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Summary

Zika virus (ZIKV) gained public attention during a major outbreak in the Americas in 2015/2016 when
the infection was first associated with severe neurological complications, such as neonatal
microcephaly. At that time, the epidemic was even declared as a public health emergency of
international concern (PHEIC) by the WHO (World Health Organisation). Until now, no specific
treatment or prophylactic vaccine is available. Therefore, a more in-depth knowledge about the Zika
virus life cycle is required to identify host factors, which can be targeted for the development of novel
drug candidates. In recent years, ion channels have emerged as important modulators of viral
infections. The human cation channel TRPML2 (transient receptor potential mucolipin 2) is located
in the membranes of the endolysosomal system, which plays an important role in the Zika virus life

cycle.

In this thesis, the potential to address TRPML2 as an antiviral target against ZIKV was investigated.
Treatment of human A549 cells with the synthetic TRPML2 agonist ML2-SA1 reduced intracellular
ZIKV mRNA (messenger ribonucleic acid), protein levels and amount of released viral particles of
two ZIKV strains (ZIKV French Polynesia and ZIKV Uganda) in vitro. Confocal laser scanning
microscopy (cLSM) showed increased acidification of vesicular structures and super-resolution
microscopy revealed enlarged size of multivesicular bodies (MVBs). Inhibition of lysosomal
degradation did not lead to intracellular ZIKV accumulation, indicating that the antiviral effect of
ML2-SA1 is not caused by increased ZIKV degradation in lysosomal compartments. Moreover, time-
of-drug-addition experiments revealed that ML2-SA1 does not affect early stages of the ZIKV life cycle
(such as entry), but later stages, for example viral replication. The effect on ZIKV replication was
confirmed via experiments with a ZIKV Renilla luciferase reporter virus. A potential cause of the
antiviral effect ML2-SA1 might be changes in the intracellular cholesterol distribution, which is an
important factor of ZIKV replication. In fact, cLSM analyses revealed intracellular cholesterol

accumulations in ML2-SA1 treated cells.

Investigations on proteins involved in complex biological processes, such as viral infections, require
a profound understanding of the (structural) regulation of these proteins. TRPML channels are
tetramers, one protomer consists of six transmembrane-spanning helices, the cytosolic N- and C-
termini and the extracytosolic/lumenal domain (ELD), which connects the first two transmembrane
helices and is the structural hallmark of the TRPML family. In this thesis, a potential function of the
ELD for the structural regulation of human TRPML2 was analyzed. The ELD faces the endolysosomal
lumen where, depending on whether the channel resides in early or late endosomes or lysosomes, it
encounters variations in pH values and ion concentrations. Isothermal titration calorimetry (ITC)
revealed that calcium interacts with an acidic amino acid motif in the central pore loop of the ELD in

a pH-dependent manner. At neutral pH, calcium binds to the ELD potentially forming a block for



other cations, while at acidic pH the decreased calcium affinity might allow unhindered cation flux.
This indicates that the ELD serves an important function in the endolysosomal compartment-specific
regulation of TRPML2. However, interactions with Ca?* did not induce significant structural changes
of the isolated TRPML2 ELD as assessed via NMR (nuclear magnetic resonance) and EPR (electron

paramagnetic resonance) spectroscopy.

II



Zusammenfassung

Das Zika-Virus (ZIKV) riickte wihrend eines groRen Ausbruchs in Nord- und Siidamerika in den
Jahren 2015/2016 in den Fokus der Offentlichkeit. Zu dieser Zeit wurde die Infektion erstmals mit
schweren neurologischen Komplikationen wie der neonatalen Mikrozephalie in Verbindung
gebracht. Die Epidemie wurde von der WHO (World Health  Organisation,
Weltgesundheitsorganisation) sogar zu einem internationalen Gesundheitsnotfall erkldrt. Bis heute
gibt es weder eine spezifische Behandlung noch einen prophylaktischen Impfstoff gegen das Zika-
Virus. Daher ist ein tiefergreifendes Wissen iiber den Lebenszyklus des Zika-Virus notwendig, um
Wirtsfaktoren zu identifizieren, die fiir die Entwicklung neuer Arzneimittelkandidaten genutzt
werden konnen. In den letzten Jahren haben sich Ionenkanile als wichtige Modulatoren von
Virusinfektionen erwiesen. Der menschliche Kationenkanal TRPML2 (transient receptor potential
mucolipin 2) befindet sich in den Membranen des endolysosomalen Systems, das eine wichtige Rolle

beim Zika-Virus Lebenszyklus spielt.

In dieser Arbeit wurde das Potenzial von TRPML2 untersucht, als antivirales Ziel gegen ZIKV zu
dienen. Die Behandlung menschlicher A549-Zellen mit dem synthetischen TRPML2-Agonisten ML2-
SA1 reduzierte in wvitro die intrazellulire ZIKV-mRNA (Boten-Ribonukleinsiure), die
Proteinkonzentration und die Menge der freigesetzten Viruspartikel zweier ZIKV-Staimme (ZIKV
Franzdsisch-Polynesien und ZIKV Uganda). Konfokale Mikroskopie (confocal laser scanning
microscopy, cLSM) zeigte eine verstirkte Ansduerung von vesikuldren Strukturen, sowie
hochauflésende Mikroskopie eine Vergroferung der multivesikuldren Korperchen. Die Hemmung
des lysosomalen Abbaus fiihrte nicht zu einer intrazelluldren ZIKV-Akkumulation, was darauf
hindeutet, dass die antivirale Wirkung von ML2-SA1 nicht auf einen verstdarkten ZIKV-Abbau in
lysosomalen Kompartimenten zuriickzufiihren ist. Vielmehr ergaben Experimente zum Zeitpunkt
der Wirkstoffzugabe, dass ML2-SA1 nicht die friihen Stadien des ZIKV-Lebenszyklus (wie den
Eintritt), sondern spitere Stadien, z. B. die virale Replikation, beeinflusst. Die Wirkung auf die ZIKV-
Replikation wurde durch Experimente mit einem ZIKV-Renilla-Luciferase-Reportervirus bestitigt.
Eine mogliche Ursache fiir die antivirale Wirkung von ML2-SA1 konnten Verdnderungen in der
intrazelluldaren Cholesterolverteilung sein, die ein wichtiger Faktor der ZIKV-Replikation ist. In der

Tat zeigten cLSM-Analysen intrazelluldare Cholesterolansammlungen in ML2-SA1 behandelten Zellen.

Die Untersuchung von Proteinen, die an komplexen biologischen Prozessen, wie z. B.
Virusinfektionen, beteiligt sind, erfordert ein tiefes Verstindnis der (strukturellen) Regulierung
dieser Proteine. TRPML-Kandle sind Tetramere, ein Protomer besteht aus sechs
Transmembranhelices, den zytosolischen N- und C-Termini und der extrazytosolischen/lumenalen
Domine (ELD), die die ersten beiden Transmembranhelices verbindet und das strukturelle
Markenzeichen der TRPML-Familie ist. In dieser Arbeit wurde eine mdégliche Funktion der ELD von

TRPML2 in Hinblick auf die Kanalregulation analysiert. Die ELD ist dem endolysosomalen Lumen
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zugewandt, wo der Kanal, je nachdem, ob er sich in friihen oder spiten Endosomen oder Lysosomen
befindet, Schwankungen des pH-Werts und der Ionenkonzentration ausgesetzt ist. Isothermale
Titrationskalorimetrie zeigte, dass Calcium mit einem sauren Aminosduremotiv in der zentralen
Porenschleife der ELD in einer pH-abhingigen Weise interagiert. Bei neutralem pH-Wert bindet
Calcium an die ELD und bildet moglicherweise eine Blockade fiir andere Kationen, wihrend bei
saurem pH-Wert die geringere Calciumaffinitit einen ungehinderten Kationenfluss ermdglichen
konnte. Dies deutet darauf hin, dass die ELD eine wichtige Funktion bei der endolysosomalen
Kompartiment-spezifischen Regulierung von TRPML2 erfiillt. Die Wechselwirkungen mit Ca*
fiihrten jedoch nicht zu signifikanten strukturellen Verdnderungen der isolierten TRPML2 ELD, wie

mittels Kernspinresonanz- und Elektronenspinresonanz-Spektroskopie festgestellt wurde.
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1 Introduction

The Flaviviridae family includes vector-borne RNA viruses such as Dengue (DENV), West Nile (WNV),
Yellow Fever (YFV), Japanese Encephalitis (JEV), Tick-borne Encephalitis (TBEV) and Zika Virus
(ZIKV).? Every year, these pathogens are responsible for around 400 million infections globally
featuring a broad spectrum of potentially severe diseases, including vascular shock syndrome,
hepatitis, encephalitis, acute flaccid paralysis, congenital abnormalities, and fetal death.? During the
last 70 years, numerous flaviviral outbreaks have been reported, including epidemics of Dengue and
West Nile virus.? The 2016 Zika virus epidemic in the Americas raised international concern since it

can cause severe neurological complications in adults and newborns.?

In addition to the specific host cell membrane receptors that enable viral entry, ion channels have
emerged as one of the key host cell factors for a great number of viral infections. Accordingly, human
ion channels are also emerging therapeutic targets against infectious diseases.® Ion channels are
pore-forming proteins which facilitate ion flux across lipid membranes. They enable signaling
between and within cells, maintain ion homeostasis and are therefore crucial for cell survival.* Ion
channels not only play a crucial role for the host’s immune response but can also be exploited by
viruses for cell infection.>® For instance, T cells rely on plasma membrane calcium channels for
cellular proliferation, activation, and cytotoxicity, all important processes for the adaptive immune
response.>® However, certain viruses can also affect the activity of calcium channels in host immune
cells resulting in the downregulation of immune responses as an evasion mechanism.”® Notably,
viruses also require calcium mobilization for critical steps in their own “life” cycle, including host
cell entry, viral replication and budding.® Finally, many viruses encode their own ion channels which
are called “viroporins”, highlighting the relevance of ion homeostasis during the infection process.’™
Viroporins are not only involved in viral replication and assembly, but also entry and particle release

from infected cells.’

In this thesis, the role of the human endolysosomal ion channel TRPML2 (transient receptor

potential mucolipin 2) in Zika virus infection was investigated.

1.1 Zika virus: History and pathogenesis

Zika virus is primarily transmitted by Aedes mosquitoes (e.g. Aedes aegypti and Aedes albopictus).'>™ In
the past decades, increased intercontinental trade and travel networks as well as climate change
enabled mosquitoes to spread beyond their original range, while urbanization created new aquatic
habitats.'*!5 Aedes aegypti is widely distributed in the subtropics and tropics, can be encountered at

heights up to 1,700 m and is still present, albeit rare from heights ranging from 1,700 to 2,130 m
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(Figure 1.1).!* Unlike most other flaviviruses, ZIKV human-to-human transmission (via sexual

intercourse and vertically from a mother to the unborn child) is also possible.*?

ZIKV exhibits wide tissue tropism. For viral propagation and persistence neural, ocular, testicular
and placental tissue are particularly important.” Furthermore, persistence of infectious particles and

viral nucleic acids in several body fluids (e.g., semen, saliva, tears and urine) was reported.’®

! Country or territory with current
Zika outbreak’

Country or territory that has ever
reported Zika cases’ (past or current)

Areas with low likelihood of Zika
infection because of high elevation
(above 6,500 ft/ 2,000 m)

] Country or territory with mosquito®
but no reported Zika cases

Country or territory with no mosquito
that spread Zika

‘\ ' No areas are currently reporting Zika outbreaks
? Locally acquired, mosquito-borne Zika cases

* Aedes aegypti

%

N ﬂ
Asymptomatic Mild flu-like symptoms Microcephaly Guillain-Barré syndrome

Figure 1.1: ZIKV distribution and pathogenesis. (a) Areas with risk of Zika. Publicly provided by the Centers for
Disease Control and Prevention (CDC), current as of July 25, 2022. (b) Infections with Zika virus can be
asymptomatic, but can also cause flu-like symptoms.” In addition, cases of microcephaly in newborns and

Guillain-Barré syndrome have been reported after infection with the Asian ZIKV lineage.?*?!

ZIKV was first isolated from the serum of a febrile sentinel rhesus monkey at the Zika forest in
Uganda in 1947.% Serological data indicate that ZIKV was wide-spread throughout Africa (African
lineage) and subsequently occurred in Asia (Asian lineage) without reports of severe symptoms.* In
the approx. 20% of infected individuals where symptoms occurred, they have historically been
described as mild, influenza-like illness that resolved itself within days." The prototypic strain of the
ZIKV Asian lineage was first isolated from mosquito pools in Bentong, Malaysia in 1966.?%* Based on
serological studies, the first documented ZIKV outbreak in Asia may have occurred in central Java,
Indonesia in 1977.%% However, ZIKV infections may have been more widespread and possibly

circulating asymptomatically in Southeast and South Asia.?”” The two lineages of ZIKV differ by
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1 Introduction

approx. 10% at the nucleotide level, leading to higher infectivity and changed tropism of the Asian
lineage.” The first outbreaks gaining international attention were caused by the ZIKV Asian lineage
and occurred on Yap Island, Federated States of Micronesia, in 2007%, and in French Polynesia in
2013%. During the outbreak in French Polynesia, the percentage of symptomatic infections was
significantly higher (50%).” In this thesis, one representative of the Asian lineage (ZIKV French

Polynesia) and one representative of the African lineage (ZIKV Uganda) were used.

More recently, ZIKV originating from the Asian lineage was also reported in South America,
specifically in Brazil in 2015, from where the virus spread rapidly across the continent.'®**3! The ZIKV
epidemic in Brazil peaked in the early spring of 2016 and coincided with the Olympic games thus
generating significant media attention. During this outbreak, ZIKV infection was first linked to
neonatal microcephaly.?* ZIKV was shown to infect progenitor cells of the cerebral cortex resulting
in increased cell death,* to target microglia which can produce inflammatory cytokines® and to
modulate the immune response of astrocytes®**. Retrospective studies indicated that the French
Polynesian strain also caused microcephaly. In contrast, it is hypothesized that the African lineage
does not lead to such effects.®® In addition, the Brazilian strain was shown to cause apoptosis of
neural progenitor cells (NPCs) in developing brain organoid models in contrast to the African strain
MR766.%* The most commonly described symptoms during the outbreaks in French Polynesia and in
the Americas were fever (72%), arthralgia and myalgia (65%), conjunctivitis (63%) and headache
(46%).* In rare cases, also severe complications in adults have been reported including multi-organ
failure, thrombocytopenia, meningitis and encephalitis.**** Although ZIKV generally is not linked to
fatal diseases in adults, mortality has been reported for infected cancer patients and individuals who
developed Guillain-Barré syndrome.”* The high ZIKV infection rates in the Americas and the
association with congenital neurodevelopmental defects lead to the classification of this epidemic as
an international public health emergency.* The number of reported cases significantly decreased in
2017, probably due to herd immunity. Seroprevalence studies indicated that 63% of the inhabitants of

Salvador, Brazil, were infected during this outbreak.*

1.2 Zika virus structure

The positive-stranded RNA genome of ZIKV has a size of around 10.7 kb.* It encodes 3423 amino
acids in a single open reading frame which is flanked by two untranslated regions (UTRs) containing
a 5’ cap structure but lack a poly-A tail (Figure 1.2a).** The viral polyprotein is cleaved by host and
viral proteases into three structural proteins, the (capsid (C), pre-membrane (prM) and envelope (E)
protein as well as seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5).4
The non-structural proteins are responsible for viral genome replication, polyprotein processing and
modulation of the host’s immune response.® In infected cells, several of the non-structural proteins

antagonize host cell signal transduction mediated by pattern-recognition-receptors (PRRs), which
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typically would lead to type I interferon (IFN) induction and expression of IFN-stimulated genes

(ISGs).”®

ZIKV virions are 50 nm in size and contain the viral genome in a nucleocapsid, which is surrounded
by a lipid bilayer.*! The structural proteins E and prM/M are arranged on the surface with icosahedral
symmetry (Figure 1.2b-d).*** The E protein, which predominates the surface of the viral particle,
consists of four domains: the stem-transmembrane domain pair and the three ectodomains I, II, and
ITI, which can be found outside of the membrane.?® In most ZIKV strains, the E protein is N-
glycosylated at position E154 located in domain I.>* Some of the pre-epidemic ZIKV strains from the
African lineage are suggested to be less neuroinvasive since they lack this glycan .>* The ZIKV E
protein shares similarities with other flaviviruses: around 50% of the E protein sequence is conserved
between various ZIKV and DENV strains, and ZIKV and the African Spondweni virus even display
approx. 68% E protein amino acid identity.” Although the high E protein similarity could be
beneficial for the patient due to production of broadly reactive protective antibodies, it also

complicates virus-specific diagnostics.>

a Structural proteins Non-structural proteins

NS3 protease cofactor
Chaperone for E
Protection of fusion peptide

+Viral replication

 and assembly Membrane remodeling Methyltransferase

RNA dependent RNA polymerase

. N .
5 cAP NS1 |NS2A 2§ L
352 226 130 428

Viral entry '
and fusion . Viral replication .
and assembly RNA helicase Immune antagonism
Serine protease
Nucleoside 5' triphosphatase
5' RNA triphosphatase

Genome
encapsidation

x NS2B-3 protease (cytosol) lx, Signal peptidase (ER) x Furin (TGN or secretory granules) Unknown (ER)

b Envelope (E) c d

protein

Membrane (M)
protein

RNA

Capsid (C)
protein

Mature ZIKV Immature ZIKV
Figure 1.2: ZIKV genome organization and structure of mature and immature viral particles. (a) Architecture
of the ZIKV genome/polyprotein. The cleavage profile of the polyprotein, the involved proteases, amino acid
numbers (AAs) and functions of the individual proteins are shown (note that the figure does not provide an
exhaustive list of the functions of each protein and that viral proteins interact with several host proteins, thereby
expanding their respective functions in the host cell). Figure 5a is based on Sirohi et al..®® (b) Schematic
representation of a mature ZIKV particle (same color code as in Figure 5a). (c-d) Cryo-EM (cryogenic electron
microscope) structures of mature ZIKV (3.80 A, pdb SIRE)! and immature ZIKV (9.10 A, pdb S5UAW)¥,

respectively (same color code as in Figure 5a).
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The M protein is a small glycoprotein that is connected to the viral membrane via its transmembrane
helices. In immature virions, trimers of prM-E heterodimers are arranged in a spiked formation
(Figure 1.2d).> Mature, infectious viral particles display a relatively smooth surface. Here, the M
protein resides under the larger E protein (Figure 1.2c).*>** Consequently, only a few amino acids of
M are solvent exposed.® The basic E protein organizational unit of mature ZIKV virions is a dimer,
and each monomer is related to its neighbor by 2-fold symmetry.*® Three E protein dimers lie in
parallel to each other contributing to the so-called raft-configuration. In total, one virion consists of

30 rafts, thus 180 copies of each E and M proteins are embedded in the viral membrane.*

1.3 Zika virus life cycle

The basic stages of the flavivirus life cycle are the (I) attachment to the host cell and internalization
into the host cell via clathrin-mediated endocytosis, (II) release of the viral genome into the cytosol,
(III) translation of the viral proteins, (IV) replication of the genomic RNA, (V) virus assembly, (VI)
maturation of the virions and (VII) the release of the viral progeny (see Figure 1.3).® Host ion

channels are crucial for many infection stages.?

ER Golgi
Ma!ure
) % Early 2 TGN virion
5 E . endosome < M .
ol T Late
E " 7‘);\ / endosome / < U “V . /
! \ - -
~ A O
Zika virus
s ® N »*
g o N AL @ o
athrin-mediated AVAVAY prM Mat
ature

Receptor endocytosis (CME)  Intermediate endosome SVP

Replication complex

1) Attachment 1Il) Endosomal trafficking V) Replication, translation, VIl) Exocytosis

Il) Endocytosis IV) Fusion & release of RNA assembly & budding VI) Maturation (prM cleavage by furin)

Figure 1.3: Schematic overview of the life cycle of Zika virus. For details on the individual steps, see text.
Abbreviations: CME: clathrin-mediated endocytosis, ER: endoplasmic reticulum, prM: pre-membrane protein, TGN:

trans-Golgi network, SVP: subviral particle.

I-IV: ZIKV attachment, endocytosis, endosomal trafficking, and fusion & release of RNA

Prior to infection, ZIKV particles diffuse along the cell surface.* Host cell attachment factors such as
negatively charged glycosaminoglycans (GAGs), for example heparan sulfate and chondroitin sulfate,
retain and concentrate viral particles on the cell surface and increase the probability of viral
interaction with host cell entry receptors.” Binding to attachment factors is usually mediated by
electrostatic interactions and relatively unspecific.®’ Interactions of ZIKV with entry receptors, such
as C-type lectin receptors (e.g., DC-SIGN) is mostly mediated by the viral E protein.* ZIKV displays a
relatively smooth, E-protein dominated surface (Figure 1.2).%! Furthermore, partial ZIKV maturation

(see VI-VII: Maturation and exocytosis) and dynamic E protein dimer motions (called “viral
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breathing”) expose otherwise buried surfaces thus facilitate interactions of viral proteins and lipids
with a variety of receptors (and also attachment factors).>*¢! Phosphatidylserine receptors of the host
cell TIM (T-cell immunoglobulin and mucin domain) and TAM (Tyro3, Axl, Mer) protein families can
interact with ZIKV lipids.*® The members of the TIM family bind to viral lipids directly while the
members of the TAM family interact indirectly through mediators such as Gasé (growth-arrest-
specific protein 6) and protein S (ProS9).°* Both the attachment factors and the host cell receptors
contribute to the infection efficiency, thus it is often difficult to truly differentiate between their

individual contributions.®°

Host cell receptor binding of ZIKV particles is followed by clathrin-mediated endocytosis (CME).*
This entry mechanism, which is used by ZIKV and numerous other enveloped viruses, offers many
advantages over the direct release of viral genomes into the cytoplasm (performed by HIV-1 (human
immunodeficiency virus 1) and herpes simplex 1, for example): the virus stays intact when attaching
to the cell and no evidence remains at the cell surface (which can be detected by the host’s immune
system).®® CME enables cellular uptake of viruses with a large size range from 30 nm (parvoviruses) to

400 nm (poxviruses).*

After ZIKV attached to one of the above-mentioned receptors, host adaptor proteins (such as AP2
(adaptor protein complex 2)) are recruited, inducing clathrin coat assembly and formation of
membrane niches of ~100 nm.% Afterwards, the GTPase dynamin oligomerizes around the bud neck
and cleaves the vesicle from the cell membrane.®* The virus-containing intracellular vesicles are
then transported along the cell cortex and microtubules to the endolysosomal system.® During
trafficking, which is mediated by members of the Rab (Ras-associated binding) family of small
membrane GTPases,* the clathrin coat is removed and the vesicles can now fuse with each other or
are directed to early endosomes. These are characterized by the presence of Rab5, early endosome
antigen 1 (EEA1) proteins and a lumenal pH of ca. 6.8-6.3.% In uninfected cells, the cargo is either
sorted for degradation via multivesicular bodies (MVBs) and late endosomes (Rab7-positive, pH 6.0-
6.8) to ultimately reach lysosomes (pH 4.5), or for recycling to the cell surface, exosomes, or the
trans-Golgi network.®7? Vesicles typically reach early endosomes in less than 2 min, maturating and
late endosomes in the perinuclear region after 10-12 min and lysosomes within 30-60 min.® During
ZIKV infection, the low pH in late endosomes triggers irreversible conformational changes in the
ZIKV E-protein, which concurrently transitions from a dimer to a trimer formation, thereby
mediating fusion with the endosomal membrane. Ultimately, this leads to the release of the viral RNA
into the cytosol.”*”” Beyond a low pH, the fusion process is also affected by the endosomal lipid

composition and viral maturity, since partial maturation exposes otherwise buried surfaces.”®*?

