37.8, 37.3, 36.7, 
36.5, 30.2, 30.1, 29.9, 29.8*; m/z for [C22H20F3N6O5S2+] 
calc. 558.1, found 558.0; purity: 97%. 

*Endo/exo norbornene complicates the evaluation of NMR 
spectra. 
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Scans of SDS-PAGE gels 

 

Figure S1. Scans of SDS-PAGE gels of PAL experiments with DENV NS2B-NS3 protease. A Typhoon scan of the gel. i) marker; ii) blind-: DENV NS2B-NS3; 
iii) blind+: DENV NS2B-NS3 + 4; iv) irr+: DENV NS2B-NS3 + 4. B Scan of the Coomassie stained gel. i) marker; ii) blind-: DENV NS2B-NS3; iii) blind+: DENV 
NS2B-NS3 + 4; iv) irr+: DENV NS2B-NS3 + 4. 

NMR Spectra 

 

 
Figure S2. 1H NMR spectrum of compound 2. 
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Figure S3. 13C NMR spectrum of compound 2. 
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Figure S4. 1H NMR spectrum of compound 3a. 

 

Figure S5. 13C NMR spectrum of compound 3a. 
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Figure S6. 1H NMR spectrum of compound 3b.  

 

Figure S7. 13C NMR spectrum of compound 3b. 



 
Project 2: NS2B-NS3 Protease-Ligand-Interactions 239 

 

 
 

 

  

6 
 

 

Figure S8. 1H spectrum of compound 3c. 

 

Figure S9. 13C spectrum of compound 3c. 
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Figure S10. 1H spectrum of compound 4. 

 

Figure S11. 13C NMR spectrum of compound 4. 
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HPLC Chromatograms 

 
Figure S12. HPLC chromatogram of compound 2 at a wavelength of 254 nm. 
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Figure S13. HPLC chromatogram of compound 3a at a wavelength of 254 nm. 

 

Figure S14. HPLC chromatogram of compound 3b at a wavelength of 254 nm. 
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Figure S15. HPLC chromatogram of compound 3c at a wavelength of 254 nm. Double peak due to the formation of diastereomers since SSMot-protecting 
group was used as a racemate. 

 

Figure S16. HPLC chromatogram of compound 4 at a wavelength of 254 nm. 
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6 Conclusions and Outlook 
This work, divided into two projects, addressed different aspects of the inhibitor design and protein-

ligand interactions of ZIKV and DENV NS2B-NS3 proteases. 

Project 1. In the first project, competitive and allosteric inhibitors were developed that address and 

inhibit the NS2B-NS3 protease.  

Starting from previously published allosteric inhibitors based on benzo[d]thiazole, three different 

approaches were pursued to optimize these inhibitors. First, truncated inhibitors containing amino 

benzo[d]thiazole linked to various benzoic acids were developed, showing improved LE compared to 

the lead structures. Second, based on molecular docking results, which showed that the (R)- and (S)-

enantiomers of the lead structure address different binding sites in the protein, Y-shaped inhibitors were 

designed to address both binding pockets simultaneously. Last, scaffold hopping was used to exchange 

the benzo[d]thiazole scaffold and invert the amide bond. This resulted in improved stability of the 

inhibitors. The most promising inhibitors from these three series had IC50 values in the low micromolar 

range.  

A fragment-based drug design approach obtained the competitive inhibitors. From a computer-assisted 

screening of 340 small chemical fragments, a series of α-cyanoacrylates and α-cyanoacrylamides were 

designed, of which the best inhibitors had Ki values between 7.8 and 20 µM and selectivity toward other 

proteases. The most promising compound reduced ZIKV infection with an EC50 of 35 µM. 

