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

Hannah Maus*™ Patrick Miller*,” Mergim Meta,” Sabrina N. Hoba,"”
Stefan J. Hammerschmidt, Robert A. Zimmermann,®® Collin Zimmer,”? Natalie Fuchs,®

Tanja Schirmeister,” and Fabian Barthels*™

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
(AMCQ)-based substrates. The aim of further substrate develop-
ment is to increase sensitivity and reduce vulnerability to assay
interferences. Herein, we describe a new generation of sub-
strates for protease assays based on 7-nitrobenz-2-oxa-1,3-
diazol-4-yl-amides (NBD-amides). In this study, we synthesized

Introduction

Fluorescence is one manifestation of the interaction of electro-
magnetic radiation with matter which is ubiquitously used for
the analysis of all kinds of parameters in the life sciences.™ It is
widely used for the characterization of protein structures and
protein/ligand interactions.” 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.®™® Proteolytic enzymes represent a
current field of research, because of their mechanistic involve-
ment in many diseases from virus infections to cancer
progression and immunological disorders.”® Since 1964, more
than 64 protease inhibitors were approved by the Food and
Drug Administration (FDA) for application in human
therapies;"*'  exemplarily, the recently approved cysteine
protease inhibitor Nirmatrelvir is being used to treat the SARS-
CoV 2 infection.? This implies, that proteases are still important
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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 appli-
cation 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.

targets, and the scientific community strives for discovering
new protease-targeting drugs.">'"

Due to their time efficiency and steadily growing supply of
commercially available fluorogenic protease substrates, fluoro-
metric assays are one of the most frequently used methods in
medicinal chemistry to analyze protease-inhibiting drug
candidates.™® The first, in 1973 introduced fluorogenic
substrates used for the measurement of protease activities were
FRET-based (Forster resonance energy transfer) substrates
which harbor a quencher and fluorophore molecular pair
(Figure 1).'"! These replaced the previously utilized colorimetric
p-nitroanilide (pNA) substrates, because of their higher detec-
tion sensitivity."® 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 vulnerabil-
ity to assay interferences compared to the FRET-based and
colorimetric pNA substrates."

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 separa-
tion of the quencher from the fluorophore (FRET substrate) or
cleavage of the internally quenched fluorogenic residue from
the substrate (AMC substrate).?” 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. How-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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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.

ever, not less important is the resilience of a fluorometric assay
system regarding non-specific interference effects, that origi-
nate from various sources of errors like assay components,
including the analyzed drug compounds themselves.”'* Assay
interferences lead to both false positive and false negative
results, which makes it necessary to validate potential hits with
an additional, orthogonal methodology.?!

A known strategy for mitigation of intrinsic assay interfer-
ences 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.”’ 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.”**” 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.” In
contrast to the most frequently used AMC- (4., = 380 nm,
Aem = 460 nm) and FRET-based (Dabcyl/EDANS; A, = 340 nm,
Aem = 490 nm) fluorogenic substrates, the 4-amino-7-nitro-
benzofurazane (NBD) fluorophore displays excitation and
emission maxima in the fluorescein wavelength magnitude (
Aex = 485 nm, A.,, = 535 nm) and might consequently avoid
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interferences associated with AMC and EDANS

17,19,29-31]

common
fluorophores.!

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.®” 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.’*>” 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).5%*”

To evaluate the substrate affinity and turnover rate of the
NBD-based substrates, we determined K, and k., 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, K; values were
determined for model inhibitors known from the literature.
Afterward, the mitigation of common assay interferences of
conventional fluorogenic substrates was investigated by com-
paring a NBD-based substrate with its AMC-based counterpart.
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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“”

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 meth-
anolic ammonia solution.”” 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-hexafluor-
ophosphate (HATU) or benzotriazole-1-yl-oxytripyrrolidinophos-
phonium-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 K., Vmaw Ko and the catalytic efficiency k../Ky, were
determined for both the NBD substrates and their correspond-
ing parent substrates. Proteolytic cleavage of the substrate
release was detected in 96-well plate format (typically 200 pL).
NBD substrates were excited at 485 nm, and the emission was
detected at 535 nm."**¥ 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:

2a  Z-Phe-OH (commercially available)

2b  Z-Val-Val-OH

2c  Boc-Abu-Tle-Leu-OH

2d Bz-Leu-Pro-Ala-Thr(OtBu)-OH

2e  Z-Arg(Pbf)-Leu-Arg(Pbf)-Gly-OH

2f  Z-Gly-Gly-OH(commercially available)
2g Bz-Nle-Lys(Boc)-Lys(Boc)-OH

2h  Ac-Gly-Arg(Pbf)-OH

2i Z-Pro-Leu-Gly-OH
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7a  Z-Phe-Arg-NBD

7b  Z-Val-Val-Arg-NBD

7¢c  Boc-Abu-Tle-Leu-Gin-NDB
7d  Bz-Leu-Pro-Ala-Thr-Gly-NBD
7e Z-Arg-Leu-Arg-Gly-Gly-NBD
7f  Z-Gly-Gly-Arg-NBD

7g Bz-Nle-Lys-Lys-Arg-NBD

7h  Ac-Gly-Arg-Arg-NBD

7i  Z-Pro-Leu-Gly-Met-NBD

7j Bz-Gly-Phe-NBD

Scheme 1. SPPS/solution phase synthesis of the NBD-based substrates suited for cysteine-, serine-, and metalloproteases.

Reference/parent substrate

Z-Phe—Arg—AMC™**

Table 1. Synthesized NBD-based substrates and their corresponding AMC-/FRET-based parent substrates.
Protease Protease class NBD-based substrate

T. brucei rhodesain Cysteine Z—Phe—Arg—NBD (7 a)

Cathepsin S (human) Cysteine Z—Val-Val-Arg—NBD (7 b)

SARS-CoV 2 MP° Cysteine Boc—Abu—Tle—Leu—GIn—NBD (7 c)

S. aureus SrtA Cysteine Bz—Leu—Pro—Ala—Thr—Gly—NBD (7 d)
SARS-CoV 2 PLP® Cysteine Z—Arg—Leu—Arg—Gly—Gly—NBD (7€)
uPA (human) Serine Z—Gly—Gly—Arg—NBD (7f)

DENV NS2B/NS3 Serine Bz—Nle—Lys—Lys—Arg—NBD (7 g)
ZIKV Ac—Gly—Arg—Arg—NBD (7 h)

MMP9 (human) Metallo Z—Pro—Leu—Gly—Met—NBD (7i)
Thermolysin Metallo Bz—Gly—Phe—NBD (7 )

Z-Val-Val-Arg—AMC**)

Boc—Abu-Tle—Leu—GIn—AMC"®
Abz—Leu—Pro—Glu—Thr—Gly—Dap(Dnp)—OH*”
Z—-Arg-Leu—Arg—Gly—Gly—AMC"*®
Z—Gly—Gly—Arg—AMC"*

Bz—Nle—Lys—Lys—Arg—AMC"®"

Ac—Gly—Arg—Arg—AMCE"
Dnp—Pro—Leu—Gly—Met—Trp—Ser—Arg—NH,"?
N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide (FAGLA)®**"

Chem. Eur. J. 2023, 29, €202301855 (3 of 11)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U80]7 SUOWILIOD A1) 3|cedl|dde Uy Aq pausenob afe a0l VO ‘@S JO'Sa|N 10j Akeiq1 78Ul UO 48] UO (SUORIPUOD-PpUR-SLUBIALI0D A8 1M Ae1q1[pU1 UO//:SANY) SUORIPUOD pue SWie | 8u 88S [£202/60/7T] Uo ARiqiTaulluo A8|iMm ‘ZUr N YeyiolqigsrIsBAIuN Aq SSBTOEZ0Z WeYd/Z00T 0T/I0p/wod A8 | im Areiq i puluo-adoine-Alis iweyd//sdiy woly papeojumod ‘0 ‘€0z ‘S9.LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301855

~ Vimax ° [5}
T Kt 1 v

where v, is the initial reaction rate, at a given substrate
concentration [S]. V., is the maximum reaction rate, while K),
indicates [S] at which the conversion rate is half-maximal.