Host ion channels and ion translocating membrane proteins play critical roles in all endocytosis
steps. In early endosomal maturation, vacuolar-type ATPase (V-ATPase) pumps transport protons
into the vesicles, leading to acidification.®® Chloride influx through endosomal anion channels

follows acidification to reduce the large positive intralumenal charge. This process is accompanied
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by cation efflux by Na'K*/H* exchangers.*** Generally, Calcium is involved in a variety of regulatory
processes in the endolysosomal system, e.g. membrane fusion and fission, lipid trafficking and
lysosomal activity.”®”* Overexpression of the human ion TRPML2 (transient receptor potential
mucolipin 2) channel, which is permeable for Ca*" (and also other cations) was shown to increase the
endosomal trafficking efficiency of ZIKV (please refer to section 1.7 for a detailed characterization of
TRPML channels and a (putative) role of TRPMLs in infectious diseases).”> For other viruses, for
example Ebola virus (EBOV), Ca* also plays an important role during entry. EBOV enters host cells
through endolysosomes positive for the intracellular cholesterol transporter Niemann-Pick C1
(NPC1) and the two-pore Ca?* channel 2 (TPC2).” The change in Ca®* and pH induces a reversible
conformational transition in the EBOV glycoprotein GP2 (which is an important factor for receptor
binding and viral entry). The resulting GP2 intermediate can bind to NPC1 which promotes the
conformational transition into fusion-ready EBOV particles leading to release of the genome into the

cytosol.”

V: RNA replication, translation, assembly & budding

After the release of the viral RNA from late endosomes, the translation process is initiated. The viral
genome contains a 5’-cap-structure similar to cellular mRNA, which enables translation through the
host-specific cap-dependent translation initiation machinery.***® The N-terminus of the nascent
polyprotein contains an ER (endoplasmic reticulum)-localization signal peptide (SP, see Figure 1.2).
The growing viral polyprotein is co-translationally inserted into the ER.*® NS2A, NS2B and NS4B
contain several transmembrane sequences; PrM, E, NS1 and some extended stretches of NS2A; NS4A
and NS4B are located in the ER lumen, while C, NS3 and NS5 are facing the cytosol. Subsequently, the
polyprotein is processed by the viral protease complex NS2B-NS3 and host cell proteases which

cleave bonds on the cytosolic site and in the ER lumen, respectively.*"*

After cleavage, ZIKV non-structural proteins form “replication factories” (RFs) on the ER membrane,
building a replication-favorable microenvironment in membrane invaginations.’®®” Both African and
Asian strains induce the formation of RFs of similar architecture.’ This segregation might enable the
accumulation of metabolites required for ZIKV RNA replication and at the same time protect the viral
RNA from cellular nucleases and cytosolic antiviral RNA sensors. Furthermore, it increases the speed
and efficiency of the replication process.” Importantly, ZIKV infection not only leads to ER re-

arrangements but also causes drastic re-organization of the host cell cytoskeleton.®

Membrane invaginations and ER-remodeling, which can be extensive, are a common feature of
flavivirus infection.’®”® In ZIKV infected cells, ER membrane curvature can be induced by NS1
dimers, which attach to the lumenal site and insert three hydrophobic regions into the membrane.*®
Via this mechanism, a negative curvature is created that evolves into spherical invaginations.'® For

DENV infection, NS4a was identified as an important factor for ER membrane alterations.'™
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Flaviviruses also rely on host factors for RF formation. DENV NS3 recruits fatty acid synthase to the
replication sites to produce lipids which are integrated into the ER membrane.!® Furthermore,

flavivirus RFs are enriched with cholesterol, which improves membrane fluidity.!*

The ER membrane invaginations allow the assembly of the ZIKV replication complex: viral RNA, the
helicase NS3 and polymerase NS5 are associated with the cytosolic site of the ER membrane, the
membrane proteins NS2A, NS2B, NS4A and NS4B are spanning the lipid bilayer and NS1 dimers
stabilize the replication complex from the ER lumen via interactions with NS4A and NS4B.!%* The
genomic (+)RNA is transcribed into a (-)RNA intermediate which serves as a template for progeny
(+)RNA.**® The NS5 protein contains a C-terminal RNA-dependent RNA polymerase (RdRp) domain

and a N-terminal methyltransferase domain, which is responsible for transferring the mRNA cap.'®®

In studies analyzing the architecture of the flavivirus replication factories, a ca. 10 nm wide opening
to the cytosol has been reported which might allow the exit of (+)RNA to be used for either
polyprotein synthesis or packaging into virus particles which are budding into the ER lumen in
proximity.' After cleavage of the ZIKV polyprotein, viral C proteins are located at the cytosolic site
of the ER membrane, and the viral surface glycoproteins E and prM are associated with the lumenal
site of the ER membrane.” After freshly transcribed viral (+)RNA has escaped the replication
factories, it can interact with C proteins and together with the surface proteins E and prM, a nascent

viral particle buds into the ER lumen.*

The ER is also the main intracellular Ca** storage organelle and ER Ca*" channels have been found to
be an important factor for efficient flavivirus replication.’?” In a screening of FDA (Food and Drug
Administration)-approved drugs against JEV, three of the five most potent antiviral acting substances
were inhibitors of voltage-gated Ca* channels (VGCCs) and affected viral replication, rather than

entry.'®

VI-VII: Maturation and exocytosis

The nascent virions accumulate in the lumen of the ER, are incorporated into COPII (coat protein
complex II) vesicles and subsequently delivered to the Golgi network. Regular COPII vesicles have a
diameter of ca. 60-100 nm, barely sufficient for even a single immature flavivirus particle with a size
of ca. 50 nm. To increase transport efficiency, ZIKV virions associate into large paracrystalline
lattices and/or clusters inside the ER and engage multiple cargo receptors for entering the secretory
pathway. At least some of these formations are transported in their entirety to the plasma

membrane 96,109,110

EM images of ZIKV infected cells suggest that the well-defined stacks of the Golgi cisternae, which
are typical for non-infected cells, are no longer visible.’>!!® Presumably, the Golgi network is

remodeled to form the membranous compartments of the ZIKV replication/assembly machinery,
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thereby creating a new chimeric ER-Golgi-like structure. The low pH of the Golgi apparatus serves an
important function for the glycosylation pattern of the flavivirus envelope proteins and the furin-
mediated cleavage of prM. The cleavage of M leads to a rearrangement of E proteins on the virion
surface.!''"!'* However, prM cleavage can be inefficient, resulting in partially mature infectious

virions.>

After viral maturation in the Golgi apparatus, virions are delivered to the extracellular space through
the fusion of membranous carriers, which contain virions, with the plasma membrane.* EM studies
identified not only small vesicles containing single virions but also large vesicles containing multiple
virions close to or fusing with the plasma membrane.'®* None of the membranous carrier species
were clathrin-coated, thus ruling out the clathrin-dependent sorting pathway from transport of
infectious viral particles to the plasma membrane.” In addition, ZIKV was shown to hijack

extracellular vesicle tetraspanin pathways for cell-to-cell transmission.''¢

1.4 Zika virus antiviral therapies

Although ZIKV infections are often asymptomatic or produce relatively mild illness with an
uneventful recovery in immunocompetent individuals, the need for effective antiviral treatment is
high, because ZIKV infection causes a risk for neurological complications in developing fetuses.
Therefore, an anti-ZIKV drug should fulfill several requirements. Usage should be safe for both the
mother and the fetus during pregnancy. In addition, the drug must be able to cross the placental and
the blood-brain barrier. In addition, the spread of Aedes mosquitoes beyond tropical regions because
of climate change increases the need for effective treatment options. Although intensive efforts have

been made, no antiviral therapies or prophylactic vaccines against ZIKV are available currently.*?

Several Zika vaccine candidates have been developed, including nucleic acid vaccines, inactivated
vaccines, viral-vectored vaccines and attenuated vaccines.!'’” As of 2020, 13 vaccine candidates based
on various platforms have entered 17 human phase I clinical trials, with one entering phase II clinical
trial.”” However, ZIKV vaccine development faces several difficulties. The number of ZIKV infections
has significantly declined in recent years, making not only testing but also funding of vaccine
candidates challenging.'” ZIKV, DENV and other flaviviruses share structural and genetic
similarities, and generate poorly neutralizing cross-reactive antibodies, which can cause antibody-
dependent enhancement (ADE) of infection and disease.'’""° This means that antibodies, which may
result from prior infection or vaccination, can enhance viral entry and replication during a following
infection.'® For closely related Dengue virus (DENV), few vaccines are available. The first vaccine
was Dengvaxia®, which was licensed in 2015.'?' However, safety concerns arose in the third year of
the phase III clinical trial, because increased hospitalizations and severe Dengue cases were observed

in the youngest, non-immune vaccine recipients.’” ADE was considered as one potential cause.'?



1.4 Zika virus antiviral therapies

Therefore, ADE is one of the major obstacles to flavivirus vaccine development. This factor also

needs to be considered for future ZIKV vaccines.

Currently, treatment of ZIKV infections aims at alleviating the symptoms and includes rest and fluid
intake to prevent dehydration in infected patients.'* Acetaminophen can be used to reduce fever,
headache and myalgia, while anti-histamines are used against pruritic rashes.’**'* In contrast,
acetylsalicylic acid and non-steroidal anti-inflammatory drugs are contraindicated because of an
increased risk of hemorrhagic complications reported with other flaviviral infections as well as

Reye’s syndrome after viral infection in children and teenagers.”’

Beyond vaccine development, different approaches can be used for discovering new potent
antivirals, for example screening of compound libraries or repurposing of approved drugs with
known efficiency against other diseases.’”® Additionally, natural products and antibody-based

candidates have been tested.'?¢-'2

ZIKV antiviral compounds can be classified in direct-acting antivirals (Table 1), targeting the viral
proteins, and host-directed antivirals (Table 2), which interfere with cellular process required for
successful ZIKV infection.!”® Direct-acting antivirals for example target the viral RNA-dependent RNA
polymerase (RdRp) and methyltransferase catalytic domain of NS5, which is responsible for
transferring the mRNA cap.'® Other compounds aim to inhibit the NS3 helicase or the NS2B-NS3
protease which is needed for processing of the viral polyprotein.'® Certain nucleoside
analogues/derivatives are safe for use in humans, as they target viral and not cellular polymerases,

which can differ significantly in substrate specificity.'?
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Table 1: Examples of direct-acting ZIKV antivirals. This overview has been adapted from Baz et al.'®

Direct-acting antivirals

Name Mode of action
7-deaza-2-CMA RdRp inhibitor
2-CMA, 2-CMC, 2-CMG, 2-CMU RdRp inhibitor
Favipiravir RdRp inhibitor
NITD008 Pyrimidine synthesis inhibitor
Sofosbuvir RdRp inhibitor
Galidesivir RdRp inhibitor

Myricetin, quercetin, luteolin, isorhamnetin,
apigenin, curcumin

Niclosamide, nitazoxanide

Temoporfin

Novobiocin

Suramin

NS2B-NS3 protease inhibitor

NS2B-NS3 protease inhibitor
NS2B-NS3 protease inhibitor
NS2B-3 protease inhibitor
NS2B-3 protease inhibitor

Abbreviations: 7-deaza-2-CMA (7-deaza-2’-C-methyladenosine), RARp (RNA-dependent RNA polymerase), 2-CMA (2’-
C-methyladenosine), 2-CMC (2’-C-methylcythydine), 2-CMG (2’-C-methylguanisine), 2-CMU (2’-C-methyluridine), NS

(non-structural protein)

In addition to addressing viral proteins, host-targeting antivirals also have several advantages.'?® For
example, these compounds can be used to disable processes which are employed by multiple viruses.
Accordingly, they have the potential to act as broad-spectrum antivirals.'® In addition, host-targeting
antivirals are less prone to incur drug resistance which can be caused by mutations in the viral
genome.”®® Any molecule or pathway involved in the steps of the viral life cycle (including
attachment, entry, fusion, replication, maturation and release, can be targeted.'® For example,
chloroquine was used for decades as the primary and most successful drug against malaria™ and was
repurposed to test its antiviral potential against ZIKV."*? Chloroquine is a 4-aminoquinoline and a
weak base. The unprotonated form diffuses across cell membranes to acidic vesicles and
compartments such as endosomes, lysosomes, or Golgi vesicles and increases their pH.'* This way,
pH-dependent steps in the life cycle of viruses can be inhibited. Chloroquine was shown to restrict
not only ZIKV,*? but also HIV,*® influenza A virus (IAV),"3> DENV,5¢ JEV'¥ and WNV**# infections.
Nonetheless, due to the lack of approved ZIKV antiviral therapies, a more detailed understanding of

the ZIKV life cycle is still required.
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Table 2: Examples of host-targeting ZIKV antivirals. This overview has been adapted from Baz et al.'®

Host-targeting antivirals

Name Mode of action

Ribavirin Several mechanisms, including purine

synthesis inhibition

Merimepodib, mycophenolic acid IMPDH inhibitors

Azathioprine Purine synthesis inhibitor

6-azauridine, 5-fluorouracil Pyrimidine synthesis inhibitor

Lovastatin HMG-CoA reductase inhibitor

Bafilomycin Al Inhibition of V-type ATPase

Chloroquine Inhibition of pH-dependent steps of viral life
cycle

Saliphenylhalamide Viral entry inhibitor

Obatoclax mesylate (GX15-070) Bcl-2 protein inhibitor

PHA-690509 Cyclin-dependent kinase inhibitor

MK-801, agamatine, ifenprodil Neuronal cell death inhibitor

Memantine Neuronal cell death inhibitor

Abbreviations: IMPDH (Inosine monophosphate dehydrogenase), HMG-CoA (3-hydroxy-3-methyl-glutaryl-
coengyme A reductase), V-type ATPase (vacuolar-type adenosine triphosphatase), Bcl-2 (B-cell lymphoma 2)

1.5 Ion channels in health and disease

Ion channels play not only an important role in viral infections, but they are also crucial for almost
all cellular processes in living organisms. The immense biological significance of ion channels is
highlighted by their evolutionary steadiness.'® Ion channel-mediated signaling is one of the most
ancient forms for cells to sense their environment.* In humans, the “channelome” accounts for up
to 1% of the whole genome’® and contains over 300 ion channels'*. Ion channel-mediated flux of
ions across membrane barriers can be used to study the channels’s activity with electrical recording
techniques. The patch clamp technique for high-resolution current recordings was introduced by
Hamill et al. in 1981'* before the first ion channel structure® was revealed around 20 years later.
More recently, breakthroughs in high resolution imaging techniques, especially the possibility to
determine the structure of large protein complexes using cryo-EM, has significantly improved the
functional and structural understanding of ion channels. The incessant relevance of ion channels for
the scientific community was highlighted in 2021 by the shared Nobel Prize for Physiology and
Medicine awarded to David Julius and Ardem Patapoutian for their groundbreaking work on the
vertebrate thermo-sensory TRPV1 (transient receptor potential vanilloid 1) and mechanosensory

Piezo ion channels.}*4
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Ion channels are crucial for essentially every physiological process and can be found in the
membranes of all cell types. Around 19% of current FDA-approved drugs work by modulating ion
channel activity, only drugs targeting G-protein coupled receptors are more widely used.'?"141%
Among many others, ion channels regulate membrane potential, cell volume, organelle ion
homeostasis and mitochondrial function.!?”**1% They conduct not only Na*, K*, Ca** and Cl-, but
there are also ion channels permeable for metal ions such as iron (Fe*'), zinc (Zn*) and magnesium
(Mg*"), or protons and water molecules (see Table 3 for an overview of intracellular and extracellular
ion concentrations).™ Cation channels have been intensely studied for a long time due to their
essential role in regulating the membrane potential in excitable cells such as neurons and muscles as
well as in non-excitable cells such as lymphocytes and endothelial cells.’*>*** On the other hand,
anion channels are involved in functions such as inhibitory synaptic transmission through

hyperpolarization and epithelial Cl~ flux.'>*

Table 3: Concentrations of ions intracellular and in the external environment. This table was adapted from

Melkikh and Sutormina.!>

Ion Intracellular concentration (mM) Extracellular concentration (mM)
Na* 15 142

K* 150 4

Cl S 120

Ca* 10 1

Mg* 1 0.5

HCO3" 8 27

Nonpenetrating 155 0

anions

A large variety of signals (e.g., mechanical stress, heat, membrane potential, extracellular
transmitters, and intracellular signal molecules (Ca*, phospholipids, cyclic nucleotides or G-
proteins) can initiate or inhibit cellular ion conductance.™ The underlying mechanism can be
described as “gating” and leads to changes in the structure of the ion channel pore, potentially
involving multiple conformational changes of the integral membrane protein.'**'*’ Some ion
channels have modular domains which sense the respective stimulus and modulate changes in the
pore domain via domain-domain interactions, in other cases sensor and ion channel pore are not
directly linked. In addition to gating, the selectivity of a channel is important for allowing only
particular ion species to cross the membrane rapidly and preventing others from passing at the same
time."! Responsible for selectivity is a narrow filter-like structure in the center of the pore (see Figure
1.4). The interaction of the ion with amino acids in the pore constriction point leads to substitution of
some or most of the water molecules surrounding the ion in solution.!**'%'72 Consequently, the

strength of the ion-filter interaction is the key for selectivity.'>! In an optimal scenario, the ion sheds
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its hydration waters, moves rapidly through the filter, and re-solvates on the other side of the
membrane. In this way, ion channels can enable the flux of ~107 ions/sec along an ion gradient. In
contrast, an ion that interacts too favorably with the filter will become stuck'”® and an ion that cannot
make energetically favorable interactions is not able to shed its hydration waters and enter the

filter.'* Selectivity is also crucial for the direction of ion conductance.™

a -4 .‘..

filter

cavity

1BL8 membrane

topview =000 O )i,

Figure 1.4: Structural determinants of ion channel selectivity and gating. Crystal structure of the KcsA
potassium channel from Streptomyces lividans (pdb 1BL8, 3.20 A).1# Four monomers (shown in different colors)
form a tetrameric pore structure ((a) and (b) side view, (c) top view). Potassium ions are indicated as black dots.
Important structural features are highlighted in (d): the extracellular vestibule, selectivity filter, pore cavity and

intracellular gate (only two monomers are shown for clarity).

Ion channels do not share a general signature sequence and may have evolved de novo several times
in response to different physiological needs.” Comparative genome analysis indicated that most
human ion channel families have their origins in the early metazoan.'’ The major classes of
mammalian ion channels are: Kir (inward rectifier K*) channels, voltage-gated cation channels, CLC
family chloride channels, C-loop neurotransmitter receptors, P2X purinoreceptors and ASIC (acid
sensing ion channel)/DEG (degenerin) family sodium channels.”’* Mammalian ion channels differ
largely in their transmembrane topology and amount of subunits, ranging from 6-36 transmembrane
domains 2-5 subunits.'” Ion channels are either inward or outward rectifying. Inward rectification
means that inward current flow is more easily allowed than an outward current. In contrast, outward

rectification means that outward current flow is more easily allowed than outward current flow.'”

Due to the complex structure and regulation of ion channels, already mild mutation-based changes
might lead to devastating diseases, so-called “channelopathies”, which can affect the cardiovascular,

musculoskeletal, nervous and immune systems. 48150176177

Disease-associated mutations can have several effects on ion channel properties. For example, they
can affect the number of functional channels or the gating mechanism or lead the loss of ion channel
selectivity.”®! One well-characterized example where the deletion of one single amino acid leads to a
fatal inherited disease by reducing the ion channel number at the plasma membrane, is cystic
fibrosis (CF). Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) is an ATP-gated anion

channel belonging to the ATP Binding Cassette (ABC) protein superfamily.'’®'%* Here, the most
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common mutation leading to CF is the deletion of phenylalanine 508 (AF508), which results in a failed
glycosylation pattern due to an improperly folded conformation of CFTR.' This conformation is
prevented from progressing to the Golgi where it would have been glycosylated by the ER quality
control machinery.’® The AF508 folding defect is so severe that the folding efficiency drops below
19%.' As a consequence, the number of mutant channels in the apical membrane of the pulmonary
epithelial cells is reduced and the chloride transport into the airways is deficient, which is crucial for
the transport of ions and water for the maintenance of mucus hydration and effective mucociliary

clearance.!®®

Mutations that lead to a loss of ion selectivity have been described for the G-protein-gated inwardly
rectifying potassium channel Kir3.4/GIRK4.'®¥ Disease mutations in this homotetrameric channel are
either located directly in the selectivity filter or play a role in the stabilization of the filter’s structure.
This leads to a loss of potassium selectivity resulting in significant sodium currents and
depolarization of the cell membrane.’®' In the glomerulosa cells in the adrenal cortex of the
kidneys, membrane depolarization opens voltage-gated calcium channels providing Ca* influx which
triggers production of the hormone aldosterone.’ Constant aldosterone secretion can lead to
hypertension that is resistant to treatment, hypokalemia and metabolic alkalosis. Severe
hypertension can be a strong risk factor for cardiovascular events, for example stroke and

myocardial infarction.*?

Many channelopathies are associated with increased or decreased channel activity. For example,
certain mutations in the CHRNAIL (cholinergic receptor nicotinic alpha 1) subunit of the muscle
acetylcholine receptor can result in prolonged channel activation.'® Muscle acetylcholine receptors
contain of five subunits: two alpha subunits and one each of the beta, gamma and delta subunits.** In
mammalian muscles, binding of acetylcholine to CHRNA1 leads to Na* influx and postsynaptic
depolarization at motor endplates.’®™ Therefore, mutations in CHRNAl can lead to forms of

congenital myasthenic syndromes characterized by fatigability and muscle weakness.!?>'%

Several inherited diseases are also caused by mutations of transient receptor potential (TRP) channel
family members.'”” For a more detailed introduction to TRP channels, please refer to the following
section. In brief, gain-of-function mutations in TRPA1 (ankyrin 1) have been linked to familial
episodic pain syndrome.'*® Loss-of-function mutations in TRPML1 (mucolipin 1) lead to the lysosomal
storage disorder Mucolipidosis type IV (MLIV, see section 1.7)."*?® Mutations in TRPV4 (vanilloid 4)
cause diseases which affect the skeletal and the peripheral nervous system, for example Charcot-
Marie-Tooth disease type 2C.” Interestingly, these mutations may cause altered interactions with

other proteins (e.g. the cytoskeletal remodeling GTPase RhoA) and lipids.2>-2"
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1.6 Transient receptor potential (TRP) channels are an important superfamily

of eukaryotic cation channels
TRP channels are a group of unspecific cation channels and particularly well-known for their
function in the sensory perception of various organisms.?”® In fungi and animalia, TRP channels are
found in all cellular membranes except nuclear envelope and mitochondria.?®” They have not been
found in bacteria, chromista and plantae.*®The founding member of this family is the Drosophila ion
channel TRP.? Mutations in the trp gene led to visual impairment in Drosophila.’’* Mutant flies
displayed a defect in light induced Ca* flux resulting in a transient rather than a continuous neuro-
electrical response to persistent intense light as was the case in wild type (WT) flies.?? Furthermore,
it was observed that visual transduction in flies is dependent on phospholipase C (PLC).** Together
this indicated that the encoded protein is a Ca** channel and resulted in the name “transient receptor

potential”.?*

Structure, function, and regulation of TRP channels

TRP channels can be grouped into eight subfamilies based on sequence similarity: the six group 1
TRPs (TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPS (soromelastatin), TRPN
(NOMPC), and TRPA (ankyrin)) and two group 2 TRPs (TRPP (polycystin) and TRPML (mucolipin)).
TRPY which is expressed in yeast and only distantly related to the other TRPs, can be classified as an
nineth subfamily.?® A phylogenetic tree of the TRP superfamily is provided in Figure 1.5. The TRPC
subfamily displays the greatest sequence similarity to Drosophila TRP.?* In humans, six subfamilies
are expressed (TRPC, TRPV, TRPM, TRPA, TRPP and TRPML). Of particular relevance for this thesis
are the endolysosomal TRPML ion channels which play important roles in the immune system and

viral infections and will thus be discussed in more detail below.