The evaluation of the inhibitory capacity of the synthesized compounds was based on a fluorometric 

assay. This can be biased by interference with the compounds. The underlying assay was optimized to 

make the development of potential inhibitors more reliable in the future. Instead of the previously used 

AMC- or FRET-based substrates, substrates based on NBD were developed, synthesized, and their 

suitability for the fluorometric assay was verified. Compared to the previous fluorophores, NBD's 

excitation and detection wavelengths are shifted to higher wavelengths, which reduced typical assay 

interferences.  

Project 2. In this project, the influence of ligands on the conformation of the ZIKV and DENV proteases 

was investigated using smFRET. Dye-labeled proteases were observed in solution or immobilized on a 

modified glass slide. Conclusions about the conformational dynamics of the protease were drawn by 

calculating the resulting FRET efficiencies and cross-correlation functions.  

First, the DENV protease was shown to be in an equilibrium of different conformations without ligands. 

The addition of a competitive inhibitor resulted in the stabilization of the closed conformation of the 

protease. This was independent of the dyes used and the label positions in the enzyme. Since the protease 

without ligands is predominantly in the open conformation, additional stabilization of this conformation 
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by the allosteric inhibitor was not directly visible. Unambiguous detection of the conformation stabilized 

by allosteric inhibitors was only possible using a competition assay developed as part of this work.  

The study of the ZIKV protease using smFRET necessitated a fivefold mutant because, unlike the DENV 

protease, the ZIKV protease contains three native cysteines that prevent site-specific labeling. Different 

methods showed that the fivefold mutant could be used representatively for the wild type of the protein. 

This demonstrated that not only cysteine-free enzymes are suitable for investigation with smFRET after 

maleimide dye labeling. Similar to the DENV protease, it was shown for the ZIKV protease that 

allosteric inhibitors favor the open conformation, and competitive inhibitors favor the closed 

conformation of the protease. In addition to smFRET, other methods revealed different influences of 

competitive and allosteric inhibitors on the protease. In thermal shift assays, the different inhibitors 

induced an opposite shift in melting temperatures, attributed to the stabilization of different 

conformations. In 19F-NMR experiments with 7F-tryptophan labeled protein, W50 was found to be the 

reporter for the protease conformation. While the other tryptophan residues were only slightly affected 

by the presence of the competitive inhibitor, W50 showed a shift. However, no effect on W50 was 

observed for the allosteric inhibitor, which, as already described for the DENV protease, is probably due 

to further stabilization of the already dominant open conformation.  

The immobilization of the proteases before smFRET experiments allowed a more extended observation 

period of individual proteases, thus allowing the determination of kinetic parameters such as residence 

times and transition rates. These parameters were used to conclude the underlying interaction 

mechanism between ligands and proteins. For this purpose, we considered how the parameters changed 

by adding different concentrations of competitive inhibitors. Our results showed that the ZIKV and 

DENV proteases have opposite mechanisms in ligand interaction despite their sequence similarity. 

While the ZIKV protease follows the induced fit model, a conformational selection model was 

demonstrated for the DENV protease.  

In a final project, the binding site of the allosteric inhibitors was investigated in more detail. For this 

purpose, different PAL tool compounds were designed and synthesized, which allowed the detection of 

successful photoaffinity labeling of the protein with the inhibitor after irradiation by an SDS-PAGE gel. 

LC-MS/MS analysis of labeled protein showed the interaction of the allosteric inhibitor with Gly121, 

which fits the allosteric binding pocket proposed by different groups[106,107,125], and the molecular 

docking results.  

Outlook. Although further development of the allosteric inhibitors has improved their properties and an 

improvement in inhibitory activity has also been achieved, the latter is relatively moderate compared 

with the previously published benzo[d]thiazole inhibitors[108]. Consequently, it is assumed that further 

replacement of individual functional groups will not substantially improve inhibitory activity. Instead, 

other strategies should be pursued. The results of the PAL experiments showed an interaction of the 
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allosteric inhibitors with Gly121. The Gly121 residue is surrounded by two threonine residues, namely 

Thr120 and Thr122. An interesting approach would be explicitly addressing them by functional groups 

that allow covalent binding. For example, boronic acids, already used as warheads for serine and 

threonine proteases, would be conceivable.[128,129,287–290] Thus, a new class of covalent allosteric 

inhibitors could be generated. Additionally, the adjacency of the allosteric and active binding sites in the 

NS2B-NS3 protease offers the possibility for dual inhibitors that combine the structural features of 

competitive and allosteric inhibitors.  