The fluorescence progress curves were acquired for at least
six different substrate concentrations for the corresponding
substrate with at least a technical triplicate. Ky, and v,,,, values
were then calculated from the respective Michaelis—Menten

curves (Table 2 and Figures S55-563). 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
(fau-s7'] 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

Table 2. Enzyme- and substrate-specific kinetic constants for NBD-based and corresponding AMC-based substrates. Michaelis-Menten constant (K,),
maximum turnover rate (v,,,,), turnover number (k,), catalytic efficiency (k.../Ky)-
protease NBD substrate AMC substrate

Ky Vinax Keat Keat/ K K Vinax Keat Keat/ K

[uM] [NM-min~"] [min~" [L-umol™' min™"] [uM] [NM-min~"] [min~"] [L-pmol™" min~]
Rhodesain 2.84+0.22 73.8+26 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 e (el 347+35 1847 +£90 «@ @
CatS 28.01+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 762437 3.05+0.15 0.035+0.005 869+ 67 418+1.9 0.17+£0.01 (1.92+0.17) 10°*
ZIKV NS2B/NS3 33.6+1.51 25245 10.1£0.2 0.30+£0.01 13814371 161+34 1.29+0.27 (9.3+3.3)10"
pLP 40.6£4.11 151+8 1.51£0.08 0.037 £0.004 1332161 7049 +427 70.5+4.3 0.053 £0.007
MmPre 189+£1.38 109+£04 2.62+0.09 0.14+£0.01 56.7+t11.6 2.06+0.16 0.50£0.04 0.009 £0.002
The concentration of the uPA protein in mol-L™" is unknown but given in units (U) by the vendor: [a] (1.74-107°£1.20-1077) mol-min~'-U™"; [b] (1.71+
0.12) L-min™"-U"; [c] (1.85-107*£9.00-107%) mol-min~'-U~"; [d] (0.53£0.06) L-min~"-U~".
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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.
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substrate. Especially for highly affine ligands, this might provide
an advantage to avoid tight-binding inhibition ([E] > K).”®

In general, the K}, values for the NBD-based substrates were
found to be in the same order of magnitude or better than the
Ky values determined for the AMC-based parent substrates,
indicating similar or increased affinity compared to their AMC
counterpart. While the K, value of the cysteine proteases
rhodesain, CatS, and MP™ substrates is virtually unchanged by
the exchange of the fluorophore from AMC to NBD, the affinity
of uPA, DENV/ZIKV NS2B/NS3, and PLP* 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 fluoro-
phore 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.®?

Considering the kinetics of catalytic cleavage, for the
rhodesain, uPA, and PLP® substrates, k., is lower for these NBD-
based substrates than for the AMC-based substrates (10-100x).
For the other enzymes, the k., 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

uPA

Gly193

Cys111

[

Asp286

His272 —

pLPro

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 k./Ky 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 k., 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).

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.F”*

X
Gly193

Cys111

Figure 3. Predicted binding poses for the NBD- and AMC-based substrates for uPA and PL. (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 PLP® (pdb: 7RBS). (D) Z—Arg—Leu—Arg—Gly—Gly—AMC in the crystal structure of PL? (pdb: 7RBS).
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Figure 4. Autocleavage of the Bz—Nle—Lys—Lys—Arg—NBD (7 g) substrate. (A)
Enzyme-independent fluorescence increase at different pH values (100 uM
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.

From these and the literature results, we hypothesized that
substrate auto-cleavage is enabled by the presence of free
amine groups in the substrate sequence (Figure 4C). Appropri-
ately, 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 func-
tional 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.
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Harnessing NBD-Amide Autocleavage for FRET Substrate
Replacement

We developed the idea of harnessing the characteristic NBD
autocleavage behavior for a FRET substrate replacement (Fig-
ure 5A). By this strategy, endopeptidases with a requirement for
a specific amino acid in their prime site (51’) 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 H,N-
Xaa-NBD derivative is able to drive the Smiles rearrangement, a
minimal substrate (H,N—Arg(Pbf)-NBD 21a) was analyzed fluo-
rometrically 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~"). 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 sub-
strates were designed for the proteases SrtA (Figure 5B-C),
MMP9, and thermolysin. LC/MS spectra of the enzymatic
conversion can be found in the Supporting Information (Fig-
ure S54). Similar to the above-described non-prime site sub-
strates, the NBD-based substrates for thermolysin, SrtA, and
MMP9 showed similar or better affinities (K,) compared to their
parent substrates (Table 3). Both the turnover rates k., and
catalytic efficiency k./Ky 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).