All members of the TRP superfamily share general structural features such as six transmembrane
(TM) spanning helices (S1 through S6), cytosolic N- and C-termini and a re-entrant loop between S5
and S6 which is forming the channel pore (Figure 1.6).25%¢ Besides these general structural
similarities, TRP channels strongly vary in size and the structural organization of the N- and C-
termini as well as within the loops that connect the transmembrane helices (Figure 1.5). Although the
progress in imaging techniques (e.g. cryo-EM) also increased the understanding about TRP structure
and function, many questions remain open regarding their regulation, dynamics and domain

communication.
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Figure 1.5: Phylogenetic tree of the TRP channel family. This figure was modified from Nilius and Owsianik.?
The TRP subfamilies are represented by different colors. The authors aligned protein sequences using ClustalW2
at the EMBL-EBI server, PAM matrix was used for computing the phylogenetic distances (scale bar represents
0.2 substitutions) and NJplot for obtaining the unrooted tree. Structures of TRPA1 (pdb 6PQO)*7, TRPC4 (pdb
6G1K)*®, TRPM4 (pdb 6BQR)??, NOMPC (pdb 5VKQ)??, TRPV2 (pdb 5HI9)?2!, TRPML3 (pdb 5W3S)?*2 and TRPP2
(pdb 5T4D)** were added to point out high structural variance of N- and C-termini. In 2020, the ancient TRPS
family was reported, which is not shown in this phylogenetic tree.?** Himmel et al. used a phylogenetic approach

to identify two eumetazoan TRPM clades and the TRPS family.?*

TRP channels can be activated by a variety of different stimuli. For example, the TRP vanilloid 1
(TRPV1) channel is stimulated by ligands such as capsaicin (active compound from hot chili
peppers), but also increased temperature.?® In some TRP channels, even enzymatic domains can be
found, i.e. TRPM6 and TRPM7 contain an atypical serine/threonine protein kinase domain, with a 3D

structure resembling typical kinases despite a strong variation in amino acid sequence.?%?
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touch hearing

o
N ". c
TRP

taste
4 &

thermosensation olfaction

infé:tion
Figure 1.6: TRP channels contribute to a variety of sensory perceptions in different organisms. This includes

vision in drosophila flies, hearing, touch, taste, pain, olfaction and thermosensation. The role of TRP channels in

viral infections has emerged during the last years.

TRP channel-mediated modulation of intracellular Ca* homeostasis affects various processes such as
apoptosis, membrane trafficking and autophagy.?*>??® These altered Ca*" concentrations do not only

originate from extracellular Ca®* but also from intracellular storages, e.g. the ER and lysosomes.

TRP channels in viral infections

As mentioned above, altered Ca* levels also play an important role in viral entry, replication and
budding. Recently, roles of TRP channels in the immune system and pathogen interactions, in
particular viral infectivity depending on calcium flux, have been described. With the exception of the
TRPP subfamily, members of all mammalian TRP subfamilies have been reported to be involved in
viral infections.?” For example, knockdown of TRPM2 in mouse pulmonary microvascular
endothelial cells significantly reduced H9N2 influenza virus-induced ROS (reactive oxygen species)-
production, DNA damage and apoptosis.?’ After human rhinovirus (HRV) infection of neuroblastoma
cells, the expression of TRPA1 (which is widely expressed in several neuronal and non-neuronal
cells) is upregulated at an early timepoint of 2 hpi (hours post infection) until 24 hpi.*® TRPV4 is an
important host factor during infection with Dengue (DENV), Zika (ZIKV) and hepatitis C virus (HCV),
which are all members of the Flaviviridae family.”? TRPV4 affects viral RNA metabolism through
regulation with DDX3X (DEAD-box helicase 3 X-linked). In addition, TRPV4 colocalizes with DDX3X
and mediates its nuclear localization. Application of the synthetic TRPV4 inhibitor HC067047 reduced
DENV, ZIKV and HCV infectivity in Huh7 cells.?? In addition, the TRPML family was shown to play a

remarkable role in flavivirus infection.?*® This topic will be discussed in detail in section 1.7.
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1.7 The role of human TRPML ion channels in viral infections and immune

response

Parts of this chapter have been published in: Viet, K. K. et al. Structure of the Human TRPML2 Ion
Channel Extracytosolic/Lumenal Domain. Structure 27, 1246-1257.e5 (2019).

The majority of all TRP channels are found in the plasma membrane.?® In contrast, the members of
the human TRPML family regulate vesicular calcium release in the endolysosomal system and are
involved in signal transduction, membrane trafficking and autophagy.?>?* Since many viruses use
endocytosis to enter host cells (see section 1.3), ion channels within the endolysosomal system play a
potential role in the life cycle of endocytosed viruses. Indeed, TRPML channels have been linked to
flavivirus infection, while TPC2 is involved in the cell entry process of Ebola virus, as mentioned in
section 1.3.%2%%2%2% Furthermore, the relevance of TRPML channels for the immune response has
emerged in recent years®®*, implicating these fascinating ion channels with a more general role in

host/pathogen interactions.

While Drosophila melanogaster and Caenorhabditis elegans express only one TRPML protein, the
mammalian TRPML family includes three members: TRPML1, TRPML2 and TRPML3.2" The proteins
share approx. 40% pairwise amino acid sequence identity levels?*” and have overlapping functional
and structural properties.??* TRPML channels are strongly inward rectifying and permeable to
various cations (Na', K', Ca*, Mg*, Zn*, etc.).?® TRPML1, TRPML2 and TRPML3 vary in their
subcellular localization in the endolysosomal system (and plasma membrane, to a smaller extent)
and in their tissue expression. Human TRPMLI1 consists of 580 amino acids and is ubiquitously
expressed and located primarily in late endosomes and lysosomes.’® It was first identified in a
disease-related context: Mutations in mcolnl, the TRPMLI1 encoding gene, lead to the rare autosomal
recessive disorder Mucolipidosis type IV (MLIV),®?* which was incidentally also the first
neurological disease associated with a TRP channel. Until now, there are more than 20 MLIV causing
mutations reported, most of them loss-of-function mutations.?” Inactivation of TRPML1 results in the
accumulation of heterogenous lipids and proteins in storage bodies and disruption, leading to cell
death.?®?*! These effects can be observed in every tissue and every organ.**? Patients suffering from

MLIV display severe cognitive impairment and eye abnormalities.?*®

TRPML?2 is the least characterized member of the TRPML family. Human TRPML2 contains 566
amino acids.?® TRPML2 mRNA was mainly detected in lymphocytes and other cells of the immune
system.*® A potential function of TRPML2 in the innate immune response and viral infections has
been suggested (see following sections). Subcellularly, TRPML2 is present in recycling endosomes,
late endosomes and lysosomes, and, at low levels, in the plasma membrane.**?** In contrast to
TRPML1 and TRPML3, TRPML2 has been identified as a mechano- and hypotonicity-sensitive

channel in endolysosomal organelles.?*
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TRPML3 is mainly expressed in the kidneys, lungs, and organs of the endocrine system.*” It is
subcellularly localized in early and late endosomes, lysosomes and in the plasma membrane.*®
Human TRPML3 contains 553 amino acids. Gain-of-function mutations in mcoln3, the TRPML3
encoding gene, lead to the varitint-waddler phenotype in mice, which is characterized by hearing loss,
pigmentation defects and circling behavior.” The physiological function of TRPML3 remains
unclear, but potential roles in pain sensation,®® sodium homeostasis®®! and non-lytic expulsion of

bacteria have been suggested.??

Four TRPML protomers form a homo- or heterotetrameric channel.?>® Near full-length structures of
all mammalian TRPML channels have been published during the last years.?%¥.2%-2%8 Simjlar to other
members of the TRP superfamily, one TRPML channel protomer contains six transmembrane
spanning helices (S1-S6) forming the transmembrane domain (TMD). The TMD consists of the S1-S4
bundle and the ion channel pore formed by S5 and S6 (Figure 1.7).%®
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Figure 1.7: Structure of TRPML channels. (a) Structure of human TRPML1 at pH 7.0, 3.72 A (pdb 5W]J5);25¢
structure of mouse TRPML2 at pH 7.4, 3.14 A (pdb 7DYS);2* structure of human TRPML3 at pH 7.4, 4.06 A.%7 One
subunit of each tetrameric channel is highlighted in bright colors. (b) Tetrameric TRPML2 ion channel (pdb
7DYS), top view, central ion pore visible. (¢) Topology model of one TRPML2 monomer, based on the structure

of mmTRPML2 (pdb 7DYS) (d) Structure of one mmTRPML2 protomer (pdb 7DYS).
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The cytosolic N- and C-termini range from 61-72 amino acids and are relatively short in comparison
to other members of the TRP superfamily® and contain lipid and protein binding sites.?%*' TRPML
channels are activated by phosphatidylinositol 3,5-bisphosphate (PI(3,5)P;), which is commonly
found in endolysosomal membranes.?® At the TRPML1 N-terminus, a polybasic patch with many
positively charged amino acids (arginine and lysine) was identified as a potential binding domain for
PI(3,5)P,. If this polybasic domain is mutated, PI(3,5)P, regulation is lost.*" At the plasma membrane,
TRPMLL1 is inhibited by phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,), the putative binding
domain is located within the same polybasic domain.?® TRPMLI is directed to endosomes and
lysosomes via two di-leucine motifs located in the N- and C-terminus.?? In close proximity to the C-
terminal di-leucine motif, TRPML1 contains three cysteine residues, which might be palmitoylated.
Potentially, this could improve the association of TRPML1 with the membranes of the endolysosomal
system.”? The di-leucine targeting motifs of TRPML1 are less conserved in TRPML2 and completely
absent in TRPML3. Instead, an EXXLL motif (another putative endolysosomal targeting sequence)

can be found at the N-terminus of most TRPML3 species.?!

S1 and S2 are connected through the extracytosolic/lumenal domain (ELD), which constitutes around
one third of the whole channel and is a structural hallmark of the TRPML family. The ~100 kDa
domain has also been termed the “I-II” linker,*® as it is located between transmembrane helices S1
and S2 or the “polycystin-mucolipin domain”.*” The physiological role of this domain remains
elusive. For TRPML], interactions of the ELD with Hsc70 (heat shock cognate protein of 70 kDa) and
with Hsc40 (heat shock cognate protein of 40 kDa) have been described.?** Furthermore, a serine-
lipase activity has been suggested for the TRPML1 ELD,?*?> which seems highly unlikely in the light
of the available structures and lipid-interaction experiments which have been carried out by -
I i e[l 2ovp (unpublished data). The TRPML1 ELD contains four possible
glycosylation sites (AAs: 159, 179, 220, 230) and linked sugars are at least partly sialylated in the
Golgi.”®® Kiselyov et al. suggested a potential cleavage site in the ELD and that cleavage by cathepsin B
might lead to inactivation of the channel.?® The physiological relevance of this finding is currently
unclear but may display an additional mode of TRPML1 regulation limiting the duration of channel

activity. Unregulated TRPML1 activity may otherwise lead to a misbalanced ion homeostasis.

The TRPML ELD is exposed to different conditions (for example Ca* concentrations and pH values),
as it faces either the extracellular space or the endolysosomal lumen, depending on the channel’s
cellular localization.?® Typical extracellular Ca** concentrations reach up to 2 mM at pH 7.4, while
reported numbers for early endosomes are 3 uM - 2 mM at pH 6.0, for late endosomes ca. 0.5 mM at
pH 5.5 and for lysosomes ca. 0.5 mM at pH 4.5.2%® The structure of TRPML ELDs at different pH values
have been characterized in isolation for TRPML1?* and in the context of the full-length protein in
TRPML1, TRPML2 and TRPML3 as well as in TRPP channels.??%2%7254-257,267.268 Prior to the publication of

the mouse TRPML2 structure®®, we presented the first structures of the human TRPML2 ELD at
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pH 4.5 and 6.5 and provided an explanation for pH-dependent Ca* interaction with this domain (see

section 7.1).1

For TRPML], interactions of the pre-pore loop with Ca®" and H* were reported by Li et al..?® The pre-
pore loop is directly connected with the C-terminal residues of the extension of the S1 helix and
contains a stretch of acidic residues. In the context of the full-length channel, this loop is centered of
the ion channel pore which is formed by transmembrane helices S5 and S6. Based on their findings,
Li et al. suggested a molecular model of ELD-based TRPMLI regulation: The aspartate residues in the
pre-pore loop are negatively charged at pH 7.4 (which the ELD encounters in the extracellular space)
thus attracting and binding extracellular Ca*, forming a block for Ca*" and other cations. Lowering
the pH in the endolysosomal system might lead to protonation of the aspartate residues, which
weakens the Ca? block enabling cation flux. This hypothesis was supported by patch clamp
experiments performed with the full-length channel: Mutation of the pre-pore loop aspartates to
glutamine strongly reduced Ca* inhibition at pH 7.4.%* The acidic motif is conserved in the TRPML
family (TRPML1: "SADDT"¢, TRPML2: '“DEDD"¢, TRPML3: "*MDDT"). In the context of this thesis,
the Ca? affinity of the isolated wild-type TRPML2 ELD was tested using isothermal titration
calorimetry (ITC) and compared with several TRPML2 ELD pre-pore loop mutants. Our results
support the calcium block model for TRPML2, indicating that it could serve as a general mechanism

for structural TRPML regulation (see section 7.2).

TRPMLS3 is inhibited by high sodium concentrations and by acidic pH, potentially due to the
protonation of three histidines in the ELD.?*® Mutation of one of these histidines to alanine (H283A)
leads to constitutive activity of the channel based on loss of pH regulation. In contrast, mutation of

H283 to arginine leads to channel inactivation.?*®

TRPML channels in innate and adaptive immunity

Innate and adaptive immunity are essential to protect the host against harmful agents, such as
viruses, bacteria, toxins, or allergens.”® The innate immune response represents the “first line of
defense” occurs immediately or within hours when the host is exposed to harmful or infectious
substances or organisms.?”%*! Innate immunity is based on the genetic memory of germline-encoded
receptors to sense molecular patterns of common pathogens.”? Receptors for specific pathogen
recognition include several receptor families, for example Toll-like receptors (TLRs), NOD
(nucleotide-binding oligomerization domain)-like, lectin-like receptors and RIG-1 (retinoic acid-
inducible gene I)-like receptors. Activation of these receptors by pathogen recognition leads to
production and release of cytokines, chemokines and interferons, which in turn bind to their
respective receptor, activate signaling cascades and stimulate transcription of various ISGs
(interferon-stimulated genes).???”* Furthermore, production of chemokines and cytokines leads to

the rapid recruitment of immune cells, including phagocytes (which are sub-divided into neutrophils
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and macrophages), dendritic cells, mast cells, basophils, eosinophils, natural killer cells and innate
lymphoid cells.”* In contrast, adaptive immunity is defined by the ability of the host to learn to
recognize a pathogen’s specific antigens and to build up an antigen-specific response long-term.>? It
is therefore the basis for effective immunization against infectious diseases.?”* The cells of the
adaptive immune response are antigen-specific T cells and B cells which differentiate into plasma

cells to produce antibodies.?”*

The endolysosomal system has important functions in innate and adaptive immunity.?”® For example,
it is involved in antigen presentation and processing, phagocytosis and release of proinflammatory
mediators.””® In recent years, direct roles for TRPML channels have emerged in various aspects of
immunity.”® In context of the innate immune response, TRPML1 was shown to be involved in the
phagocytosis of large particles and in the migration of dendritic cells.?>?”¢ TRPML2 is expressed at
low levels in a resting mouse macrophage cell line, but its expression is strongly upregulated after
TLR activation, while no effect on TRPML1 and TRPML3 expression levels was observed.?*® These
findings have been confirmed for bone marrow and alveolar macrophages and additionally for
microglia from mice treated with several TLR activators, including PolyI:C (polyinosinic:polycytidylic
acid, TLR3 ligand), LPS (lipopolysaccharides, TLR4 ligand), zymosan (TLR2 ligand), R-848 (TLR7/8
ligand) and Imiquimod (TLR7 ligand).?*® TRPML2 was also shown to play a role in chemokine and
cytokine secretion of macrophages.?*?”” Absence of TRPML2 leads to intracellular accumulation and
decreased secretion of CCL2 (chemokine (C-C motif) ligand 2) in bone marrow derived
macrophages.?® Furthermore, macrophage recruitment is reduced in TRPML2 deficient mice.?*
Direct activation of TRPML2 using the specific agonist ML2-SA1 (mucolipin 2 synthetic agonist 1)
directly stimulated the secretion of CCL2 from bone marrow derived macrophages.?”’ Presumably,
the CCL2 release is mediated by the early/recycling endosomal pathway and ML2-SA1 treatment
promoted endosomal trafficking.”” The activity of TRPML2 was increasing with less acidic pH when
stimulated with either PI(3,5)P, or ML2-SA1.77 In contrast, TRPML1 shows maximal activity in highly
acidic lumenal pH.*%%® This suggests that TRPML2 is rather active in slightly acidic or neutral pH, as
can be found in early endosomes and recycling endosomes than in highly acidic late endosomes and
lysosomes. TRPML2 activation also led to enhanced macrophage recruitment.”” Furthermore,
TRPML2 was reported as an putative ISG; TRPML2 expression was upregulated in chimpanzee
peripheral blood mononuclear cells (PBMCs) by 4-fold around 4 h post IFNa treatment.??

TRPMLs have been found to play multiple roles in adaptive immunity. TRPML1 co-localizes with
MHC-II (major histocompatibility complex II) molecules in the endolysosomal compartment,*®
which can be transported to the cell surface upon cell stimulation, loaded with antigenic peptides
and presented to antigen-specific CD4 (cluster of differentiation 4)-positive T cells?®'. TRPML2 was
indicated to play an important role in the regulation of the endolysosomal system of B-
lymphocytes.?®? Furthermore, TRPML2 travels along the Arf6 (ADP-ribosylation factor 6)-associated

pathway and co-localizes with MHC-I, CD59, interleukin-2 receptor, Bl-integrins and many
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1.7 The role of human TRPML ion channels in viral infections and immune response

glycosylphosphatidylinositol anchored proteins (GPI-APs).2**3-285 The Arf6-associated pathway is a
clathrin-independent, plasma membrane-endosomal recycling pathway.?® Arf6 is a small GTPase,
which is also active in clathrin-mediated and clathrin-independent endocytosis and can direct
transport along microtubules.?¢ Viruses can take advantage of Arfé6: for instance, Arf6 affects the life
cycle of HIV-1, including viral entry, assembly and release.?®”*8 In addition, the Arf6 GAP (GTPase
activating protein) ADAP2 (ArfGAP with dual pleckstrin homology (PH) domains 2) is involved in RNA
virus restriction. ADAP2 expression is upregulated by type-I interferon and ADAP2 overexpression
restricts DENV and vesicular stomatitis virus (VSV) infection by interfering with viral entry and/or
intracellular trafficking.® Arf6 is also involved in TLR signaling and interacts with the V-type
ATPase, which is required for acidification of endosomes in the endoylsosomal system.?®* TRPML2
WT overexpression induces a strong activation of Arf6, while overexpression of an inactive TRPML2
pore mutant (D463D/KK) delays the recycling of internalized GPI-APs to the plasma membrane.** The

molecular mechanism behind these findings remained elusive and need further investigation.**

TRPML2 overexpression enhances trafficking of certain endocytosed viruses

In 2018, it was demonstrated that stable overexpression of TRPML2 in human A549 lung
adenocarcinoma cells results in increased infectivity and virus production of certain endocytosed
RNA virus families, including Flaviviridae (e.g. ZIKV) and Orthomyxoviridae (e.g. influenza A virus
(IAV)) which require transport to late endodomes.’> Additionally, knockout of TRPML2 using a
CRISPR/Cas9 system decreased infection with IAV in A549 and U-2 OS osteosarcoma.” Furthermore,
channel activity is required for the enhancement of viral infection. Overexpression of an inactive
TRPML2 mutant (D463D/KK) did not increase infection with IAV.°2 TRPML2 mediated enhancement
of viral infection also occurred in STAT1 (signal transducer and activator of transcription 1) deficient
cells, indicating that the antiviral effect is not dependent on the IFN response or linked to negative

regulation of antiviral signaling.”

Rinkenberger and Schoggins investigated which stages of the viral life cycle are affected in TRPML2
overexpressing cells.”” TRPML2 overexpression did not affect the attachment of IAV and YFV to the
cell surface as shown by acid bypass experiments. Acridine orange staining indicated that TRPML2
overexpression did not have a significant effect on the pH of endosomes and lysosomes.”
Experiments with biotin-tagged IAV which allow detection with streptavidin-conjugated fluorophores
showed that TRPML2 overexpression does not affect the rate or the amount of endocytosed virus.*
Interestingly, confocal microscopy showed an enhanced colocalization of IAV with late endosomes in
TRPML2 overexpressing cells than in control cells. TRPML2 overexpression also promoted fusion
with and escape from endosomes.” Furthermore, a YFV subgenomic reporter replicon containing
the Renilla luciferase (RLuc) gene was used to uncouple viral entry from genome translation and
replication by monitoring luciferase activity. TRPML2 overexpression did not affect YFV

replication.”” The authors of this study concluded that in TRPML2 overexpressing cells, the same
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amount of virus is endocytosed, but more virus traffics successfully through the endolysosomal
system to acidified organelles, from which they are released.”? Since most of the experiments had
been conducted with IAV, the impact of TRPML2 overexpression on flavivirus infection need to be

further investigated.

In addition, a rare genetic TRPML2 variant was reported (K370Q) which fails to enhance viral
infections and marks the first mutation that was reported for TRPML2 in a disease-related context.”
Amino acid K370 is located in the loop between transmembrane helix 3 and 4 and it remains unclear
if this mutation affects TRPML2’s subcellular localization or activity. The frequency of this variant is
rather low (approx. 3%), but is elevated (approx. 11%) in same African subpopulations and might be

beneficial for the host during infection with endocytosed viruses.*?

Although it seems surprising that TRPML2 (which is a presumed ISG) enhances viral infection, this
might serve an important purpose in cells of the immune response. These cells express higher levels
of basal TRPML2*#1L%2 and an TRPML2-mediated increased viral uptake might also result in
increased PAMP (pathogen-associated molecular pattern) receptor activation leading to stronger

immune response and improved viral clearence.?

Antiviral effect after treatment with TRPML agonists

Several synthetic TRPML agonists are available which serve as useful tools to study TRPML function,
but also might display therapeutic potential. They belong to different substance classes, including
benzensulfonamides (e.g. SN-1- or SF-21-type), thiophenesulfonamides (e.g. MK6-83),
isoindolediones (e.g. ML-SA1) or isooxazolines (e.g. SN-2) among others (Figure 1.8a).?*?¢ There are
differences in their selectivity, potency and efficacy when they are used in different species.
Activation of TRPML channels using small molecule agonists leads to Ca?* flux from endosomes and
lysosomes into the cytosol, which can influence vesicular fusion and fission, vesicular trafficking,
lysosomal exocytosis and autophagy.?”>*%*® In addition, TRPML] activation was shown to give rise to

global Ca?* signals, originating from both ER and extracellular Ca?*.%*

ML-SAL1 is the best characterized TRPML agonist and was shown to restore lysosomal function and
rescue Alzheimer-related alterations of the endolysosomal/autophagic system.* It activates TRPML1
and TRPML3 in mice and all three TRPML family members in human cells.?® This compound induces
an open conformation by interacting with a hydrophobic pocket near the pore of the channels
(Figure 1.8b).?* Based on molecular docking, this binding site was also suggested for ML2-SA1, a
selective  TRPML2 agonist, which stimulates CCL2 release and migration in LPS-activated
macrophages.”’ In addition to agonists, several synthetic TRPML inhibitors are available. However,

they are not able to discriminate between the different members of the TRPML family.?’>3"
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Figure 1.8: Small molecule agonists of TRPML channels. (a) Structures of the unspecific TRPML agonist ML-
SA1, the specific TRPML2 agonist ML2-SA1, the specific TRPML3 agonist SN-2 and the specific TRPML1 and
TRPML3 agonist MK6-83.277:293:29%.%02 () Schematic model of agonist mediated TRPML activation. Small molecule
agonists bind within a hydrophobic pocket, which is formed by transmembrane helices S5, S6 and pore helix
PH1. This induces conformational changes that expand the selectivity filter and the lower gate, enabling cation

flux (Figure 8b is based on Schmiege et al.?*).