The smFRET experiments were performed with an artificial construct of the proteases in which a 

truncated NS2Bcf is covalently bound to the protease subunit of the NS3 protein by a Gly4-Ser-Gly4 

linker (linked construct). This construct is used by various groups working on flaviviral NS2B-NS3 

proteases.[84,94,97,117,127,281,291–296] Nevertheless, there are studies on the influence of the linker on the 

proteases. Among others, Phoo et al. and Hill et al. showed that the non-covalently linked proteases 

mainly adopt the closed conformation without a ligand.[99,113,114,276,297] In contrast, the linked construct 

prefers the open conformation, as we observed it.[99,112,113,283,284,297,298] Accordingly, repeating the 

smFRET experiments for additional constructs would be interesting. Constructs already described 

include bivalent (completely unlinked), enzymatically cleavable (linked by amino acids that are 

autocatalytically cleaved), and the construct covalently linked by a glycine-rich linker, which was used 

within this work.[99,297] But not only the linker could influence the conformation of the proteases. As 

described above, all constructs consist of a truncated NS2Bcf and the NS3 protease subunit of the NS3 

protein. NS2B, in its full-length, is a transmembrane protein and allows the localization of the NS2B-

NS3 protease in the membrane of the ER. Thus, in addition to investigating the influence of the linker, 

the effect of anchoring on the membrane should also be investigated. For this purpose, the membrane 

proteins can be anchored in the lipid bilayer of liposomes, which in turn are immobilized on a glass 

slide.[196] However, the expression of full-length NS2B has not yet been described in the literature. 

For competitive inhibitors, we were able to show the mechanism by which they interact with the ZIKV 

and DENV proteases, respectively. However, two different competitive inhibitors were used in this 

work. Consequently, repeating the experiments with the same inhibitor that addresses both proteases 

would be helpful to conclude with certainty that the proteases themselves and not the different inhibitors 

are responsible for the different mechanisms. However, it should be noted that the proteases already 

showed differences in their behavior without an inhibitor. The interaction mechanism of allosteric 

inhibitors could not be investigated so far because the allosteric inhibitor led to a decrease in signal 

density due to the stabilization of the open conformation. A strategy with three dyes would be 

appropriate to study the binding mechanism of allosteric inhibitors.[196] In addition to the donor- and 

acceptor-labeled protease, the inhibitor is labeled with a third dye, which allows the observation of the 

addressed conformation. A similar experiment was described by Kim et al. for the MBP. They used Cy3 
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and Cy5 to label the protein and labeled the ligand with Cy7.[232] A similar experimental setup could be 

envisioned for the flaviviral proteases. 

Not only in the smFRET experiments but also in the 19F NMR experiments, we were able to show the 

influence of competitive inhibitors on the ZIKV protease. However, the effects of allosteric inhibitors 

remained hidden in these experiments as well. A similar approach as we described for the competition 

smFRET assay could be followed to visualize the influence of allosteric inhibitors on the protease by 
19F-NMR.  

Lastly, although PAL confirmed the potential allosteric binding pocket and demonstrated an interaction 

of the allosteric inhibitors with Gly121, a description of the exact location of the inhibitors in the binding 

pocket cannot be derived from this information and can still only be predicted by molecular docking. A 

detailed description of the allosteric inhibitors in the binding pocket would be possible by crystallization.  

All in all, within this work, a wide variety of aspects of the protein-ligand interaction of the NS2B-NS3 

protease of ZIKV and DENV could be elucidated by different methods. These findings contribute to the 

general understanding of the proteins and can form the basis of further experiments. 
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