Applications for Protease Inhibitor Investigation

To confirm the applicability of the NBD-based substrates in
drug discovery-relevant fluorometric assays, the inhibition
constants K; 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
(K) were determined from the fluorescence progress curves
using the Cheng-Prusoff equation (Eq. (2)).>

ICs0
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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 (Kj,), maximum
turnover rate (v,,,,,), turnover number (k) catalytic efficiency (K.../Ky)-

protease NBD substrate Parent substrate

Ku Vinax Keat Keat/ K Ky Vinax Keat Keat/ K

[uM] [nM-min~"] [min~"] [L-pumol™' min™] [um] [nM-min~"] [min~] [L-pumol ™" min~]
Thermolysin 56.4+4.22 528+23 73.1+3.1 1.30£0.11 703+110 (3.0+0.3) 10* (4.240.4) 10* 59.1+10.7
SrtA 3654357 156+7 0.12+0.01 (3.28+0.35) 10°* 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+0.05 247 +4.8 241427 96.5+10.7 3.914+0.88

© The apparent Kj, 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 K, value was found to be in the magnitude of Ky, >1 mM.F®

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 K, values for NBD
substrates (Tables 2 and 3) are valid compared to their reported
parent substrates. Here, we could show that K; 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.

Mitigation of Typical Protease Assay Interferences

The excitation and detection wavelengths of the NBD fluoro-
phore (A, = 485 nm, A, = 535 nm) are shifted towards the
lower energy range compared to the commonly used AMC
substrates (A, = 380 nm, A, = 460 nm). In this regard, these
assay conditions might be able to suppress the most typical
assay interferences, because interfering physicochemical tran-
sitions do occur in the near UV-light spectrum.?*2>27
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Using rhodesain as an example protease with a drug
discovery context,”” 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 interfer-
ence effects can be found in the Supporting Information.

Smartphone-Based Fluorometer for Usage in Classroom
Applications

The fluorescence of NBD-based dyes is relatively strong in
quantum vyield and brightness with the maximum sensitivity in
the visible region (see above).***® Thus, NBD substrates are
potentially suitable for use with DIY or low-cost Vis-fluorom-
eters to perform kinetic protease studies in classroom-like
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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 uM): compound absorbance spectrum; AMC-based assay; NBD-based assay.
(B) Fluorophore quenching by compound 13 (100 pM): compound absorbance spectrum; AMC- and NBD-based assay. (C) Autofluorescence decay of
compound 14 (100 uM) (D) Detector non-linearity by compound 15 (100 uM): compound fluorescence spectrum; AMC- and NBD-based assay. (E)
Photosensitization of radical oxygen species by compound 16 (100 uM). (F) Reflecting inhibitor aggregates of compound 17 (100 uM): fluorometric well-
homogeneity scan with AMC resp. NBD assay wavelengths; AMC- and NBD-based assay.
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experiments.”’ 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 uM) using the cysteine protease rhode-
sain (1 pM) 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 (2x2cm,

80+ + + Rhodesain
— Rhodesain
604
=
& 404
|
w
20
0 T T T 1
0 500 1000 1500 2000
t [sec]

Figure 7. Smartphone-based assay for rhodesain activity. (A) Schematic
representation of the experimental setup with a fluorescence-enabled
photograph of an NBD-NH, solution (1 mM) in rhodesain assay buffer. (B)
Screenshot of a reaction mixture containing rhodesain (1 uM) and the
Z—Phe—Arg—NBD substrate (500 uM) 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).
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LeeFilters 158 Deep Orange) and blue film (2x2 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 Supporting Information Movie 1).

Conclusions

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
with carboxypeptidase activity (XXX|NBD) as well as for
proteases with endopeptidase activity and specificity require-
ments in the prime site (XX|X—NBD). The suitability of the new
substrates was confirmed by determining enzyme- and sub-
strate-specific kinetic parameters. The K, 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 (K; and ki, of known inhibitors confirmed
that NBD substrates are well-suitable for various applications. In
this regard, typical medicinal chemistry-related assay interfer-
ences 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.