Due to the role of TRPML channels in viral infections, TRPML targeting compounds have emerged as
potential antivirals. While overexpression of TRPML2 leads to increased infection with certain
endocytosed viruses, activation of TRPML channels with ML-SA1 reduced DENV2 and ZIKV mRNA,
protein and the amount of released infectious particles in a dose-dependent manner in A549 and
Huh?7 cells.”*¢ ML-SA1 treatment did not induce a significant upregulation of IFNf or ISGs.** A time-
of-drug-addition experiment indicated that viral entry, but not later stages of the DENV2 and ZIKV
life cycle are affected by ML-SA1.%*¢ ML-SA1 did not reduce infection with Sendai virus, which directly
fuses with the plasma membrane and does not require endocytosis for cell entry.?® Moreover, the
effect of ML-SA1 on autophagy was investigated in A549 and Huh7 cells. ML-SA1 induced autophagy
in both cell lines.? Knockout of the key autophagy gene Atg7 (autophagy related 7) and treatment
with ML-SA1 still inhibited DENV2 in a dose-dependent manner, indicating that the antiviral effect of
ML-SA1 is not based on the induction of autophagy.** Additionally, lysosomal acidification in ML-SA1
treated cells was measured. In comparison to the control, ML-SA1 promoted lysosomal acidification.
Combination of ML-SA1 with leupeptin, an inhibitor of several lysosomal proteases resulted in a loss
of antiviral activity.”®® It was concluded that ML-SA1 mediated TRPML activation may promote vesicle
trafficking and fusion between endosomal and lysosomal membranes thereby leading to viral
degradation.”® The selective TRPML1 and TRPML3 agonist MK6-83 did not display antiviral potential,
while the selective TRPML3 agonist SN-2 provoked an antiviral effect.”®® However, the antiviral
potential of the selective TRPML2 agonist ML2-SA1 on flavivirus infection has not yet been analyzed.

Furthermore, it was postulated that the antiviral activity of ML-SA1 or SN-2 is related to the
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downregulation of TRPML2 and TRPML3 channel expression and is dependent on TRPML2 and
TRPML3 channel activity.? The effect of specific TRPML2 activation mediated by the small molecule

ML2-SA1 on ZIKV infection was investigated in the course of this thesis.

TRPML regulation has also been associated with SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) infection. For cell entry, the Corona virus Spike protein binds ACE2 (angiotensin-
converting enzyme 2) or dipeptidyl peptidase-4 (DPP4).*®® Berbamine, a bis-benzylisoquinoline
alkaloid, inhibits SARS-CoV-2 infection by suppressing TRPML-mediated endolysosomal trafficking
of the ACE2 receptor.

Activity of TRPML channels can also be indirectly mediated by affecting the lipid composition in the
endolysosomal system. PtdIns (3) P5-kinase (PIKfyve) is involved in the synthesis of PI(3,5)P,, which
is known to activate not only all three members of the TRPML family, but also the endolysosomal
cation channels TPC1 and TPC2.%23%43% Apilimod, a PIKfyve inhibitor, blocks entry and infection of

Ebola and Marburg virus in Huh7, Vero E6 and human primary macrophages.3”’
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2 Objectives

The human cation channel TRPML2 is a remarkable player of the endolysosomal system and
involved in ion homeostasis, signal transduction, autophagy and membrane trafficking.?>%* In
contrast to the other TRPML subfamily members, TRPML1 and TRPML3, the function of TRPML2 in
human health and disease is far less understood. In recent years, a role for TRPML2 in innate and
adaptive immunity has emerged.”® Furthermore, TRPML2 overexpression was found to increase
trafficking efficiency of endocytosed viruses.®? In contrast, the activation of all three TRPML channels
using the unspecific TRPML agonist ML-SA1 inhibited DENV2 and ZIKV infection by promoting
lysosomal acidification and protease activity.?*® Until now, the potential of the TRPML2 ion channel
as a putative antiviral target, e.g. through specific agonists and antagonists has not been investigated.

For TRPML2, only a single highly specific agonist, ML2-SA1, has been described.?”’
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Figure 2.1: The human ion channel TRPML2 and its putative involvement in the ZIKV life cycle. ZIKV uses
endocytosis to enter host cells. TRPML2 is located in the membranes of the endolysosomal system, and its
activity can be modulated using the small molecule ML2-SA1. The inlet shows the structure of mouse TRPML?2 at
pH 7.4, 3.14 A (pdb 7DYS). The ELD is the structural hallmark of the TRPML family and faces the endolysosomal
lumen. Abbreviations: ELD: extracytosolic/lumenal domain, TMD: transmembrane domain, CME: clathrin-mediated

endocytosis, ER: endoplasmic reticulum, prM: pre-membrane protein, TGN: trans-Golgi network, SVP: subviral particle.

ZIKV caused a major outbreak in the Americas in 2015/2016 and there is currently no specific
treatment or prophylactic vaccine available. Thus, a need for new antiviral targets exists. In this
thesis, the suitability of TRPML2 as an antiviral target against ZIKV was analyzed in vitro. The activity
of TRPML2 was modulated using the specific agonist ML2-SA1. The consequences of the use of this
substance allowed conclusions to be drawn about the role of TRPML2 in ZIKV infection. Experiments

were performed with two ZIKV isolates, one representative of the Asian lineage (ZIKV French
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Polynesia) and one representative of the African Lineage (ZIKV Uganda) to identify potential
differences in the role of TRPML2 for each lineage. The impact of ML2-SA1 treatment on the
morphology of the endolysosomal system was analyzed using cLSM and super-resolution

microscopy.

Investigations on the role of TRPML2 in viral infections also require a detailed understanding of its
structural regulation. In tetrameric TRPML channels, the ELD is a large domain of around 100 kDa
(~200 amino acids per protomer, 4x ~24kDa) and the structural hallmark of the TRPML family.
However, the physiological function of this enigmatic domain remains elusive. Notably, via the first-
transmembrane helix, the ELD is directly connected to the N-terminus, potentially enabling a
crosstalk between the different domains. For the TRPML1 ELD, a dual-regulation by Ca? and pH was
proposed by Li and coworkers.?? Shortly, an acidic motif in the ELD’s pre-pore loop is able to attract
and bind Ca®* at neutral pH, which the ELD encounters in the extracytosolic space, forming a block
for other cations. Whereas in lysosomes, where an acidic pH is found, the acidic residues are
protonated which enables cation flux. In this thesis, this model was tested for TRPML2 by
determining the affinity of Ca®* to the TRPML2 ELD at acidic and neutral pH using ITC. Furthermore,
the binding site of Ca** was investigated and the affinity of other cations, which are conducted by
TRPML2, to the ELD was analyzed. Potential effects of cation binding on the structure of the TRPML2
ELD which might be an important indicator of an inter-domain crosstalk were analyzed using high-

resolution spectroscopic techniques (NMR and EPR spectroscopy).
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3 Materials

3.1 Cells and viruses

Table 3.1: Bacterial strains.

Bacterial strain

Genotype

Provider

BL21-Gold (DE3) competent
cells
MAX Efficiency® DH5a™

competent cells

E. coliBF ompT hsdS(rB- mB")
dcm* Tetr gal A(DE3) endA I

F- ®80lacZAM15 A(lacZYA-argF)
U169 recAl endA1 hsdR17 (rk-,
mk+) phoA supE44 A-thi-

Agilent, Santa Clara, USA

Invitrogen, Carlsbad, USA

1 gyrA96 relAl
Rosetta-gami™ 2(DE3) A(ara-leu)7697 AlacX74 AphoA Merck KGaA, Darmstadt,
competent cells Pvull phoR araD139 ahpC galE Germany
galK rpsL (DE3)
F' [lac+laclq pro] gor522::Tn10
trxB pRARE2 (CamR, StrR, TetR)
Table 3.2: Eukaryotic cell lines.
Cell line Description Provider
A549 Human epithelial lung ATCC, Manassas, USA
carcinoma cells
Vero African green monkey kidney ATCC, Manassas, USA
cells
Table 3.3: Viruses.
Virus Strain Provider
ZIKV French Polynesia H/PF/2013 European Virus Archive goes Global (EVAg),
Marseille, France
ZIKV Uganda 976 Uganda European Virus Archive goes Global (EVAg),

ZIKV RLuc reporter virus

Marseille, France

Shan et al.?%®
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3.2 Buffers and solutions

3.2 Buffers and solutions

Table 3.4: Buffers and solutions for general procedures. For the composition of buffers used for specific

applications, please refer to the respective methods section.

Buffer/solution Ingredients
Anode buffer I 20% (v/v) Ethanol
300 mM Tris base
Anode buffer II 20% (v/v) Ethanol
25 mM Tris base
Cathode buffer 20% (v/v) Ethanol

40 mM 6-aminohexanoic acid
Mowiol mounting medium 100 mM Tris/HCl
10% (w/v) Mowiol
10% (w/v) glycerol
2.5% DABCO
pH 8.5
PBS without Mg** and Ca* 137 mM NaCl
2.7 mM KCl
8.1 mM Na,HPO4
pH7.4
RIPA (Radioimmunoprecipitation Assay) lysis 50 mM Tris/HCl
buffer 150 mM NaCl
0.1% (w/v) SDS
1% (w/v) sodium deoxycholate
1% (v/v) Triton X-100
SDS-loading buffer (4X) 4% (w/v) SDS
125 mM Tris/HCl
10% (v/v) glycerol
10% (v/v) B-mercaptoethanol
0.02% (w/v) bromphenol blue
pH 6.8
SDS-running buffer (10X) 250 mM Tris base pH 8.3
2 M glycine
1% (w/v) SDS
SDS-separating gel buffer 1.5 M Tris base
0.4% (w/v) SDS
pH 8.8
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3 Materials

SDS-stacking gel buffer

TBS (1X)

TBS-T (1X)

0.5M Tris base

0.4% (w/v) SDS
pH6.7

20 mM Tris

150 mM NacCl

pH 7.8

20 mM Tris

150 mM NacCl

0.05% (v/v) Tween-20

pH7.8
3.3 Cell culture reagents
Table 3.5: Reagents for cell culture.
Reagent Manufacturer

Dulbecco’s Modified Eagle’s Medium (DMEM)
high glucose (4.5 g/L glucose)

Fetal bovine serum

L-glutamine

Penicillin/streptomycin

Trypsin/EDTA (0.05% trypsin, 0.02% EDTA in
PBS)

Sigma-Aldrich, St. Louis, USA

Bio & Sell GmbH, Feucht, Germany

Bio & Sell GmbH, Feucht, Germany
Paul-Ehrlich-Institutee (central laboratory),
Langen, Germany

Paul-Ehrlich-Institutee (central laboratory),

Langen, Germany
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3.4 Chemicals

Table 3.6: Used chemicals and reagents.

Chemical/reagent Manufacturer

1,4-Diazabicyclo[2.2.2]octane (DABCO) Merck Millipore, Burlington, USA
2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1- Carl Roth, Karlsruhe, Germany
sulfonic acid (HEPES)

2-Amino-2-(hydroxymethyl) propan-1,3-diol (Tris) Carl Roth, Karlsruhe, Germany
3-(2-iodoacetamido)-proxyl (IPSL) Sigma-Aldrich, St. Louis, USA
3-bromo-1,1,1-trifluoroacetone (BTFA) Sigma-Aldrich, St. Louis, USA
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid =~ Thermo Fisher Scientific, Waltham, USA
(HEPES)
4’,6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich, St. Louis, USA

5,5"-Dithio-bis-(2-nitrobenzoic acid) (DTNB) Thermo Fisher Scientific, Waltham, USA

6-Aminohexanoic acid Carl Roth, Karlsruhe, Germany
Acetic acid Carl Roth, Karlsruhe, Germany
Acetone Carl Roth, Karlsruhe, Germany

Acrylamide/Bisacrylamide 37.5% Carl Roth, Karlsruhe, Germany

Agar Agar Carl Roth, Karlsruhe, Germany
Agarose LE Genaxxon bioscience GmbH, Ulm,
Germany

Ammoniumpersulfate (APS) Carl Roth, Karlsruhe, Germany

Ampicillin sodium salt (Amp) Carl Roth, Karlsruhe, Germany
Aprotinin AppliChem GmbH, Darmstadt, Germany
B-mercaptoethanol Carl Roth, Karlsruhe, Germany

Benzamidine hydrochloride Sigma-Aldrich, St. Louis, USA

Bradford reagent
Bromophenol blue

BSA fraction V

Calcium chloride (CaCl,)
Chloroform

Coomassie Brilliant blue R 250
Crystal violet

CutSmart buffer

Diethyl pyrocarbonate (DEPC)
Dimethylsulfoxide (DMSO)
Disodium phosphate (Na,HPO,)

Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, USA

New England Biolabs, Ipswich, USA

Carl Roth, Karlsruhe, Germany

Genaxxon bioscience GmbH, Ulm, DE

Carl Roth, Karlsruhe, Germany
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3 Materials

Dithiothreitol (DTT)

dNTPs mix (10 mM each)

Ethanol

Ethidium bromide

Filipin III

Formaldehyde (37.5%)

Gel Loading Dye Purple (6x)

Glycerol

Glycin

Hydrochloric acid

Imidazole

Iron (III) chloride (FeCls)

Isopropanol

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
LB Broth (Luria/Miller)

Magnesium chloride (MgCl,)

Methanol

Monopotassium phosphate (KH,PO,)
Monosodium phosphate (NaH,PO,)
Mowiol

Nickel nitrilotriacetic acid (NiNTA) Agarose
Page RulerTM Prestained Protein Ladder
Pepstatin

Phenylmethanesulfonyl fluoride (PMSF)
Potassium chloride (KCl)

Potassium ethylenediaminetetraacetic acid (K-EDTA)

Potassium hydroxide (KOH)

PrestoBlue™ Cell Viability Reagent

Precision Plus Protein™ Dual Color Standards
Quick-Load® Purple 1 kb DNA Ladder
Random hexamer primer

RNA-Solv® Reagent

Rotiphorese Gel 40 (29:1)

Roti’™-block (10x)

SIGMAFAST™ Protease Inhibitor Cocktail Tablets

Sodium chloride

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
Carl Roth, Karlsruhe, Germany
AppliChem GmbH, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

New England Biolabs, Ipswich, USA
Thermo Fisher Scientific, Waltham, USA
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

QIAGEN N. V., Venlo, Netherlands
Thermo Fisher Scientific, Waltham, USA
AppliChem GmbH, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
Bio-Rad, Hercules, USA

New England Biolabs, Ipswich, USA
Thermo Fisher Scientific, Waltham, USA
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany
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3.5 Compounds for treatments

Table 3.6 continued.

Sodium hydroxide

Sodium dodecyl sulfate (SDS)

SeaPlaque™ agarose

Sodium chloride (NaCl)
Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)aminomethane (Tris)
Triton X-100

Tween 20

Zinc chloride (ZnCl,)

Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Lonza Group AG, Basel, Switzerland
Carl Roth, Karlsruhe, Germany
AppliChem GmbH, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

3.5 Compounds for treatments

Table 3.7: Compounds used for treatment of human A549 cells with respective concentrations.

Compound Concentration = Mode of action

Provider

Bafilomycin Al 50 nM

Interferon a/B/y 500 U/mL

modulators

Leupeptin 200 pM
ML-SA1 100 uM
ML2-SA1 100 uM
Ribavirin 100 uM

V-type ATPase inhibitor

Immune response

Thiolprotease inhibitor

TRPML2 agonist

Nucleoside analogue

Sigma-Aldrich, St. Louis,
USA

Thermo Fisher Scientific,
Waltham, USA
AppliChem GmbH,

Darmstadt, Germany

TRPML1, ML2, ML3 agonist ~ Merck KGaA, Darmstadt,

Germany

I o, i,

first described by Plesch et
al'277

Selleckchem, Houston, USA
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3.6 Enzymes and Kits

Table 3.8: Used enzymes.

3 Materials

Enzyme Manufacturer
DNaseI AppliChem GmbH, Darmstadt, Germany
Lysozyme Sigma-Aldrich, St. Louis, USA

RevertAid H Minus Reverse Transcriptase
RNase
RQ1 RNase-free DNase

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, St. Louis, USA

Promega, Madison, USA

Table 3.9: Used Kkits.

Kit

Manufacturer

Gaussia-GLOW juice Luciferase Assay Kit
E.Z.N.A. Plasmid Mini Kit I

Kapa HiFi HotStart PCR Kit

Maxima™ SYBR™ Green qPCR Master Mix

PJK GmbH, Kleinbittersdorf, Germany
Omega Bio-Tek, Norcross, USA

Kapa Biosystems, Inc., Wilmington, USA
Thermo Fisher Scientific, Waltham, USA
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3.7 Antibodies

3.7 Antibodies

Table 3.10: Primary antibodies used for Western Blot (WB) and immunofluorescence stainings (IF).

Antibody Species Dilution (WB/IF) Manufacturer

Anti-B-Actin A5316 Mouse 1:10,000/- Sigma-Aldrich, St. Louis, USA

Anti-CD63 Mouse -/1:200 Abcam, Cambridge, Great Britain

Anti-Flavivirus Mouse -/1:300 Merck Millipore, Burlington, USA

Group Antigen clone

D1-4G2-4-15

Anti-LAMP2 Goat -/1:100 R&D Systems,Minneapolis, USA

Anti-p62 Guinea pig 1:1,000/- ProGen Biotechnik, Heidelberg,
Germany

Anti-TRPML2 Rabbit 1:500/1:100 Thermo Fisher Scientific, Waltham,
USA

Anti-ZIKV E (K87) Rabbit 1:500/1:500 Dr. Sami Akhras, Paul-Ehrlich-

Institute, Langen, Germany*”

Table 3.11: Secondary antibodies used for Western Blot (WB) and immunofluorescence stainings (IF).

Antibody Species Dilution Manufacturer

(WB/IF)
Anti-mouse IRDye"680RD Donkey 1:10,000/- LI-COR Biosciences, Lincoln, USA
Anti-mouse IRDye 800CW Donkey 1:10,000/- LI-COR Biosciences, Lincoln, USA
Anti-rabbit IRDye"680RD Donkey 1:10,000/- LI-COR Biosciences, Lincoln, USA
Anti-rabbit IRDye"800CW Donkey 1:10,000/- LI-COR Biosciences, Lincoln, USA
Anti-mouse IgG-Alexa 488 Donkey -/1:1000 Invitrogen, Carlsbad, USA
Anti-mouse IgG-Alexa 546 Donkey -/1:1000 Invitrogen, Carlsbad, USA
Anti-rabbit IgG-Alexa 488 Donkey -/1:1000 Invitrogen, Carlsbad, USA
Anti-rabbit IgG-Alexa 546 Donkey -/1:1000 Invitrogen, Carlsbad, USA
Anti-rabbit Cy™3 Donkey -/1:400 Jackson ImmunoResearch, West

Grove, USA

Anti-mouse STAR635P Goat -/1:200 Abberior, Gottingen, Germany
Anti-rabbit Atto594 Goat -/1:200 Merck KGaA, Darmstadt,

Germany
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3.8 Oligonucleotides

3 Materials

Table 3.12: List of oligonucleotides used for site-directed mutagenesis.

Oligonucleotides

Sequence (5’ - 3’)

TRPML2 ELD A92-K285 D113A fwd
TRPML2 ELD A92-K285 D113A rev
TRPML2 ELD A92-K285 E114A fwd
TRPML2 ELD A92-K285 E114A rev
TRPML2 ELD A92-K285 D115A fwd
TRPML2 ELD A92-K285 D115A rev
TRPML2 ELD A92-K285 D116A fwd
TRPML2 ELD A92-K285 D116A rev
TRPML2 ELD A92-K285 E114A/D115A fwd
TRPML2 ELD A92-K285 E114A/D115A rev
TRPML2 ELD A92-K285 F105W fwd
TRPML2 ELD A92-K285 F105W rev
TRPML2 ELD A92-K285 E95C fwd
TRPML2 ELD A92-K285 E95C rev
TRPML2 ELD A92-K285 T98C fwd
TRPML2 ELD A92-K285 T98C rev

GGGCACGGCCGAAGACGATTAC
CTTCGGCCGTGCCCGAGTAG
CACGGACGCAGACGATTACTCC
GTCTGCGTCCGTGCCCGAG
GGACGAAGCCGATTACTCCTGC
GTAATCGGCTTCGTCCGTGCCC
CGAAGACGCTTACTCCTGCTCAG
GAGTAAGCGTCTTCGTCCGTGC
CACGGACGCAGCCGATTACTCC
CGGCTGCGTCCGTGCCCG
CATTTAAACACCTGTGGCTGAAAGGCTACTC
CTTTCAGCCACAGGTGTTTAAATGCGACCG
GCGTTTAAATGCGACAATACGGTCGCATTTAAACAC
CCGTATTGTCGCATTTAAACGCACCACCAATCTG
GCGTTTAAAGAAGACAATTGCGTCGCATTTAAACACC
CGACGCAATTGTCTTCTTTAAACGCACCACCAATC

Table 3.13: Sequences of oligonucleotides used for RT-qPCR.

Oligonucleotide Sequence (5’-3’)

ISG15_fwd GAACCTCTGAGCATCCTGGTGAG
ISG15_rev CAGAACAGGTCGTCCTGCACAC
TRPML1_fwd GCCGTCGTCTCAAATAC
TRPMLI1_rev TTGACCACTTGCAGCATC
TRPML2_fwd ACCGTCAGAAATGCAATGG
TRPML2_rev TCTGGCTCGGTATTTTTCAC
TRPML3_fwd CTTTGTCATTCTGACTTGC
TRPML3_rev AAACTCCTGCTGAAGCTGA
RPL27_fwd AAAGCTGTCATCGTGAAGAAC
hRPL27_rev GCTGCTACTTTGCGGGGGTAG
ZIKV_fwd AGATCCCGGCTGAAACACTG
ZIKV_rev TTGCAAGGTCCATCTGTCCC
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3.9 Consumables

3.9 Consumables

Table 3.14: Used consumables.

Consumable

Manufacturer

Cell culture flasks (T75, T175)

Cell scrapers

Centrifugal concentrator Vivaspin® 20
(10,000 Da cutoff)

Centrifugal concentrator Vivaspin® 6
(10,000 Da cutoff)

Dialysis membrane (12,000 Da cutoff)
ZelluTrans/Roth dialysis membrane T4
Falcon tubes

Filtered pipette tips

Glass coverslips

Glass slides (Objekttrager)

Hybond-P PVDF membrane
LightCycler Multiwell plates

Multiwell plates

Page Ruler Prestained protein ladder
RotiLabo® syringe filters (0.22 / 0.45 pm)
Syrological pipettes

Whatman filter paper

Greiner, Frickenhausen, Germany
Greiner, Frickenhausen, Germany

Sartorius AG, Gottingen, Germany

Sartorius AG, Gottingen, Germany

Carl Roth, Karlsruhe, Germany

Greiner, Frickenhausen, Germany
Sartorius, Gottingen, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Merck Millipore, Burlington, USA
Roche, Basel, Switzerland

Greiner, Frickenhausen, Germany
Thermo Fisher Scientific, Waltham, USA
Carl Roth, Karlsruhe, Germany

Greiner, Frickenhausen, Germany

Ctyiva, Marlborough, USA
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3.10 Laboratory equipment

Table 3.15: Laboratory devices used in the course of this thesis.

3 Materials

Device

Designation

Manufacturer

Blotter

CD spectrometer

Centrifuge

Centrifuge

Centrifuge
Chromatography columns

Chromatography system

Confocal laser scanning
microscope system

Electrophoresis chamber

EPR spectrometer
EPR spectrometer

Fluorimeter

Fraction collector

Gel caster

Heat block

High pressure cell
homogenizer

Incubation shaker

Incubator

Infrared imager

TE77 ECL semi dry transfer
unit

JASCO-815

Avanti J-26XP
Centrifuge 5810 R

Heraeus Multifuge 1S-R
Glass Econo-Column®
NGC™ Medium-Pressure
Liquid Chromatography
System

Leica TCS SP8 System

Mighty small II vertical
electrophoresis system SE250
EMXnano

ELEXSYS E580

FluoroMax-4

Frac-920

Mighty small multiple gel
caster SE 200
Thermomixer compact
HPL6

Multitron Standard

Incubator BBD 6220
LI-COR Odyssey

Ctyiva, Marlborough, USA

JASCO GmbH, Pfungstadt,
Germany

Beckman Coulter, Brea, USA
Eppendorf, Hamburg,
Germany

Heraeus, Hanau, Germany
Bio-Rad, Hercules, USA
Bio-Rad, Hercules, USA

Leica, Wetzlar, Germany

Ctyiva, Marlborough, USA

Bruker, Billerica, USA
Bruker, Billerica, USA
HORIBA Scientific, Kyoto,
Japan

Ctyiva, Marlborough, USA
Ctyiva, Marlborough, USA

Eppendorf, Hamburg,
Germany

Maximator, Nordhausen,
Germany

INFORS HT, Bottmingen,
Switzerland

Heraeus, Hanau, Germany
LI-COR Biosciences, Lincoln,

USA
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3.10 Laboratory equipment

Table 3.15 continued.

Isothermal titration
calorimeter

Microcentrifuge

Microplate reader

NMR spectrometer
NMR spectrometer

pH-meter

pH-meter

Pipettes

Pipettes

Plate reader

Power supply for gel
electrophoresis
Power supply for gel
electrophoresis
Roller

RT-qPCR device

Scanner

SDS-PAGE chamber and
equipment

SEC column

SEC column

Anion exchange column
SEC column

Sonicator

Sonifier

MicroCal PEAQ-ITC Automated

Centrifuge 5415 R

Infinite M1000

AVANCE 600 MHz
AVANCE 900 MHz
pH electrode LE409

S20 - SevenEasy™ pH

ErgoOne® Single-Channel
Pipettes

Research® plus

CLARIOstar Plus

PowerPac™ Basic power
supply

Electrophoresis power supply
EPS 301

Rocking platform WT16
LightCycler 480 Instrument II
ViewPix 700

Mini-PROTEAN Tetra cell

HiLoad 16/600 Superdex 200 pg
Superdex 200 10/300 GL
RESOURCE Q

ENrich™ SEC 650 10 x 300
SonoPuls MS73

Branson Sonifier 250

Malvern Pananalytical,
Malvern, Great Britain
Eppendorf, Hamburg,
Germany

Tecan Group AG, Minnedorf,
Switzerland

Bruker, Billerica, USA
Bruker, Billerica, USA
Mettler-Toledo, Columbus,
USA

Mettler-Toledo, Columbus,
USA

STARLAB International GmbH,
Hamburg, Germany
Eppendorf, Hamburg,
Germany

BMG LABTECH, Ortenberg,
Germany

Bio-Rad, Hercules, USA

Ctyiva, Marlborough, USA

Biometra, Gottingen, Germany
Roche, Basel, Switzerland
Biostep, Burkhardtsdorf,
Germany

Bio-Rad, Hercules, USA

Ctyiva, Marlborough, USA
Ctyiva, Marlborough, USA
Ctyiva, Marlborough, USA
Bio-Rad, Hercules, USA
BanGermanylin, Berlin,
Germany

Branson, Dietzenbach,

Germany
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Table 3.15 continued.

3 Materials

Super-resolution microscope
system

Table centrifuge
Temperature controlled
vortexer

UV-Vis spectrophotometer

Vortexer

Water bath
Weighing scale
Weighing scale

Weighing scale

Leica Stellaris 8 System

neoLab Mini Star D-6020

Multi-Therm

NanoDrop 2000c

RS-VA 10

Vortex®Genie 2

Water bath1228-2F

Satorius balance LP 6000 200S

Precision balance PL] 600-2GM

PS 4500.R2 Precision Balance

Leica, Wetzlar, Germany

neoLab Migge GmbH,
Heidelberg, Germany
Benchmark Scientific,
Sayreville, USA

Thermo Fisher Scientific,
Waltham, USA

Phoenix Instrument GmbH,
Garbsen, Germany

Scientific Industries, Bohemia,
USA

VWR, Darmstadt, Germany
Sartorius, Gottingen, Germany
KERN & SOHN GmbH,
Balingen, Germany

Radwag Balances and Scales,

Radom, Poland
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3.11 Software

3.11 Software

Table 3.16: Software used for data acquisition and processing as well as thesis writing and illustration.

Software

Supplier

ChemBioDraw® Ultra 13.0

Clustal Omega

CorelDRAW Graphics Suite 2019

ExPASy Swiss Bioinformatics Resource Portal®'’

FIJI

GraphPad Prism 8
Image Studio™ Lite Quantification Software
LAS X Control Software
LightCycler 480 SW1.5.1
Mendeley

Microsoft 365

Origin 8

PyMOL

TECAN iControl
TopSpin® 4.0.6

PerkinElmer Inc., Waltham, USA
EMBL-EBI, Hinxton, Great Britain
https://www.ebi.ac.uk/Tools/msa/clustalo/
Corel Corporation, Ottawa, Canada

SIB Swiss Institute of Bioinformatics, Lausanne,
Switzerland

https://www.expasy.org/

https://fiji.sc/

GraphPad Software, San Diego, USA
LI-COR Biosciences, Lincoln, USA

Leica Microsystems, Wetzlar, Germany
Roche, Basel, Switzerland

Elsevier, Amsterdam, Netherlands
Microsoft, Redmond, USA

OriginLab, Northampton, USA
Schrédinger Inc., New York, USA

Tecan Group AG, Minnedorf, Switzerland

Bruker, Billerica, USA
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4 Methods

4.1 Cells culture and Zika virus infections

Human epithelial lung carcinoma cells (A549) and African green monkey kidney cells (Vero) cells
were maintained in Dulbecco’s modified Eagle medium (DMEM) containing 4.5 g/L D-glucose
supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL in 5% CO, and 95%
relative humidity at 37 °C. Passaging of cells was performed every three to four days using a trypsin-
EDTA solution (0.05% trypsin, 0.02% EDTA in PBS). The following cell densities were seeded for

experiments in multi-well plates:

Table 4.1: Used cell densities for seeding in multi-well plates.

Multiwell plate Cell density
6-well plate 3x 10° cells/well
12-well plate 1.5x 10° cells/well
96-well plate 1x 10* cells/well

For ZIKV infection experiments, cells were infected with either the ZIKV French Polynesia H/PF/2013
isolate or the 976 Uganda isolate with a multiplicity of infection (MOI) of 1. The inoculum was
removed 16 h post infection and cells were washed once with PBS. At the desired time points,
supernatants were collected and stored at —80 °C (where applicable) and cells were washed with PBS
and harvested for subsequent experiments. Treatment with compounds was started two hours before
infection and substances were refreshed during infection and 16 h and 24 h post infection to
guarantee constant levels of compounds in cells, if not stated otherwise. DMSO was used as a vehicle

control.

4.2 Cell viability assay

Cell viability assays were performed using PrestoBlue® Cell viability reagent according to the
manufacturer’s protocol. PrestoBlue® is a cell-permeable resazurin-based solution. When added to
cells, the PrestoBlue® reagent is modified by the reducing environment of viable cells, thus a color
change from blue to red that can be detected using fluorescence or absorbance measurements allows
to quantify cell viability.A549 cells were seeded in a flat-bottom 96-well plate and treated with ML2-
SA1 and ML-SA1 with concentrations ranging from 12.5 pM to 200 pM for 24 h and 48 h, respectively.
After an incubation period of 1 h at 37 °C with PrestoBlue® Cell viability reagent, the fluorescence of

the reagent was measured in a microplate reader Infinite M1000.
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4.3 Time-of-addition experiment

4.3 Time-of-addition experiment

A549 cells were seeded in 6-well plates and infected with the ZIKV French Polynesia or Uganda isolate
(MOI=1) for one hour. Treatment with 50 nM Bafilomycin A1, 100 uM ML-SA1, 100 uM ML2-SA1 and
100 M Ribavirin (dissolved in DMSO, stock concentrations 5 uM (Bafilomycin A1) and 10 mM (ML-
SA1, ML2-SA1, Ribavirin)) was started at the respective timepoint (2 h before infection, during
infection, 1 h, 6 h, 16 h and 22 h post infection). Complete media changes were performed during
infection and 1 h post infection. At 24 h post infection, cells were washed once with PBS and lysed

with RIPA buffer for subsequent Western blot analyses.

4.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting

For cell harvesting, A549 cells were washed with PBS, lysed with 100 pL RIPA buffer per well
(including suitable amount of protease inhibitors) and scraped from plates. Afterwards, lysates were
sonified (10 s, 20% intensity) and the protein concentration was determined using Bradford Reagent.
Samples containing 75 ug protein in SDS loading buffer were heated for 10 min at 95 °C and loaded on
an SDS-PAGE (10% SDS) and separated using a voltage of 100 V. Afterwards, protein was transferred
to a nitro-cellulose membrane by semi-dry western blotting. The membranes were blocked with 1X
Roti-block for 1 h and incubated overnight with the respective primary antibodies (Table 3.10) which
have been diluted in blocking solution. The following day, membranes were washed with TBS buffer
containing 0.05% Tween (TBS-T) and then incubated with the respective fluorophore-conjugated
secondary antibodies (Table 3.11) diluted in blocking solution. After another washing step with
TBS-T, fluorescence detection was performed using a LI-COR Odyssey system. Signal intensity was
quantified using the Image Studio™ Lite software and normalized to the signal intensity of the

respective loading control.

Additionally, SDS PAGE was used to verify the success of the purification of the TRPML2 ELD
construct from E. coli (see section 4.11). After proteins were separated according to their respective
molecular mass, the gels with the resulting protein bands were stained with Coomassie staining

solution and destained to control protein purity.

4.5 RNA isolation, reverse transcription and real-time quantitative PCR (RT-
qPCR)

For cell harvesting, A549 cells were washed with PBS and lysed with RNA-Solv® Reagent. Total

intracellular RNA was isolated following the method described by Chomczynski and Sacchi.®

Afterwards, DNA was digested using the RQ1 RNAse-free DNase and total RNA was transcribed into

cDNA with random hexamer primer and RevertAid H Minus Reverse Transcriptase following the

manufacturer’s protocol. mRNA levels were quantified using the Maxima™ SYBR™ Green gPCR
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4 Methods

Master Mix Kit for real-time quantitative PCR (RT-qPCR). RT-qPCR was performed using a
LightCycler®480 System according to the following protocol:

Figure 4.1: RT-qPCR protocol

Program Temperature (°C) Hold (s) Ramp Rate (°C/s) Cycles
Initial denaturation 95 600 4.4 1
Denaturation 95 15 4.4
Annealing 56 30 2.2 45
Elongation 72 30 4.4
Melting 95 60 4.4

56 30 2.2 1

97 - 0.1
Cooling 37 30 2.2 -

Primers used for determination of intracellular mRNA levels are listed in Table 3.13. The n-fold
expression was calculated using the 27" method.*”> The housekeeping gene human ribosomal

protein L27 (hRPL27) was used for normalization.

4.6 Plaque assay

After the respective treatment of A549 cells with 100 uM ML2-SA1 and infection with ZIKV French
Polynesia and ZIKV Uganda, supernatants were collected at the respective harvesting timepoint and
stored at —80 °C. For plaque assays, Vero cells were seeded on a six-well plate (3x 10°cells per well)
and infected with serial dilutions of sample supernatant which beforehand was centrifugated at
5 min at 5000 rpm to remove cell debris. The inoculum was removed two hours post infection and the
cells were covered with 0.4% SeaPlaque™ agarose in medium. After 20 min at RT for solidification of
the agarose/medium mixture, cells were incubated in 5% CO, and 95% relative humidity at 37 °C for
five days. Then, the cells were fixed with 4% formaldehyde in PBS for 20 min and stained with 0.1%
crystal violet in 20% ethanol. The cells were washed with water and plaques in the cell layer were
counted. Virus titers are described as plaque forming units per mL (PFU/mL) and are presented in

relation to the respective DMSO control.
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4.7 Confocal laser scanning microscopy and super-resolution microscopy

4.7 Confocal laser scanning microscopy and super-resolution microscopy

Cells were seeded on glass coverslips in a 12-well plate and at the desired time-point fixed with either
ice-cold ethanol:acetone (1:1) for 10 min or with 4% para-formaldehyde in PBS for 20 min at RT.
Blocking and permeabilization were performed by the addition of 5% BSA in TBS-T for 15 min at RT.
Samples were incubated with the respective primary antibodies (Table 3.10) for 1 h at RT followed by
a washing step with TBS-T and incubation with the respective secondary antibodies (Table 3.11) for
1h at RT and DAPI (250 ng/mL) for cell nuclei visualization. After a final washing step with TBS-T,
coverslips were mounted with mowiol mounting medium on microscope slides and analyzed using a

confocal Leica SP8 microscope.

For staining of intracellular cholesterol and oxysterols, cells were fixed with 4% paraformaldehyde in
PBS for 20 min at RT. Blocking was performed with 5% BSA in TBS supplemented with 0.1 mg/mL
filipin III for 30 min at RT. Samples were incubated with the respective primary antibodies (Table
3.10) for 1 h at RT followed by a washing step with TBS and incubation with the respective secondary
antibodies (Table 3.11) and 0.1 mg/mL filipin III for 1 h at RT. After a final washing step with TBS,
coverslips were mounted with mowiol mounting medium on microscope slides and analyzed using a

confocal Leica SP8 microscope.

Super-resolution microscopy was performed with ||| | | b @ grour, Paul-Ehrlich-

Institute, Langen). Beforehand, samples were incubated with secondary antibodies (STAR635P and
Atto594, see Table 3.11), which are suitable for STED (stimulated emission depletion). DAPI was not
used for cell nuclei visualization, because it can cause high background signal. For image acquisition,
a Leica Stellaris 8 microscope system was used, which was equipped with a white light laser for
fluorescence excitation and three STED lasers for fluorescence inhibition. For dual-color STED, a
single STED line (775 nm) was used. Immunofluorescence images were deconvoluted using the LasX

Lightning tool.

Acquisition and analysis of all images were performed using the LAS X software or FIJI.

4.8 ZIKV luciferase reporter assay

ZIKV luciferase reporter assays were performed by ||| G < G T
group, Paul-Ehrlich-Institute, Langen). A549 cells were seeded with a density of 2x 105 cells/well in a
12-well plate. The following day, cells were infected with 10 genome equivalents (GEs) of ZIKV
luciferase reporter virus for 4 h in the presence of 100 uM ML2-SA1/ML-SA1. At 4h and 24 h post
infection, compounds were refreshed to ensure constant level during the experiment. At 48 hpi, cells
were washed, lysed and the luciferase activity was determined using the Gaussia GLOW-Juice Kit

according to the manufacturer’s protocol.
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4 Methods

4.9 Statistical analysis of cell culture experiments

Results are depicted as mean of at least three independent experiments + standard deviation (SD),
unless stated otherwise. All data were analyzed using the software GraphPad Prism and student t test
was used to analyze statistical relevance. The level of statistical relevance shown in the graphs are
expressed with asterisks (*) that correspond to the following p-values: *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.

4.10 Cloning of TRPML2 ELD constructs

A plasmid containing the sequence of TRPML2 ELD A92-K285 cloned into a pET1lla vector was
provided by || }}@B@BEEE S :oup; Friedrich-Schiller-University, Jena). Point
mutations were introduced by site-directed mutagenesis using the Kapa HiFi HotStart PCR Kit.
Oligonucleotides were purchased from Sigma Aldrich (Table 3.12). For plasmid multiplication, E. coli
DH5a competent cells were transformed with the respective plasmid via heat shock transformation.
After growth in LB medium, plasmids were isolated with the E.Z.N.A. Plasmid Mini Kit I and then
sequenced to ensure mcoln2 gene sequence identity with databases (Uniprot accession nr Q8IZK6,
human TRPML2). Sequencing was performed by StarSEQ GmbH (Mainz, Germany) and Eurofins

Scientific (Luxemburg).

4.11 Expression and purification of TRPML2 ELD constructs

TRPML2 ELD construct purification follows the protocol published by Li and coworkers.?
HiseSUMO-tagged ELD containing plasmids were transformed into E. coli Rosetta-gami™ (DE3)
competent cells via heat shock transformation. Cells were grown at 37 °C in LB medium containing
100 pg/mL ampicillin to an ODgg of 1.0. After cooling the cell suspension to 22 °C, protein expression
was induced with 100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) and cells were grown for
another 15h before being harvested by centrifugation (6200 g, 10 min, 4 °C). Cells pellets were
resuspended in lysis buffer (50 mM NaP; (pH 8.0), 300 mM NaCl, 2.5% glycerol, 5 mM imidazole)
before adding lysozyme, RNase, DNase, 1 mM phenylmethanesulfonylfluoride (PMSF), 1 mM
benzamidine and one SIGMAFAST™ protease inhibitor cocktail tablet. Cells were lysed by
sonification or a Maximator high pressure homogenizer and the lysate cleared by centrifugation (1 h,
48,384 g, 4 °C). All following purification steps were carried out at 4 °C. The supernatant was loaded
onto a NINTA-column and the flow through was discarded. The column was extensively washed with
lysis buffer and afterwards eluted with a buffer containing 50 mM NaP; (pH 8.0), 300 mM NacCl,
2.5% glycerol, 500 mM imidazole). Ulpl protease was added to the eluted protein in a 1:15 molar ratio
to remove the HissSUMO-tag. The mixture was dialyzed overnight against a buffer including 50 mM
NaPi (pH 8.0), 150 mM NaCl and 2.5% glycerol. After dialysis, reverse IMAC (immobilized metal

affinity chromatography) was used to separate His-tagged Ulpl, cleaved HissSUMO-tag and uncleaved
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4.11 Expression and purification of TRPML2 ELD constructs

TRPML ELD from cleaved ELD. ELD containing fractions were identified using a 15% SDS-PAGE,
concentrated using centrifugal concentrators and purified on a Superdex 200 column (10 mM HEPES
pH 7.5, 150 mM NaCl). Peak fractions containing ELD were collected, concentrated, frozen in liquid

nitrogen and stored at —20 °C until further use (procedure A).

Alternatively, Ulpl digest and dialysis were carried out in 25 mM NaP; pH 8.0, 30 mM NacCl,
2.5% glycerol. Size exclusion chromatography on a Superdex 200 column (buffer containing 25 mM
NaP; (pH 8.0), 30 mM NacCl, 2.5% glycerol) was performed directly after dialysis. Peak fractions were
collected and analyzed using 15% SDS-PAGE. ELD fractions were subjected to a RESOURCE Q anion
exchange chromatography column to remove further impurities. The column was washed with
25 mM NaP; (pH 8.0), 30 mM NaCl, 2.5% glycerol and protein was eluted via a salt gradient using a
buffer containing 25 mM NaP; (pH 8.0), 1 M NaCl, 2.5% glycerol. Peak fractions containing ELD were
collected, concentrated, frozen in liquid nitrogen and stored at -20°C until further use

(procedure B).

Physicochemical properties of TRPML2 ELD constructs were determined using the ProtParam tool by
ExPasy (https://web.expasy.org/protparam/). TRPML2 ELD construct characteristics before Ulpl
cleavage can be found in the appendix (Table 10.1).

Table 4.2: TRPML2 ELD construct characteristics after Ulpl cleavage. pI and €20nm Were calculated with the

ExPASy ProtParam tool.

# ELD construct AAs MW /Da pI €280 nm
p329 TRPML2 ELD A92-K285 WT 194 22,543.27 5.02 20,650
p582 TRPML2 ELD A92-K285 D113A 194 22,499.26 5.12 20,650
pS83 TRPML2 ELD A92-K285 E114A 194 22,485.23 5.11 20,650
pS84 TRPML2 ELD A92-K285 D115A 194 22,499.26 5.12 20,650
p585 TRPML2 ELD A92-K285 D116A 194 22,499.26 5.12 20,650
p587 TRPML2 ELD A92-K285 E114A/D115A 194 22,441.22 5.22 20,650
p687 TRPML2 ELD A92-K285 F105W 194 22,582.30 5.02 26,150
p646 TRPML2 ELD A92-K285 E95C 194 22,517.29 5.11 20,775
p647 TRPML2 ELD A92-K285 T98C 194 22,545.30 5.02 20,775

#: Internal [Jij srovp plasmid (p) numbers
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4.12 Ulpl expression and purification

The pET28 plasmid containing the Ulpl encoding sequence was kindly provided by Prof. Dr. Jens
Wohnert (Goethe-University of Frankfurt, Germany). It was transformed into E. coli BL21-Gold(DE3)
competent cells. Cells were grown in LB medium containing 0.1 mg/mL kanamycin at 37 °C to an
ODgg 0f 0.8 - 0.9. Protein expression was induced by addition of 1 mM IPTG and cells were grown for
further 4 h at 37 °C before being harvested by centrifugation (6200 g, 10 min, 4 °C). Cell pellets were
resuspended in lysis buffer (20 mM Tris pH 8.0, 20 mM imidazole, 300 mM NacCl, 0.1% (v/v) Triton X-
100, 1 mM DTT) and DNase, RNase and lysozyme were added. Lysis was performed by sonification
and the lysates cleared via centrifugation (1 h, 48,384 g, 4 °C). The subsequent purification steps were
all performed at 4 °C. The supernatant was loaded onto a NiNTA-column and the flow through was
discarded. After washing with a buffer including (20 mM Tris pH 8.0, 20 mM imidazole, 300 mM
NaCl), the protein was eluted stepwise using 100, 150, 200 and 250 mM imidazole. Fractions
containing Ulpl were identified using a 15% SDS-PAGE and pooled fractions were dialyzed overnight
against 75 mM Tris pH 8.0, 50% glycerol, 0.5 mM DTT, 1 mM EDTA. The following day, the samples

were aliquoted, frozen in liquid nitrogen and stored at —80 °C until further use.

4.13 Circular dichroism (CD) spectroscopy

CD measurements were performed on a JASCO-815 CD spectrometer with a 1 mm quartz cuvette.
Purified protein was dialyzed overnight into a buffer containing 10 mM NaP;, 15 mM NaCl set to the
desired pH value. Protein concentrations were adjusted to 5 uM in 200 uL. Spectra were recorded at
20 °C in a spectral range between 190 - 260 nm with 1 nm scanning intervals, 5 nm bandwidth and
50 nm/min scanning speed. All spectra were obtained from the automatic averaging of ten
measurements with automatic baseline correction. The measured ellipticity 8 in degrees (deg) was

converted to the mean residue ellipticity (MRE):

MRW - 0,
10-d-c

MRE; = 1)

Here, MRE, is the mean residue ellipticity and 6, is the measured ellipticity at wavelength A. d
describes the pathlength and c is the protein concentration in g/mL. MRW is the mean residue
weight:

MRW = W (2)

N-1

My is the molecular weight of the protein in Da and N is the number of residues.
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4.14 Analytical size exclusion chromatography (SEC)

4.14 Analytical size exclusion chromatography (SEC)

Analytical size exclusion was performed with an Enrich SEC 650 10 x300 or a Superdex 200 10/300 GL
column, respectively. Purified protein was dialyzed overnight into a buffer containing 10 mM NaP;,

15 mM NacCl set to the desired pH value. Protein concentrations were adjusted to 12.5 uM in 200 pL.