Experimental Section

Fluorometric assays: Fluorometric assays were performed with a
Tecan Spark 10 M 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 pL buffer, 5 uL enzyme stock
solution, 10 pL inhibitor in DMSO or pure DMSO for mock
treatment, and 5 plL solution of the corresponding protease
substrate in DMSO, resulting in a total volume of 200 pL (for MMP9:
total volume 100 pL, 1 pl substrate, 98 pL buffer, 1 uL 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. AMC: A.,=380 nm, A.,=
460 nm; FAGLA: A,,,=322 nm; Abz/Dap(dnp): Ay, =320 nm, A.,=
430 nm; NBD: A, =485nm, A.,,=535nm; Dnp/Trp: A, =280 nm,
Aem =360 nm.

Enzyme Buffers and Substrates. Rhodesain (enzyme: 1 nM, 50 mM
sodium acetate pH 5.5, 5mM EDTA, 200 mM NaCl, 5 mM DTT,
10 uM Z—Phe—Arg—AMC/10 uM Z—Phe—Arg—NBD); SARS-CoV 2 MP™
(enzyme: 250 nM, 20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM Nadl,
1 mM DTT, 60 uM Boc—Abu—Tle—Leu—GIn—AMC/30 uM
Boc—Abu—Tle—Leu—GIn—NBD); DENV2 and ZIKV NS2B/NS3 (en-
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zyme: 250 nM (DENV) & 25 nM (ZIKV), 50 mM Tris pH 7.5, 100 uM
Boc—Gly—Arg—Arg—AMC/50 uM  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 uM Z—Gly—Gly—Arg—AMC/10 pM
Z—Gly—Gly—Arg—NBD); Sortase A (SrtA) (enzyme: 1.3 uM, 50 mM
Tris pH 7.5, 150 mM NaCl, 5 mM CacCl,, 0.5 mM Gly,, 25 uM Abz-
LPETG-Dap(dnp)-OH/100 uM Bz—Leu—Pro—Ala—Thr—Gly—NBD);
SARS-CoV 2 PLP™ (enzyme: 100 nM, 20 mM Tris pH 7.5, 0.1 mM
EDTA, 200 mM NadCl, 1T mM DTT, 50 uM
Z—Arg—Leu—Arg—Gly—Gly—AMC/40 uM
Z—Arg—Leu—Arg—Gly—Gly—NBD); Cathepsin S (CatS) (enzyme:
10 nM, enzyme buffer: 35 mM K;PO, pH 6.5, 35 mM sodium acetate,
2 mM DTT, 2 mM EDTA, assay buffer: 50 mM K;PO, pH 6.5, 2.5 mM
DTT, 25 mM EDTA, 10 uM Z—-Val-Val-Arg—AMC/10 pM
Z—Val-Val-Arg—NBD); Matrixmetalloprotease 9 (MMP9) (enzyme:
2.5 nM, 150 mM NaCl, 50 mM Tris—HCI pH 7.5, 20 uM ZnCl,, 1 mM
Cadl,, Dnp—Pro—Leu—Gly—Met—Trp—Ser—Arg—NH,/40 uM
Z—Pro—Leu—Gly—Met—NBD); Thermolysin (enzyme: 0.7 nM, 100 mM
Tris, 100 mM NaBr, 25mM CaCl,, 100 uM FAGLA/20 uM
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 purifica-
tion. '"H and "C spectra were recorded on a Bruker Fourier 300 or
Bruker Avance Il 600 using DMSO-d, or CDCl;, as solvent. Chemical
shifts & are given in parts per million (ppm) using 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 um column or an Agilent Zorbax SB Ag. 150x
4.6 mm, 5 pm 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 Geratetechnik
MPM-H3 melting point device. Specific rotations [a]l,”® were
measured on a P3000 polarimeter from Kriiss and are reported in
cm® g 'dm". Detailed information on the synthesis and analytical
data for characterization of NBD-substrates can be found in the
Supporting Information.
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