4.15 Isothermal titration calorimetry (ITC)

ITC measurements were carried out at 25 °C using a MicroCal PEAG-ITC Automated instrument. For
each measurement, purified protein was dialyzed overnight into a buffer (10 mM HEPES, 15 mM
NaCl) set to the desired pH value (pH 7.4, 6.5 and 4.5). Protein concentrations were adjusted to
400 uM (unless stated otherwise). After an initial delay of 60 s, 19 serial injections of 2 yL (from a
15 mM stock solution) every 150 s were carried out (first injection: 0.4 uL). The reference power was
set to 10 pcal/s and stirring speed to 750 rpm. For each condition, two independent experiments were
performed. As control experiments, the stock solution was titrated into the respective buffer
solution. The thermograms were processed using the MicroCal PEAQ-ITC Analysis Software
assuming a “one set of sites” models. For fitting of experimental data, the heat released from the i

injection (AQ(i)) was calculated using the following function:
£Q() = Q) + S [F2= — g - 1) (3)
Vo 2

Here, V, is the active cell volume and dV; is the i injection volume. Errors for affinity constants

present standard deviations based on two independent measurements.

4.16 Tryptophan fluorescence spectroscopy

Tryptophan fluorescence spectroscopy measurements were carried on a FluoroMax-4 fluorimeter
with an excitation wavelength of 300 nm and a detection range between 310 - 400 nm. Purified
protein was dialyzed overnight into a buffer containing 10 mM NaP;, 15 mM NaCl set to the desired

pH value and protein concentrations were adjusted to 5 pM in 200 uL.

4.17 Ellman’s test

Ellman’s test was performed to verify the efficiency of the labeling procedure in which the TRPML2
ELD E95C mutant was incubated with BTFA (3-bromo-1,1,1-trifluoroacetone) for subsequent *F-NMR
and IPSL (3-(2-iodoacetamido)-proxyl) for EPR (electron paramagnetic resonance) measurements,
respectively. Experiments were carried out in a 96 well-plate. In one well, 2 mM/20 nmol Ellman’s
reagent (5,5'-dithio-bis-(2-nitrobenzoic acid), DTNB) in 100 mM Tris pH 8.0 were filled up to a total

volume of 200 pL per well. The protein was titrated to the solution in 2 nmol steps and the solution
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4 Methods

was mixed carefully and allowed to equilibrate for two minutes. Afterwards, the absorbance was

measured at 412 nm at RT with a CLARIOstar Plus plate reader.

4.18 'H-*N HSQC NMR measurements

E. coli Rosetta-gami™ (DE3) competent cells were transformed with the plasmid encoding the WT
TRPML2 ELD A92-K285 and grown in commercially available H-**N labeled Silantes medium. Protein

expression and purification was performed as described in section 4.11, procedure A.

Spectra were recorded by ||| | | | QSN < I - 295 K in 10 mM HEPES

pH 7.5, 150 mM NaCl, supplemented with 10% D,O on a Bruker AVANCE 900 MHz spectrometer at the
Centre for Biomolecular Magnetic Resonance, Goethe University, Frankfurt. CaCl, titrations were
performed with a 1 M CaCl, stock yielding final concentrations of 2.5 mM and 10 mM CaCl, in
solution. Measurements were performed using standard pulse sequences and processed using the

TopSpin 4.0.6 software.

4.19 YF-NMR measurements

The TRPML2 ELD E95C construct was expressed and purified as described in 4.11, procedure B.
During purification, the protein-bound NiNTA-beads were transferred to a falcon and incubated
overnight under gentle rotation with a 15-fold excess of BTFA at pH 6 and 4 °C. The following day, the

purification was continued as described above (section 4.11).

“F-NMR spectra of TFA-labeled TRPML2 ELD E95C were recorded together with |Gz
I B i oup; Friedrich-Schiller-University, Jena) on a Bruker Avancelll HD 600 MHz
spectrometer system equipped with a helium cooled QCI 600S3 H&F/P/C-N-D-05 Z XT probe at 298 K
using a protein concentration of 50 uM. Buffers contained 10 mM HEPES, 15mM NaCl and
supplemented with 10% D,O and titrations were performed with 40 mM stock solutions of CaCl,,
MgCl,, FeCls;, and ZnCl,. For ®F-NMR spectra, a standard 90° pulse sequence without 'H decoupling
was used. The length of the F 90° pulse was the standard 11 us determined for this probe at an
incident power of 4.18 W. Spectra were acquired with 8192 complex data points and a spectral width
of 50.3 ppm at a transmitter frequency offset of —80 ppm. This corresponds to an acquisition time of
0.144 s and with a dwell time of 17.6 us, the resolution of the FID was 6.9 Hz. The number of scans for
each experiment was 128 with an interscan delay of 1 s. This time was sufficient for a complete return
of the F magnetization to thermal equilibrium, so that there was no saturation of the “F signal due
to an insufficient interscan delay. For direct referencing, the 'H signal of an external sample
containing 0.1 mM DSS (sodium trimethylsilylpropanesulfonate) in aqueous buffer at 25 °C was set to

0 ppm and the “F signals were indirectly referenced using the magnetogyric ratio.*?
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4.20 Electron paramagnetic resonance (EPR) spectroscopy

4.20 Electron paramagnetic resonance (EPR) spectroscopy

The TRPML2 ELD E95C construct was expressed and purified as described in 4.11, procedure B.
During purification, the protein-bound NiNTA-beads were transferred to a falcon and incubated
overnight under gentle rotation with a 15-fold excess of IPSL at pH 8 and 4 °C. The following day, the

purification was continued as described above (section 4.11).

EPR measurements were performed together with |||ili] in the group of | NN

Rheinische Friedrich-Wilhelms-University, Bonn). Continuous-wave (CW) EPR measurements of free
IPSL (100 uM) and TRPML2 ELD E95C-PSL were carried out in 10 mM HEPES, 15mM NaCl
(deuterated buffer) on a EMXnano (Bruker) using the following settings: microwave power 0,631 mW;
resolution 900; video gain 64 dB; modulation amplitude 1.0 G; time constant 20.48 ms, conversion

time 50.14 ms; 64 scans for IPSL and sample and 100 scans for the TRPML2 ELD E95C sample.

PELDOR (pulsed electron double resonance) measurements were performed on an ELEXSYS E580
(Bruker) spectrometer using a FlexLine probe with a Q-band resonator ER5106QT-2 (Bruker).
Microwave pulses were amplified via a 150 W TWT amplifier (model 187Ka). To guarantee a working
temperature of 50K, a continuous flow helium cryostat CF935 (Oxford Instruments) and a
temperature control system iTC 503S (Oxford Instruments) were used. PELDOR measurements with
the TRPML2 ELD E95C-PSL (100 uM in 10 mM HEPES, 15 mM NaCl, with and without 400 uM CacCl,,
pH 7.4/6.5 (deuterated buffer)) were carried out with the standard four-pulse sequence n/2(vdet)-t1-
n(vdet)-(tl + t)-m(vpump)-(t2 - t)-m(vdet)-t2-echo. Pump pulse frequency and magnetic field were
adjusted to be on resonance with the maximum of the nitroxide spectrum. The frequency of the
detection pulse was set 100 MHz lower than the pump pulse frequency. The pump pulse had a
duration of 20 ns. Pulse lengths of 12 and 24 ns were applied for the detection m/2- and m-pulses,
respectively. To eliminate receiver offsets, the detection m/2-pulse was phase-cycled. The t1 interval
was set to 260 ns and was incremented during each experiment eight times with a step of 16 ns. The
T2 interval was set to 10 us. The position of the pump pulse relative to the primary echo was increased
in steps of 16 ns. All PELDOR measurements were performed at 50 K with a shot repetition time of

2 ms. The signal was averaged over 50 - 200 runs to obtain a good signal to noise ratio.
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Part I: The Role of the human TRPML2 ion channel in

Zika virus infection

The human TRPML2 protein is an unselective cation channel involved in ion homeostasis, signal
transduction and membrane trafficking in the endolysosomal system.*** Endocytosis is a common
mechanism for multiple viruses (including flaviviruses) to enter host cells. Recent studies indicated a
role for TRPML2 in infection with endocytosed viruses.’>**® Overexpression of TRPML2 increased
infectious virus production of several viruses (for example YFV and ZIKV) and promoted endosomal
trafficking of influenza A virus (IAV).*? In contrast, when all three TRPML subfamily members were
unspecifically activated with chemical agonists, ZIKV and DENV entry into host cells was inhibited
due to an increase in lysosomal acidification and acidic protease activity.?*® Thus, the individual role

of TRPML2 in the infection process of endocytosed viruses remains elusive.

In this thesis, the role of TRPML2 in ZIKV infection has been investigated. In the last few years, ZIKV
outbreaks affected millions of people and presented a serious threat for public health.* Until now,
there is no specific treatment or prophylactic vaccine against ZIKV available. Nevertheless, the
probability of a new outbreak is high and the habitat of ZIKV vectors, i.e. mosquitoes of the Aedes

species is expanding due to climate change.

Herein, the responsiveness of TRPML2 to interferons, important modulators of innate immunity, was
tested in uninfected cells before quantifying the impact of ZIKV infection on TRPML2 expression
levels. The potential of TRPML2 as an antiviral target was elucidated through use of the TRPML2-
specific agonist ML2-SA1?”7. The consequences of ML2-SA1 treatment for different phases of the ZIKV
life cycle were analyzed and a reduction of viral infectivity could be observed. Since the ZIKV life
cycle shares similarities with that of other flaviviruses, TRPML2 might serve as a new drug target and

the small molecule ML2-SA1 as a starting point for a new class of (pan-)antivirals.
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5 Results

5.1 Interferon treatment does not induce TRPML2 overexpression in A549 cells

Interferons have a central role in the innate immune response. Pathogens including viruses, are
recognized by host cells through pathogen-specific recognition receptors (PRRs). Activation of PRRs
leads to production and release of interferons, which bind to their respective receptor, activate
signaling cascades and stimulate transcription of ISGs.**?* In a macrophage cell line, TRPML2
expression was shown to be upregulated after TLR activation, while no effect on TRPML1 and
TRPML3 expression was observed.?® In addition, TRPML2 mRNA levels were elevated 4-fold in

chimpanzee peripheral blood mononuclear cells following IFNa exposure at 4h post-treatment.?”

To investigate if IFN treatment provokes an increase of TRPML2 mRNA and protein levels in
uninfected cells, the lung adenocarcinoma cell line A549 was chosen for this study. A549 cells express
TRPML2 at moderate levels and are highly susceptible for various ZIKV strains, an important

criterion for subsequent ZIKV infection experiments.3+31
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Figure 5.1: Interferon treatment did not induce TRPML2 overexpression in A549 cells. A549 cells were treated
with 500 U/mL interferon (IFN) a, B and y and harvested after 4 h, 8 h and 24 h post treatment. (a, b) Relative
fold-change in intracellular TRPML2 and ISG15 (interferon-stimulated gene 15) mRNA levels assessed via RT-
gPCR. (c) Relative fold-change in TRPML2 protein as assessed via Western Blot analyses. One representative
Western Blot is shown on the right. Data are normalized to the respective control (ctrl) and expressed as mean +
SD from n = 3 biological replicates. Statistical significance was determined by using an unpaired #-test. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0,0001.

Uninfected A549 cells were treated with interferon a, § and y for 4 h, 8 h and 24 h. As seen in Figure
5.1a and c, treatment of A549 cells with interferons does neither lead to a significant increase nor

decrease of TRPML2 mRNA and protein levels at the chosen timepoints as compared to the control.
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5.2 Zika virus infection reduces both TRPML2 mRNA and protein levels

ISG15 (as a representative ISG) mRNA levels were tested for each timepoint and confirmed the

effectiveness of the IFN treatment (Figure 5.1b).

5.2 Zika virus infection reduces both TRPML2 mRNA and protein levels

While TRPML2 overexpression was shown to enhance ZIKV infection,” the effect of ZIKV infection
on endogenous TRPML2 remained elusive. Therefore, A549 cells were infected with two ZIKV
isolates, one member of the more ancient African lineage (ZIKV Uganda) and one member of the
Asian lineage (ZIKV French Polynesia). TRPML2 mRNA and protein levels were monitored using RT-
gPCR and Western Blot analyses (Figure 5.2).
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Figure 5.2: Effect of ZIKV infection on TRPML2 mRNA and protein levels. A549 cells were infected (MOI = 1)
with ZIKV French Polynesia (H/PF/2013) or Uganda (976 Uganda) and harvested after 24 h and 48 h. (a, b)
Relative fold-change in intracellular TRPML2 and ISG15 mRNA levels as assessed via RT-qPCR. (c, d) Relative
fold-change of ZIKV E protein (c) and TRPML2 (d) expression as assessed via Western Blotting. One
representative Western Blot is shown below. Data are normalized to the respective uninfected (uninf.) control
(a, b, d) or to the ZIKV French Polynesia infected sample (c) for each timepoint and are expressed as mean + SD
from n = 3 biological replicates. Statistical significance was determined by using an unpaired t-test. *p < 0.05, **p

<0.01, ***p < 0.001, ****p < 0.0001.

The infection with either ZIKV strain reduced TRPML2 mRNA and protein levels significantly after
24h and 48 h in A549 cells (Figure 5.2a and c). The increase in ISG15, which can serve as a monitor

for ISG induction, is less pronounced in ZIKV infected cells (Figure 5.2b) compared to uninfected
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5 Results

cells upon IFN treatment (Figure 5.1b). In the previous section, it was already demonstrated that high

IFN concentrations do not increase TRPML2 expression in A549 cells (Figure 5.1).

In addition to TRPML2 and ISG15, the effect of ZIKV infection on the mRNA levels of the other two
TRPML members, TRPML1 and TRPML3, was investigated (Figure 5.3).
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Figure 5.3: Effect of ZIKV infection on TRPML1 and TRPML3 mRNA levels. A549 cells were infected (MOI = 1)
with ZIKV French Polynesia (H/PF/2013) and Uganda (976 Uganda) and harvested after 24 h and 48 h. (a, b)
Relative fold-change in intracellular TRPML1 and TRPML3 mRNA levels as assessed via RT-qPCR. Data are
normalized to the respective uninfected (uninf.) control for each timepoint and are expressed as mean + SD from
n = 3 biological replicates. Statistical significance was determined by using an unpaired t-test. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

In ZIKV infected A549 cells, no clear trend can be observed for TRPML1 and TRPML3 mRNA levels.
ZIKV infection caused an increase of TRPML1 mRNA not after 24 h but after 48 h. For TRPML3 mRNA

levels in ZIKV infected cells, a decrease was detected after 24 h but an increase after 48 h.

5.3 Treatment with the TRPML2 agonist ML2-SA1 leads to increased

acidification of the endolysosomal system

To investigate the role of TRPML?2 in viral infection, the TRPML2 specific agonist ML2-SA1 was used
to modulate TRPML2 activity. For this study, ML2-SA1 was synthesized by ||| | |  G_G_ i 2
two-step synthesis, see appendix Figure 10.1.% The compound was first reported by Plesch et al. in
2018 and is the only currently available specific TRPML2 agonist.?”” Before investigating the putative
antiviral effect of ML2-SA1, its cell toxicity was tested in uninfected A549 cells (Figure 5.4). A549 cells
were incubated with micromolar concentrations of ML2-SA1 (12.5 uM, 25 uM, 50 uM, 100 uM and
200 pM) for 24 h and 48 h. Of note, low micromolar concentrations of ML2-SA1 were also used by

Plesch et al. to stimulate CCL2 release.””” Afterwards, a PrestoBlue® assay was performed.
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5.3 Treatment with the TRPML2 agonist ML2-SA1 leads to increased acidification of the endolysosomal system
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Figure 5.4: ML2-SA1 is non-toxic to A549 cells. Cell viability of A549 cells upon 24 h (a) and 48 h (b) treatment
with 12.5 uM to 200 pM ML2-SA1 as assessed via PrestoBlue® assay. Values are expressed as % of intact cells
referred to the experimental control. Data are expressed as mean + SD from n = 3 biological replicates. Statistical

significance was determined by using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

No significant cell toxicity was observed after 24 h upon treatment of A549 cells in a concentration
range from 12.5 yM to 100 uM ML2-S1 (Figure 5.4a). For 200 uM ML2-SA1, a mild but not significant
decrease in the percentage of redox metabolic activity was observed after 24 and 48 h (Figure 5.4).
After 48 h, an increase in the percentage of redox metabolic activity was detected for 12.5, 25 and
50 uM ML2-SA1 (Figure 5.4b). For the following experiments, a concentration of 100 pM ML2-SA1 was

used. DMSO served as a vehicle control.

To investigate the effect of ML2-SA1 treatment and TRPML2 activation on the acidification of
endolysosomal vesicles, uninfected A549 cells were co-treated with ML2-SA1 and the V-type ATPase
inhibitor Bafilomycin Al (BFA1), which prevents endolysosomal acidification. To label acidic
organelles in living cells, e.g. lysosomes and late endosomes, the (fixable) fluorescent dye lysotracker
was added. Subsequently, immunostaining was performed with an antibody against the lysosomal

marker LAMP2 to assess changes in the size and distribution of LAMP2-positive vesicles.
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Figure 5.5: Treatment of A549 cells with the TRPM2 agonist ML2-SA1 leads to increased acidification of the

endolysosomal system. Representative confocal laser scanning microscopy (cLSM) images of uninfected A549
cells treated with 100 pM ML2-SA1 and 50 nM BFA1, a V-type ATPase inhibitor. Cells were fixed 24 h post
treatment and lysotracker (cyan) was added one hour before fixation to stain acidic organelles. Nuclei were
stained with DAPI in blue and the lysosomal marker protein LAMP2 (red) was visualized using a LAMP2-specific
antibody. Scale bar: 20 pM.

In comparison to the DMSO-treated control, ML2-SAl-treated cells display more and enlarged
lysotracker-positive vesicles (Figure 5.5). In addition, enlarged LAMP2-positive vesicles are also
observed. In BFAl-treated cells, almost no lysotracker positive vesicles can be found as expected.
Furthermore, a drastic increase in LAMP2-positive vesicles is observed. BFA1 causes accumulation of

cellular waste which cannot be degraded by lysosomal proteases when the endolysosomal pH is too

high_zu,zls
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5.4 ML2-SA1 treatment reduces titers of two ZIKV isolates

5.4 ML2-SA1 treatment reduces titers of two ZIKV isolates

In recent years, there has been increasing attention on the role of endolysosomal ion channels in
infectious diseases and many of these channels are now considered potential targets for novel
antiviral drugs.'”” Xia et al. tested the antiviral potential of TRPML agonists.?®* They showed that the
unspecific TRPML channel agonist ML-SA1 inhibited DENV2 (TSVO01 isolate) and ZIKV (Puerto Rico
PRVABC59 isolate) infection in A549 cells in a dose-dependent manner. Likewise, the selective
TRPML3 agonist SN-2 showed a similar antiviral effect against DENV2 and ZIKV, while this was not
the case for the TRPML1 and TRPML3 agonist MK6-83.%%¢ Until now, the antiviral potential of selective
TRPML2 activation has not been evaluated. Therefore, different concentrations of the specific
TRPML2 agonist ML2-SA1 ranging from 25 pM to 200 uM were tested for their antiviral potential
against two ZIKV isolates (ZIKV French Polynesia and ZIKV Uganda). ML2-SA1 was added to A549
cells two hours before infection and afterwards the compound was refreshed during every medium

change to assure its constant presence.
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Figure 5.6: ML2-SA1 reduces ZIKV E protein levels in a dose-dependent manner. A549 cells were treated with
varying concentrations of ML2-SA1 ranging from 25 uM to 200 uM for 2 h before infection. Subsequently, cells
were infected (MOI = 1) with ZIKV French Polynesia (H/PF/2013) or ZIKV Uganda (976 Uganda). Cells were
harvested 24 hpi. Western blotting was used to detect the relative fold-change of E protein ((a) ZIKV French
Polynesia, (b) ZIKV Uganda). Respective representative Western Blots are shown below. Data are normalized to
the respective DMSO control and are expressed as mean + SD from n = 3 biological replicates. Statistical

significance was determined by using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ML2-SA1 reduced infection of A549 cells with both ZIKV isolates in a dose-dependent manner (Figure
5.6). For ZIKV Uganda infected cells, ML2-SA1 concentrations of 100 uM and 200 uM significantly
reduced the intracellular ZIKV E protein amount (Figure 5.6b). For ZIKV French Polynesia infected
cells, ML2-SA1 concentrations of 50 pM and 100 uM led to a significant effect, while treatment with
200 pM did not lead to a significant reduction of intracellular ZIKV E protein in comparison to the

DMSO control (Figure 5.6a).

62



5 Results

The results depicted in Figure 5.6 are the first results indicating an antiviral potential of the selective
TRPML2 agonist ML2-SAl. To further characterize the impact of ML2-SA1 treatment on the ZIKV
infection process, intracellular ZIKV mRNA, E protein levels and the amount of released viral
particles were monitored. A549 cells were treated with 100 uM ML2-SA1, infected with ZIKV French

Polynesia and Uganda and harvested 24 hpi and 48 hpi, respectively (Figure 5.7).
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Figure 5.7: ML2-SA1 reduces intracellular ZIKV E protein and mRNA levels as well as the amount of released
viral particles. A549 cells were treated with 100 uM ML2-SA1 for 2 h before infection. Cells were infected
(MOI = 1) with the ZIKV French Polynesia (H/PF/2013) or ZIKV Uganda (976 Uganda) isolate and harvested 24 hpi
and 48 hpi. (a, b) Relative fold-change of viral E protein as assessed via Western Blotting. One representative
Western Blot is shown below. (¢, d) Relative fold-change in intracellular ZIKV mRNA as assessed via RT-qPCR.
(e, f) Amount of released infectious ZIKV particles assessed via a plaque assay. Data are normalized to the
respective DMSO control for each timepoint and are expressed as mean + SD from n = 3 biological replicates.
Statistical significance was determined by using an unpaired #-test. *p < 0.05, **p< 0.01, ***p < 0.001, ****p <

0.0001.

ML2-SA1 did not only reduce the amount of intracellular ZIKV E protein of both isolates (Figure 5.7a,
b), it also significantly decreased intracellular ZIKV mRNA levels as assessed by RT-qPCR (Figure
5.7c, d). Furthermore, the amount of released viral particles, as assessed by plaque assays, was

significantly diminished (Figure 5.7e, f).

To test if ML2-SA1 interferes with early infection stages (e.g. causes increased lysosomal degradation
of ZIKV and thereby decreases the amount of released viral RNA into the cytosol) or later infection

stages (impairment of viral replication), further experiments were performed.
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5.5 ML2-SA1 treatment causes accumulation of ZIKV E protein in CD63-positive

vesicles
It was shown by Plesch et al. that treatment with the small molecule ML2-SA1 leads to activation of
TRPML? and release of Ca?* and other cations from the endolysosomal lumen into the cytosol.?”” The
local increase of the important second messenger Ca? might trigger the activation of various
signaling cascades and might have a direct impact on the endolysosomal system, for example
differences in intracellular vesicle size and distribution. To investigate the effect of ML2-SA1 on the
morphology of the endolysosomal system in infected cells, super-resolution microscopy was
performed (Figure 5.8). In such an experiment, any accumulation of ZIKV particles in the
endolysosomal system should also be visible, which might support the hypothesis that ML2-SA1 leads

to increased lysosomal ZIKV degradation.

For super-resolution microscopy, A549 cells were treated with ML2-SA1 and infected with ZIKV
Uganda. After fixation, immunostaining was performed with antibodies against the ZIKV E protein
and human CD63, a marker for multivesicular bodies (MVBs). MVBs are specialized endosomes that
contain membrane-bound intralumenal vesicles, which are formed by invagination and budding into
the MVB lumen. The content of MVBs can either be degraded (via fusion with lysosomes) or released
from the cell (via fusion with the plasma membrane).?” Moreover, MVBs are the origin of

exosomes.’?
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Figure 5.8: ML2-SAl treatment leads to accumulation of ZIKV E protein in the endolysosomal system of
infected A549 cells. (a, b) Representative super resolution microscopy images of A549 cells treated with 100 uM
ML2-SA1 and infected with ZIKV Uganda (976 Uganda) and the corresponding DMSO control. Cells were fixed
24 hpi. Immunostaining was performed using antibodies against ZIKV E protein (shown in green) and CD63
(magenta). The position of the cell nucleus is indicated by a dotted circle. Scale bar: 2 uM. (c, d) 3D

reconstructions.

ML2-SA1 treatment increased the size of CD63-positive MVBs in comparison to the DMSO control
(Figure 5.8). In untreated cells, ZIKV E protein signal was concentrated around the nucleus. In ML2-
SA1 treated cells, the ZIKV E protein signal was more distributed. Furthermore, 3D reconstructions
revealed an accumulation of ZIKV E protein in CD63-positive vesicles of ML2-SA1 treated cells. In
untreated cells, ZIKV E was located in close proximity to CD63-positive vesicles, but E protein was not

found to accumulate inside of them.

65



5.6 Inhibition of lysosomal degradation does not lead to an increase of intracellular ZIKV E protein in ML2-SA1 treated cells

5.6 Inhibition of lysosomal degradation does not lead to an increase of

intracellular ZIKV E protein in ML2-SA1 treated cells

The results presented above suggest that ZIKV may face increased lyososomal degradation in ML2-
SAl-treated cells. This is in agreement with a study by Xia et al. who reported an increased lysosomal
degradation of DENV2 and ZIKV when cells had been treated with the unspecific TRPML-agonist ML-
SA1.%%

To confirm this hypothesis for ML2-SAl-treatment, A549 cells were treated with both Leupeptin and
ML2-SA1. The tripeptide Leupeptin is a membrane-permeable thiolprotease inhibitor that inhibits
the lysosomal proteases Cathepsin B, H and L.*?3 Thus, inhibition of lysosomal proteases should
lead to an increase of intracellular E protein detectable by Western Blot if ML2-SA1 treatment
increases lysosomal accumulation of ZIKV (see Figure 5.9a). As a control for the effectiveness of

Leupeptin treatment, changes in p62 protein levels were detected using a p62-specific antibody.

p62, also called sequestosome 1 (SQSTM1), is a common autophagy marker.?® Autophagy is a
conserved catabolic process, responsible for the delivery of cytoplasmic components and
nonfunctional organelles to lysosomes for degradation and recycling.’® p62 identifies and binds
ubiquitinated proteins and transports them via membrane bound LC3 (microtubule-associated
protein 1A/1B-light chain 3) to the phagophore for degradation. Afterwards, p62 itself is degraded by
autolysosomes. Therefore, p62 can be used as a marker for autophagic flux.**® Decreased p62 levels
can be observed, when autophagy is induced, in contrast, p62 accumulates when autophagy is
inhibited.®®® Leupeptin-mediated inhibition of lysosomal degradation led to the intracellular

accumulation of p62 in mouse in vivo experiments.”
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Figure 5.9: Inhibition of lysosomal degradation with Leupeptin in ML2-SA1 treated cells does not increase the
amount of intracellular ZIKV E protein. A549 cells were treated with 100 uM ML2-SA1 and/or 0.1 mg/mL
Leupeptin for 2 h before infection. Cells were infected (MOI = 1) with the ZIKV French Polynesia (H/PF/2013) and
ZIKV Uganda (976 Uganda) isolate and harvested 24 hpi and 48 hpi. (a) Schematic overview of ZIKV entry. ML2-
SA1 activates the human cation channel TRPML?2 in the endolysosomal system. Leupeptin inhibits lysosomal
proteases leading to accumulation of intracellular waste. (b) Relative fold-change of E protein and p62 as
assessed via Western Blotting. One representative Western Blot is shown below. Data are normalized to the
respective DMSO control and are expressed as mean + SD from n = 3 biological replicates. Statistical significance

was determined by using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

In uninfected and ZIKV infected A549 cells, only Leupeptin treatment but not combination of
Leupeptin with ML2-SA1 increased p62 levels (Figure 5.9b). However, these changes are not
statistically significant due to high standard deviations. Interestingly, only ML2-SA1 treatment

decreased p62 levels which is an indicator for enhanced autophagy.

In ZIKV infected A549 cells, only Leupeptin treatment did not alter ZIKV E protein levels (Figure
5.9b). When trafficking through the endolysosomal system, ZIKV fuses with the membranes of late
endosomes, so the amount of intracellular E protein is presumably not changed when lysosomal
degradation is inhibited, as ZIKV already escaped the endolysosomal system at higher pH values.
However, somewhat surprisingly, an increase of intracellular ZIKV E protein was not observed in
cells that have been treated with both ML2-SA1 and Leupeptin. If the antiviral effect of ML2-SA1 is
not due to an increase of lysosomal degradation of ZIKV, it may instead affect later stages of the viral
life cycle. Thus, in the following, the effects of ML2-SA1 treatment on early and late viral life cycle

stages has been tested.
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5.7 ML2-SA1 does not affect the early ZIKV life cycle stages

To investigate which stages of the ZIKV life cycle are affected by ML2-SA1 treatment, time-of-addition
experiments were performed. Time-of-addition experiments can be used to elucidate the mechanism
or target of a given compound in cell culture.®® Since the life cycle of most viruses follows defined
stages, time-of-addition experiments can be applied to any virus/drug combination. The standard
protocol of time-of-addition experiments begins by infecting cells for a defined period of time (for
example one hour), then unbound virus is removed to synchronize the infection process (also see
Figure 5.10a).**® Test compounds are subsequently added to the cells at defined time points.*** This
way, a time-of-intervention profile is generated, which can be compared with other, well
characterized antivirals.?® Basic prerequisites for this experiment are a highly susceptible cell line,
well-established reference compounds and a fixed harvest time.®® For ZIKV, time-of-addition
experiments have been performed by other groups using a duration of 24 h for one replicative cycle,
in which compounds have been added at timepoints during early and late stages resembling entry

and post-inoculation phase.?¢%

It has to be considered, that in previous experiments in this thesis, cells were pre-treated with ML2-
SA1 for two hours before infection. At later timepoints, ML2-SA1 was replenished during the media
exchange to ensure the constant exposure of the cells to the compound during the duration of the

entire experiment.

In this time-of-addition experiment set-up, A549 cells were infected with the ZIKV Uganda isolate and
ML2-SA1 was added at defined timepoints, starting from -2 h before infection until 22 h after
infection resembling the entry and post-inoculation phase of the ZIKV life cycle. For reference, cells
were also treated with ML-SA1, Bafilomycin Al, which restricts ZIKV entry by inhibiting the V-type
ATPase and Ribavirin, a nucleoside analogue, which inhibits ZIKV replication. Before time-of-
addition experiments were performed, cell toxicity of ML-SA1 in A549 cells was determined using a
PrestoBlue® assay (see appendix Figure 10.2). No significant decrease in the percentage of redox
metabolic activity was observed upon treatment with 100 uM ML-SA1 after 24 and 48 h. A decrease in
the percentage of redox metabolic activity was detected for 200 uM ML-SA1 after 24 and 48 h. After
48 h, an increase in the percentage of redox metabolic activity was detected for 12.5, 25 and 50 pM
ML-SA1 indicating a proliferative effect of ML-SA1. For subsequent time-of-addition experiments, a

concentration of 100 uM ML-SA1 was used.
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Figure 5.10: Time of addition experiment. (a) A549 cells were infected with ZIKV Uganda (976 Uganda) isolate
for one hour (MOI = 1), then unbound virus was removed. Treatment with 50 nM Bafilomycin A1, 100 uM ML-
SA1, 100 pM ML2-SA1 and 100 pM Ribavirin was started at —2h before infection, during infection, as well as 1 h,
6 h, 16 h and 22 h after infection. Gray lines below the time scale indicate the respective incubation period, in
which the compounds were present, after the treatment was started. (b-e) Relative fold-change of ZIKV E
protein in samples treated with 50 nM Bafilomycin Al (b), 100 uM ML-SA1 (c), 100 uM ML2-SA1 (d) and 100 pM
Ribavirin (e) was assessed via Western Blotting. Representative Western Blots are shown in appendix Figure
10.5. Results are normalized to the respective DMSO control of each timepoint and are expressed as mean + SD
from n = 3 biological replicates. Statistical significance was determined by using an unpaired #-test. *p < 0.05,

**p < 0,01, ¥**p < 0,001, ****p < 0.0001.

As expected, when present during early infection stages, BFA1 strongly suppressed viral entry
(Figure 5.10b), while Ribavirin affected the later stages of the viral life cycle (Figure 5.10e), such as
replication. Surprisingly, ML2-SA1 does not lead to an antiviral effect when added during the entry
process, but at later stages (Figure 5.10d), similar to the replication inhibitor Ribavirin (Figure 5.10e).

ML-SA1 behaved similarly to ML2-SA1 indicating a role in later ZIKV life cycle stages (Figure 5.10c).

In addition to the experiments shown here for the ZIKV Uganda isolate, time-of-addition experiments

were performed with ZIKV French-Polynesia-infected cells (appendix Figure 10.3) and led to similar
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results. Based on these time-of-addition experiments, both unspecific TRPML agonist ML-SA1 and
specific TRPML2 agonist ML2-SA1 inhibited ZIKV infection during later stages of the viral life cycle.

As shown before in this thesis (Figure 5.7e, f), ML2-SA1 does not increase the amount of released
viral particles. It thus seems feasible that the main mode of action of the tested TRPML channel

agonists and their cause of antiviral activity is due to an interference with ZIKV replication.

5.8 ML2-SA1 affects Zika virus replication

Key stages of ZIKV replication (including translation and cleavage of the viral polyprotein, replication
of viral RNA and formation of progeny ZIKV particles) take place in replication factories (RFs) in the
ER of the host cell (see section 1.3). To verify whether ML2-SA1 indeed affects viral replication, as
suggested by the time of addition experiments (Figure 5.10 and appendix Figure 10.3), a ZIKV Renilla
luciferase (RLuc) reporter assay was performed. This assay provides a versatile tool for antiviral
testing through the introduction of the RLuc gene at the viral capsid coding sequence as first

described by Shan et al. in 2016.%
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Figure 5.11: ML-SA1 and ML2-SA1 inhibit ZIKV replication. A549 were treated with 100 pM ML-SA1 and 100 uM
ML2-SA1 and simultaneously infected with ZIKV RLuc reporter virus for for 4 h. Compounds were refreshed
during each media change. 48 h post infection, luciferase activity was determined. Results are normalized to the
DMSO control and are expressed as mean + SD from n = 4 biological replicates. Statistical significance was

determined by using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

After treatment of A549 cells with the unspecific TRPML agonist ML-SA1 or the specific TRPML2
agonist ML2-SA1, a significant decrease of luciferase activity for both compounds was observed. This

effect was more pronounced for ML2-SA1 compared to ML-SA1.

Additionally, confocal laser scanning microscopy revealed a significant decrease of dsRNA in ZIKV

Uganda isolate infected A549 cells upon ML2-SA1 treatment (Figure 5.12).
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Figure 5.12: ML2-SA1 reduces the size of ZIKV replication factories. Representative confocal laser scanning
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microscopy (cLSM) images of A549 cells which have been treated with 100 uM ML2-SA1 for 2 h before infection.
Cells were infected (MOI = 1) with the ZIKV Uganda (976 Uganda) isolate and fixed 24 hpi. Nuclei were stained
with DAPI in blue and ZIKV E protein (green) and ZIKV dsRNA (red) were visualized using specific antibodies.
Scale bar: 20 uM.

dsRNA intermediates are formed during RNA replication in ZIKV replication factories. ZIKV
replication leads to a massive remodeling of the ER and the cytoskeleton.” Furthermore, the nuclear
morphology is altered to form a characteristic, bean-like shape, with dense ER accumulating in the
perinuclear region.”® Addition of ML2-SA1 prevented the formation of pronounced ZIKV replication

sites.

5.9 ML2-SA1 treatment leads to intracellular cholesterol accumulation

Effective ZIKV replication requires several host cell factors including cholesterol. This sterol lipid
plays an important role in the formation or maintenance of flaviviral replication factories by
affecting membrane rigidity and inducing negative membrane curvature.®%¥! In addition,
cholesterol is involved in flavivirus entry, assembly, release, and control of the type I Interferon
response.*%%* Cholesterol transport has also been linked to TRPML channels: TRPML1 was shown to

regulate lysosomal lipid and cholesterol trafficking.**
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Figure 5.13: Treatment with ML-SA1 or ML2-SA1 leads to cholesterol accumulation in uninfected and ZIKV
Uganda infected cells. Representative confocal laser scanning microscopy (cLSM) images of A549 cells which
have been treated with 100 uM ML2-SA1 for 2 h before infection. Cells were infected (MOI = 1) with the ZIKV
Uganda (976 Uganda) isolate and fixed 24 hpi. Intracellular cholesterol was stained using filipin (magenta) and
ZIKV E protein (green) and the lysosomal marker LAMP2 (cyan) were visualized using specific antibodies. Scale

bar: 20 uM.
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Using immunofluorescence, the consequences of addition of the unspecific TRPML agonist ML-SA1
or the specific TRPML2 agonist ML2-SA1 on intracellular cholesterol levels was assessed (Figure
5.13). Interestingly, pronounced cholesterol accumulation can be observed in dot-like structures in
cells which have been treated with ML-SA1 and ML2-SA1, regardless of whether they were infected
with ZIKV or not. When comparing the effect of different ML2-SA1 incubation periods (8 h vs. 16 h) in
uninfected cells, an increase in the size of cholesterol accumulations over time can be found
(appendix Figure 10.6). Consistent with previous findings, ML2-SAl-treatment enlarges the size of
LAMP2-positive structures (Figure 5.5). Notably, treatment with ML-SA1 had a similar effect (Figure
5.13).

All in all, inhibition of ZIKV infection by the TRPML2 specific agonist ML2-SA1 seems to be a complex
interplay of several factors. ML2-SA1 significantly reduced intracellular ZIKV E protein levels, mRNA
and the amount of released viral particles (Figure 5.7). Although increased lysosomal acidification of
the endolysosomal system was observed upon ML2-SA1 treatment (Figure 5.5), no intracellular
accumulation of ZIKV could be detected when lysosomal degradation was inhibited by the protease
inhibitor leupeptin (Figure 5.9). Time-of-addition experiments indicated that ML-SA1 and ML2-SA1
could even induce a mild proviral effect when the compounds were present only during the early
stages of the infection process (Figure 5.10). At later timepoints, treatment with both compounds led
to a pronounced antiviral effect (Figure 5.10). RLuc assays confirmed the inhibition of ZIKV
replication (Figure 5.11). Furthermore, the size of replication factories was reduced in ML2-SA1l
treated cells (Figure 5.12). Treatment with ML-SA1 and ML2-SA1 led to intracellular cholesterol

accumulation which might be a hint on impaired cholesterol trafficking (Figure 5.13).
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6 Discussion

6.1 TRPML2 is not interferon-inducible in A549 cells and is down-regulated

after ZIKV infection

In this thesis, the role of the human endolysosomal cation channel TRPML? in the life cycle of ZIKV
was investigated. In the past, TRPML2 overexpression was shown to enhance infectious virus
production of several endocytosed viruses (for example IAV, YFV and ZIKV).*? Furthermore, a role
for the human endolysosomal cation channel TRPML2 in innate immunity was suggested in recent
years.*>?”* TRPML2 was shown to be expressed at low levels in a resting mouse macrophage cell line,
but was strongly up-regulated after TLR activation, in contrast to the other TRPML family members
TRPML1 and TRPML3.>*® TRPML2 was also involved in chemokine and cytokine secretion of
macrophages.?>?”7 In addition, TRPML2 was reported as an putative ISG as its expression was
upregulated in chimpanzee PBMCs by 4-fold around 4 h post IFNa treatment. IFNs are an important
factor of innate immunity and are produced and released by host cells after being exposed to

pathogens, including viruses.?**

Before the consequences of ZIKV infection on TRPML2 expression levels were tested in this thesis, it
was examined if TRPML2 expression is induced in uninfected human A549 cells upon interferon-
treatment (Figure 5.1). Neither TRPML2 mRNA nor protein levels were significantly increased upon
IFN-treatment at the chosen timepoints (4 h, 8 h and 24 h post-treatment), although a significant
increase in ISG15 mRNA levels confirmed the effectiveness of the treatment. The interferons used in
this study (IFNa, B and y) can be divided into different categories. IFNa and B are type I interferons.**
All type I IFNs bind to a common cell-surface receptor, called type I IFN receptor.**37 IFN vy, the
only type II IFN, is a markedly different cytokine in comparison to the type I IFNs and binds to a
different cell-surface receptor (type II IFN receptor).*¢*#-34 Both type I and II IFNs activate JAK
(Janus kinase)-STAT (signal transducer and activator of transcription) signaling pathways as well as
several other signaling cascades.?' 3% As shown here, neither type I nor type II IFNs induced TRPML2
overexpression in uninfected A549 cells (Figure 5.1). However, responsiveness to IFNs is cell-type
specific.** It might be possible that TRPML2 levels are elevated in other cell lines upon IFN
treatment. Lanford et al. reported increased amounts of TRPML2 mRNA only for PBMCs of IFNa
treated chimpanzees but not for liver tissue, which was also analyzed. All in all, the effect of IFNs on

TRPML2 expression seems negligible in A549 cells.

In the next step, the consequences of ZIKV infection on TRPML2 expression levels was investigated.
Although the consequences of TRPML2 overexpression on infection with endocytosed viruses was
investigated before,”” the effect of infection on endogenous TRPML2 remained elusive. Both ZIKV
isolates that were used in this study (ZIKV Uganda, a representative of the African lineage and ZIKV

French Polynesia, a representative of the Asian lineage) reduced TRPML2 mRNA and protein levels
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after 24 h and 48 h (Figure 5.2). For TRPML1 and TRPML3 mRNA levels, no clear trend was observed
(Figure 5.3).

In ZIKV-infected A549 cells, the induction of the interferon-stimulated gene ISG15 was diminished
(Figure 5.2) in comparison to the induction of ISG15 in IFN-treated uninfected A549 cells (Figure 5.1).
Several viruses including ZIKV have developed strategies to suppress innate immunity.*’ ZIKV non-
structural proteins antagonize the host’s interferon production and downstream signaling.**’ For
example, viral proteins NS3 and NS4A prevent sensing of viral RNA in the cytosol by interfering with
the intracellular PRRs RIG-I (retinoic acid inducible gene I) and MDAS5 (melanoma differentiation-
associated protein 5).*° In addition, ZIKV interferes with IFN signaling pathways by inhibiting JAK1
and STAT activity: NS5 targets human STAT2 for proteasomal degradation®*72*¥ and prevents the
activating phosphorylation of STAT1 and STAT2%**. NS1, NS2A, NS2B and NS4B reduce the
phosphorylation and activation of TBK1 (TANK-binding kinase 1) leading to an inhibition of IFNf3
induction. Furthermore, NS1, NS2A, NS2B, NS4A, NS4B and NS5 inhibit IRF3 (interferon regulatory

factor 3) phosphorylation, which reduces downstream IFN transcription.*

In contrast to TRPML2, TRPML1 and TRPML3 expression was reported not to be upregulated in a
macrophage cell line after TLR activation, indicating a higher significance of TRPML2 in innate
immunity.**As mentioned before, the effect of IFNs on TRPML2 expression was negligible in
uninfected A549 cells (Figure 5.1) and the suppression of innate immunity during ZIKV infection may
explain why TRPML2 levels have not been elevated in ZIKV-infected cells (Figure 5.2). However, the
underlying mechanism behind the reduction of endogenous TRPML2 in infected cells remains
unclear and needs further evaluation. As mentioned before, other groups have shown that TRPML2
levels were elevated in macrophage cell lines after type I IFN treatment and therefore TRPML2 was
labeled as an ISG.”> At the same time, TRPML2 was shown to increase infection with certain
endocytosed viruses.”> Therefore, TRPML2 would be one of the very few ISGs that actually enhance
viral infection.*" Rinkenberger and Schoggins presented a model how this might be beneficial for the
host.”? In non-immune cells, endogenous TRPML2 expression may lead to increased viral uptake
which benefits the virus. However, in immune cells, which express higher levels of endogenous
TRPML?2, increased viral infection might lead to increased PAMP (pathogen-associated molecular
pattern) recognition, stronger immune response, and an improved viral clearance. Following this

hypothesis, ZIKV may suppress TRPML2 expression to escape the innate immune response.

6.2 The TRPML2-specific agonist ML2-SA1 has an antiviral effect against ZIKV

In this thesis, the TRPML2 specific agonist ML2-SA1 was used to modulate TRPML2 activity and to
assess the role of this ion channel in the ZIKV infection process. First reported by Plesch et al., ML2-
SA1 is the only TRPML2-specific agonist currently available.”” Similar to the unspecific TRPML

agonist ML-SA1, ML2-SA1 is thought to bind in the transmembrane region based on molecular
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docking studies.?”” Agonist binding induces channel opening.?’” Furthermore, dependent on the
presence of TRPML2 in the cell, ML2-SA1 directly stimulates the release of the chemokine CCL2 from

macrophages by promoting trafficking through early and recycling endosomes.?”’

Besides TPC channels, TRPML channels are the most important Ca* channels in the endolysosomal
system. TRPML activation leads to Ca** flux from endosomes and lysosomes into the cytosol, which
can influence vesicular fusion and fission, vesicular trafficking, autophagy, and lysosomal
exocytosis.”>%7%8 Lysotracker staining of uninfected ML2-SAl-treated A549 cells indicated that ML2-
SA1l treatment led to increased acidification of the endolysosomal system and potentially also
increased vesicle fusion which resulted in the larger size of LAMP2-positive structures (Figure 5.5). In
work reported by other groups, TRPML2 overexpression did not lead to increased acidification when
acridine orange was used as a pH sensor.” For the unspecific TRPML agonist ML-SA1, increased
lysosomal acidification was described after flow cytometry analysis.?* It thus remains unclear
whether the observed increased acidification upon ML2-SAl treatment occurs directly due to
TRPML2-dependent stimulation of a cation flux from endolysosomes into the cytosol?” or an indirect,

hitherto unexplored, effect.

In the following, the antiviral potential of ML2-SA1 was tested in A549 cells. In ZIKV French Polynesia
and ZIKV Uganda infected cells, ML2-SA1 reduced intracellular ZIKV-E protein in a dose-dependent
manner (Figure 5.6). For ZIKV French Polynesia infected cells, ML2-SA1 concentrations of 50 uM and
100 uM lead to a significant antiviral effect, while treatment with 200 uM ML2-SA1 did not lead to a
significant reduction of intracellular ZIKV E protein in comparison to the DMSO control. A potential
reason might be the mild (but not significant) cell toxicity of 200 yM ML2-SA1 in a 24 h treatment
(Figure 5.4) which might counteract the antiviral effect. Of note, the ML2-SA1 concentrations found
to lead to a reduction of intracellular ZIKV E protein are in a similar range as the effective ML-SA1

concentrations against ZIKV and DENV2 in A549 cells, reported by Xia et al..?*

Afterwards, the consequences of ML2-SA1 treatment on the ZIKV infection process was analyzed in
more detail. ML2-SA1 significantly reduced ZIKV intracellular E protein and mRNA level as well as
the amount of released viral particles when cells were harvested 24 h and 48 h post infection (Figure
5.7). These findings open different possibilities for the interpretation of the antiviral effect of
TRPML2 activation mediated by ML2-SA1 treatment. First, the simultaneous reduction of ZIKV
mRNA, E protein, and amount of released infectious particles could indicate that ZIKV is degraded in
the endolysosomal system directly following cell entry. Degradation of ZIKV in lysosomes would
prevent or reduce the release of ZIKV mRNA into the cytosol and therefore interrupt the ZIKV life
cycle at an early stage. This hypothesis would be in accordance with the results from the lysotracker
staining, which indicated an increased acidification, hence increased proteolytic activity, of the
endolysosomal system (Figure 5.5). Another possibility might be that ML2-SA1l interferes with
effective ZIKV replication.
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6.3 The antiviral effect of ML2-SA1 is not caused by enhanced lysosomal
degradation of ZIKV

Super-resolution microscopy was performed to detect the potential accumulation of ZIKV particles in
the host cell endolysosomal system upon ML2-SA1 treatment. The method was also applied to analyze
possibly resulting changes in size and distribution of multivesicular bodies (MVBs, Figure 5.8).
Indeed, ML2-SA1 treatment increased the size of CD63-positive vesicles in comparison to the DMSO
control. As mentioned before, activation of TRPMLs by small molecule agonists leads to Ca* flux
from endosomes and lysosomes into the cytosol which was reported to influence vesicular fusion and
fission, vesicular trafficking, lysosomal exocytosis and autophagy.?**7?% Furthermore, Plesch et al.
reported the stimulation of CCL2 secretion in ML2-SAl-treated macrophages based on enhanced
endosomal trafficking.?”” The increased size of MVBs that can be observed in super-resolution images
of ML2-SAl-treated A549 cells (Figure 5.8) might also be an indicator of increased vesicle trafficking

and membrane fusion.

It is perceivable that ML2-SAl-mediated TRPML2 activation might affect the interaction of TRPML2
with other proteins. In comparison to TRPML1 and TRPML3, only a very limited number of TRPML2
protein interaction partners have been described.*! It was reported by Karacsonyi et al. that TRPML2
travels along the Arf6 associated pathway.*** Moreover, heterologous overexpression of TRPML2
increases activity of the small GTPase Arf6 by seven-fold and leads to enhanced vesicle fusion and
formation of large vesicles in HeLa cells.?* It remains unclear if TRPML2 directly interacts with Arf6
or if it modulates the activity of specific Arf6 GEFs or GAPs (GTPase-activating proteins). Nonetheless,
TRPML?2 activation by ML2-SA1 in our A549 cells could potentially lead to a similar effect as was
observed in HeLa cells,?** thereby resulting in the abnormal CD36-positive vesicle structures
observed here. Possibly, an increase in trafficking causes the accumulations of ZIKV in CD63-positive

vesicles, which were revealed by 3D reconstructions (Figure 5.8).

To confirm the hypothesis that ZIKV may face increased lysosomal degradation in ML2-SAl-treated
cells, A549 cells were treated with the protease inhibitor leupeptin and ML2-SAl. Unexpectedly,
inhibition of lysosomal proteases did not lead to an increase intracellular E protein. This argued
against the hypothesis that ML2-SA1 promotes lysosomal degradation of ZIKV. Furthermore, a
decrease of p62 suggested enhanced autophagy, caused by ML2-SAl treatment. Several roles for
TRPML channels in autophagy have been suggested. For instance, TRPML1-mediated Ca*" release
induces the dephosphorylation of TFEB (transcription factor EB) by the phosphatase calcineurin,
leading to TFEB nuclear translocation and transcriptional activation of autophagic and lysosomal
genes.?%%2%33 Cellular samples from MLIV patients showed defects in macroautophagy, which were
characterized by the accumulation of autophagic markers such as LC3 and p62.%*3% Overexpression
of TRPML3 was shown to impair autophagosome maturation.?*®*” However, the role of TRPML2 in
autophagy has not been characterized in detail. Recently, TRPML2 was shown to also activate TFEB,

leading to the expression of B7 costimulatory molecules on dendritic cells.?® Our results display a
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6 Discussion

first tentative hint for a link between ML2-SA1-mediated specific TRPML2 activation and induction of
autophagy. However, further experiments, for example testing of other autophagy markers such as

LC3, must be performed to validate this connection.

Xia et al. reported induction of autophagy in ML-SA1 treated A549 and Huh7 cells. However, ML-SA1
treatment still reduced DENV2 infection in a dose-dependent manner when autophagy was blocked.
Therefore, the antiviral activity of ML-SA1 seems to be independent of autophagy.?* The authors
presented acidification of lysosomes, increased protease activity and viral lysosomal degradation as
the main mechanisms of the antiviral effect of ML-SA1. Based on the results of the combined ML2-
SAl/Leupeptin treatment, this does not appear to be the case with ML2-SAl, although ZIKV E

accumulations were observed in CD63-positive vesicles (Figure 5.8).

6.4 ML2-SA1 impairs ZIKV replication, presumably by altering cholesterol
trafficking

To narrow down the role of TRPML2 in the ZIKV life cycle and to test whether early or late stages of
the viral life cycle are affected by ML2-SAl-mediated TRPML2 activation, time-of-addition
experiments were performed with ML2-SA1 as well as ML-SA1, Bafilomycin Al (BFA1) and Ribavirin
as reference compounds (Figure 5.10). As expected, the V-type ATPase inhibitor BFA1 strongly
suppressed viral entry, while the nucleoside analogue Ribavirin affected later stages of the ZIKV life
cycle (such as replication). Both ML2-SA1 and ML-SA1 also affected later stages of the viral life cycle,

similar to the replication inhibitor Ribavirin.

For ML-SA1, this is different from what was postulated by Xia et al. who suggested that ML-SA1
affects viral entry. However, it should be noted that in their publication, Xia et al. did not provide data
for reference compounds in the context of their time-of-addition experiments. Furthermore,
according to their materials and methods section, they did not remove unbound virus after infection
which is important for synchronizing the infection process.*® For both ML-SA1 and ML2-SA1 addition
at early infection stages, slightly proviral effects could be observed. As discussed before, activation of
TRPMLs (leading to Ca* flux into the cytosol) might lead to increased endolysosomal trafficking and

therefore promote infection during the early stages of the ZIKV life cycle.

The impact of ML2-SA1 and ML-SA1 on ZIKV replication was confirmed using a ZIKV RLuc reporter
assay. Notably, the effect was more pronounced for ML2-SA1 in comparison to ML-SA1 (Figure 5.11).
Furthermore, cLSM revealed a strong decrease of dsRNA in ZIKV Uganda infected A549 cells upon
ML2-SA1 treatment (Figure 5.12). ML2-SA1 prevented the formation of pronounced ZIKV replication
sites in the ER, which are a common feature of flaviviral infection.’®® There, key stages of viral
replication take place, which include translation and cleavage of the viral polyprotein, viral RNA

replication and formation of progeny ZIKV particles.” For effective flavivirus replication, several
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6.4 ML2-SA1 impairs ZIKV replication, presumably by altering cholesterol trafficking

host cell factors are required, for example DENV NS3 recruits fatty acid synthase to the replication
sites to produce lipids which are then integrated into the ER membrane.'® Moreover, flavivirus
replication factories are enriched with cholesterol, which improves membrane fluidity.'® Staining of
intracellular cholesterol with filipin revealed pronounced cholesterol accumulation in dot-like
structures in uninfected and ZIKV-infected cells, which have been treated with ML2-SA1 (Figure
5.13).

A published lipidomics study showed that ZIKV significantly alters the host cell lipid composition,
with most pronounced changes observed within subclasses of sphingolipids.*® Of note, TRPML1 was
shown to be inhibited by the sphingolipid sphingomyelin.”® In addition, cholesterol esters were
enriched in ZIKV-infected cells.®® As mentioned before, cholesterol serves important functions in the
formation if ZIKV replication factories.®? In uninfected cells, only around 1% of unesterified
cholesterol is found in the ER.*%%*! Ca** channel modulators have previously been shown to reduce
ZIKV replication by interfering with intracellular cholesterol trafficking. For instance, Lacidipine
inhibits L-type calcium channels (LTCCs) which are located in the plasma membrane of vascular
smooth muscle cells.*%3%3 This drug also inhibits ZIKV replication, presumably by altering
intracellular trafficking of cholesterol and other lipids. However, the molecular mechanisms behind

these findings remained unclear.®*

Here, for the first time, ML2-SAl-mediated TRPML2 activity was linked to changes in intracellular
cholesterol distribution. This may also relate to published studies showing that ML-SAl-mediated
unspecific TRPML activation as well as TRPML1 overexpression can rescue trafficking defects in
NPC1 (Niemann-Pick disease, type C intracellular cholesterol transporter 1) deficient cells.?® The dot-
like cholesterol accumulations which were observed in ML-SA1- and ML2-SA1l-treated uninfected and
infected cells in this thesis could be an indicator for alterations in cholesterol trafficking which might
lead to low abundance of cholesterol in the ER. As a consequence, impaired formation or
maintenance of ZIKV replication factories may ensue. Alterations in cellular cholesterol distribution

may thus represent the molecular basis for the observed antiviral effect of ML2-SA1.

While host-cholesterol is also an important factor during viral entry,® our time-of-addition
experiment indicated that ML-SA1 and ML2-SA1 affect later stages of the ZIKV life cycle, specifically
viral replication. Further investigations are thus needed to analyze the effects of ML2-SA1 (and ML-
SA1) treatment on cholesterol trafficking in more detail. Finally, potential off-target effects of ML-
SA1/ML2-SAl treatment cannot be excluded. To rule out this possibility, TRPML knockdown

experiments need to be performed.
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Part II: Structural regulation of the human TRPML2

Extractosolic/Lumenal Domain (ELD)

Understanding complex processes such as viral infections requires analyzing of the function and
regulation of the individual factors involved. As shown in the last chapter, TRPML2 plays a
remarkable role in ZIKV infection. However, a lot of questions regarding the structural regulation of
TRPML2 in the endolysosomal system (for example by Ca* and pH) remain open. Therefore, the
structure of the human TRPML2 extracytosolic/lumenal domain (ELD), the structural hallmark of the
TRPML family, was determined. Although this domain constitutes around one third of the whole
channel, its physiological function remains enigmatic. Here, a potential role of the ELD in pH-

dependent regulation of the whole channel was suggested.

Parts of this chapter have been published in: Kerstin K. Viet*, Annika Wagner*, Kevin Schwickert*,

Nils Hellwig, Martha Brennich, Nicole Bader, Tanja Schirmeister, Nina Morgner, Hermann
Schindelin and Ute A. Hellmich, Structure of the Human TRPML2 Ion Channel
Extracytosolic/Lumenal Domain. Structure 27, 1246-1257.e5 (2019).!

*contributed equally
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7 Results

7.1 Structure of the human TRPML2 ELD

TRPML?2 is the least described member of the TRPML family with regard to both its cellular function
and its structural characterization. Several full-length structures of TRPML1 and TRPML3 and
structures of the isolated ELD of TRPML1 have been published in recent years.??>%724-2%.263 For
TRPML2, one full-length structure of mouse TRPML2 in lipid nanodiscs is available.*® To investigate
the structure and dynamics of the isolated human TRPML2 ELD, the protein was heterologously
expressed from E. coli and purified. Details about the expression and purification protocol can be
found in the methods section 4.11 and in the appendix (section 10.7). At pH 6.5, a 2.0 A structure (pdb
6HRR, construct: A92-K285) and at pH 4.5, a 2.95 A structure (pdb 6HRS, construct: G84-K285) of the
human TRPML2 ELD was determined.’ With these crystal structures of the human TRPML2 ELD at

different pH values, we provided the first structural information available for the human TRPML2.
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Figure 7.1: Crystal structure of the human TRPML2 Extracytosolic/Lumenal Domain (ELD). (a) Structure of
the human TRPML2 ELD (pdb 6HRR) at 2.0 A resolution and pH 6.5 (top view, one monomer shown in blue). The
ELD forms a tetramer even in the absence of the rest of the channel. The pre-pore loops of all four subunits are
extended into the central pore. (b) Side view of the TRPML2 ELD tetramer. (¢) TRPML2 ELD monomer,

individual helices and B strands are indicated.

The overall tetramer dimensions are ~85 x 85A parallel to the membrane plane and ~35A
perpendicular to it. Similar to the TRPML1 and TRPML3 ELDs,?"%3 the TRPML2 ELD displays a

tetrameric assembly that exhibits C, rotational symmetry (Figure 7.1a,b).

In line with Li et al. who determined the structures of the TRPML1 ELD at pH 4.5, 6.5 and 7.5 and
observed no significant differences between their structures,? no significant alterations between the
TRPML2 ELD pH 6.5 and 4.5 structure could be found.! In our crystal structures, the N-terminus is
fully resolved and the first amino acid residues, which extend the transmembrane helix S1 in the full-
length protein, also adopt an a-helical conformation in the isolated TRPML2 ELD (Figure 7.1c). In
contrast, the C-terminus is disordered and/or unresolved. The last visible residue with clearly
observable electron density is found between AAs 281 and 284 in different monomers. In the full-

length channel, the disordered C-terminal residues would also adopt an a-helical conformation
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7.1 Structure of the human TRPML2 ELD

corresponding to transmembrane helix S2, but in the absence of the transmembrane domain and the
lipid environment, this helix seems to be not stable. Beyond the first long a helix S1/al, each TRPML2
ELD monomer is folded into an additional long a helix (a2), one short a helix (a3), as well as three 3o

helices and six 3 strands (1 - $6), which form a single antiparallel  sheet (Figure 7.1).

Our crystal structures of the human TRPML2 ELD can be compared to the cryo-EM structure of the
mouse TRPML2 ELD which was solved in the context of the whole channel (Figure 7.2).2*® The cryo-
EM structure of full-length mouse TRPML?2 in lipid nanodiscs at 3.14 A resolution (pdb 7DYS) was
presented by Song et al. in 2022.%8 The structure in the apo state revealed an inactive conformation at
pH 7.4. N-terminus (AAs 1 - 65) and C-terminus (AAs 518 - 566) as well as several loops connecting the
transmembrane helices could not be modeled due to poor density.?*® Within the boundaries of AAs
A92-K/R285, which comprises our domain construct, human and mouse TRPML2 display 75.8%
identity. A sequence alignment of the human and mouse TRPML2 ELDs can be found in the appendix

(Figure 10.9).

Figure 7.2: Comparison of the human TRPML2 ELD at pH 6.5 and mouse TRPML2 ELD at pH 7.4. (a) Structure
alignment of tetrameric hsTRPML2 (pdb 6HRR), pH 6.5' at 2.0 A resolution (shown in blue) and tetrameric
mmTRPML2 (pdb 7DYS), pH 7.4%® at 3.14 A resolution, (shown in grey). (b, ¢) Structure alignments of hsTRPML2
(6HRR) and mmTRPML2 (7DYS) monomers.

Notably, the main secondary structure elements (the two long a helices and the six-stranded
antiparallel B sheet) and the C, symmetrical architecture are conserved not only in the structures of
human and mouse TRPML?2 at different pH values, but also in the crystal structures of the TRPML1
ELD** and the cryo-EM structures of the full-length TRPML1, TRPML2 and TRPML3

channels.»?%?¥25-25%8 The cryo-EM structure of mmTRPML?2 at pH 7.4 and our crystal structures of the
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7 Results

isolated hsTRPML2 ELD at pH 6.5 (pdb 6HRR) and pH 4.5 (pdb 6HRS) enable the comparison of
TRPML2 ELDs at three physiological relevant pH values. The pre-pore diameters at the narrowest
points are in a similar range (12.5 A at V112 at pH 7.4 vs. 12.0 A at S110 at pH 6.5 and 13 A at $110 pH
4.5).5%8 This mild variance could be due to structural changes caused by the different pH
environment. However, the lack of the TMD may have affected the size of our hsTRPML2 ELD

structures.

7.2 Ca* interacts with the acidic TRPML2 ELD pre-pore loop residues in a pH-

dependent manner

In the human TRPML2 ELD, the C-terminal residues of the N-terminal al/S1 helix directly lead into a
loop consisting of 12 residues (K107-S118). Since this loop is centered on top of the ion channel pore
formed by transmembrane helix S5 and S6 in the full-length channel, this loop will be referred to as
pre-pore loop. It contains a stretch of four acidic residues (**DEDD*¢). N-terminal from the DEDD
motif, the TRPML2 ELD pre-pore loop contains a glycine- and serine/threonine-rich sequence
(*®GYSGT™?) indicating a relatively high flexibility of this region. However, the pre-pore loop is well

resolved in the TRPML2 ELD structures (also see Figure 7.3a).5*®

Figure 7.3: Electron density map and hydrogen bonding network of the TRPML2 ELD pre-pore loop. (a)
SIGMAA-weighted 2F, - F. electron density for the TRPML2 pre-pore loop at pH 6.5 (pdb 6HRR). (b) Structure of
one human TRPML2 ELD monomer (pdb 6HRR) at 2.0 A resolution and pH 6.5. With the exceptions of the
backbone amides of T112 and D116, only side-chain interactions are shown. The respective hydrogen bond

distances are indicated in A. The four acidic residues of the pre-pore loop are shown in dark gray.
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7.2 Ca2+interacts with the acidic TRPML2 ELD pre-pore loop residues in a pH-dependent manner

The pre-pore loop is stabilized by a complex set of hydrogen bonds (Figure 7.3b) which connects it
both to the S1 helix and the C-terminal region of the ELD:

(1) A hydrogen bond is formed between the side chain of S110, which marks the constriction site
of the TRPML2 ELD pore, and the main chain atoms of T112.

(2) One of the side chain oxygens of D113 forms a bifurcated H-bond with the side chains of Y109
located in the pre-pore loop and S118 in 1, while the other is H-bonded to Ne of K102 in S1.
Importantly, mutation of D113 to alanine or asparagine led to insoluble misfolded protein
(data not shown), highlighting the importance of this residue for the structural integrity of
the ELD.

(3) A weak interaction can be found between the side chain of E114A and the backbone amide
and a more favorable bond with the side chain of S120 in 1. Additionally, the backbone
amide of E114A forms a bifurcated hydrogen bond with the backbone carbonyls of Y117 and
S118.

(4) The side chain of D116 forms a hydrogen bond with the side chain of Y264 in 36.

In addition, the carboxylate groups of D115 and D116 are in close proximity (2.9 - 3.0 A). This
distance could be an indicator for a hydrogen bond between a protonated, neutral carboxy group and
a non-protonated carboxylate group. Alternatively, a distance of 3.0 A between two Asp/Glu
carboxylates could indicate a metal binding site.?* The acidic patch in the pre-pore loop is conserved
among the members of the TRPML family. In TRPML1 (**DGADDT"¢) and TRPML3 (**DRMDDT**),
similar acidic motifs can be found.! For TRPMLI1, a model for the dual regulation of this cation
channel by Ca? and pH has been suggested by Li and coworkers.?® The acidic amino acid residues of
the ELD’s pre-pore loop are negatively charged at a neutral pH of 7.4 and are therefore able to attract
and bind Ca** to form a “block” for other cations. This renders the channel inactive. Lower pH values
which can be found for example in late endosomes and lysosomes lead to protonation of the acidic

residues and weaken the Ca?* block thereby enabling cation flux.

In the tetrameric TRPML2 full-length channel at pH 7.4, a cation would encounter a ring of 16 acidic
residues (four from each subunit) before it could pass through the ion channel pore. To investigate
whether the calcium block model could also apply for TRPML2, the interaction of the TRPML2 ELD
with Ca?" at different pH values was measured using isothermal titration calorimetry (ITC, Figure
7.4). ITC measurements allow to determine binding constants and thermodynamic parameters of
reactions in a broad concentration range without requiring elaborated labeling schemes. However,
for determining Kp values of weak binding events (e.g. protein-protein-interactions or protein-ion-

interactions) high concentrations of protein (and ligand) are required.
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Figure 7.4: The wild-type (WT) human TRPML2 ELD binds Ca?* in a physiologically relevant concentration
range at near neutral pH, but not at lower pH values. ITC thermograms (top) and integrated heat signatures
with fitted curves (bottom) of the titrations of CaCl, (15 mM stock solution) to the WT TRPML2 ELD (400 uM) at
pH 7.4 (a), pH 6.5 (b) and pH 4.5 (c).

At pH 7.4, the TRPML2 ELD interacted with Ca* with a Kp of 2.97+0.11 mM (Figure 7.4a). The
binding reaction was endothermic and entropy driven, possibly due to the release of water molecules
from the hydration shell of the pre-pore loop residues. At pH 6.5, the Ca*" affinity was reduced by
more than four-fold (Figure 7.4b). Due to the very low binding affinity no reliable Kp value could be
determined. At pH 4.5, no interaction between Ca* and the TRPML2 ELD could be observed (Figure
7.4c). Representative ITC thermograms of control titrations (CaCl, into buffer) can be found in the

appendix (Figure 10.11).

To confirm the acidic pre-pore loop patch as the Ca? binding site, the four residues of the '*DEDD!!¢
motif were mutated. As mentioned before, mutagenesis of D113 to alanine to asparagine resulted in
insoluble, misfolded protein, suggesting that the main function of this residue is the stabilization and
folding of the pre-pore loop structure. In contrast, mutagenesis of E114, D115, and D116 to alanine
led to soluble, tetrameric, and structurally intact protein as confirmed by CD spectroscopy and

analytical SEC (Figure 7.5)
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Figure 7.5: Mutation of pre-pore loop amino acid residues to alanine does not affect secondary structure and
tetrameric integrity of the TRPML2 ELD. Circular dichroism (CD) spectroscopy (a) and analytical SEC (b) of WT
TRPML2 ELD and pre-pore loop mutants (TRPML2 ELD E114A, D115A, D116A, E114A/D115A).

ITC measurements with the TRPML2 ELD E114A and D115A mutants showed a significant decrease
but not the complete loss in Ca* affinity at pH 7.4 (Figure 7.6). For the TRPML2 ELD D116A mutant a
reduction of Ca* affinity was also observed, although not to the degree of the E114A and D115A
mutants. Therefore, the TRPML2 ELD E114A/D115A double mutant was also generated. This mutant
further decreased Ca*" affinity, thus confirming a pH dependent Ca?* binding site in the center of the

TRPML2 ELD pre-pore loop.
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Figure 7.6: Mutation of pre-pore loop amino acid residues to alanine impairs Ca*>* binding ability of the
TRPML2 ELD. ITC thermograms (top) and integrated heat signatures with fitted curves (bottom) of the titrations
of CaClz (15 mM stock solution) to the TRPML2 ELD pre-pore loop mutants (TRPML2 ELD E114A (a, 330 uM due
to low protein yields), D115A (b, 400 uM), D116A (c, 400 pM) and E114A/D115A (d, 400 uM)) at pH 7.4.

These results strongly support the Ca?* block model which was proposed by Li et al. for TRPML1.2%
Therefore, it may represent a general regulatory mechanism for TRPML channels which may be
dependent on the pH value of different cellular compartments and potentially the structural

orientation of the pre-pore loop acidic residues (see section 7.4).
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7.3 The wild-type TRPML2 ELD binds to a variety of cations with different

affinities

TRPML channels play an outstanding role in the lysosomal cation homeostasis, not only for Ca® but
also other mono- and divalent cations.?>** Notably, the TRPML1 related disease Mucolipidosis type
IV is linked with accumulation of chelatable Zn* in lysosomes.*® To further investigate the binding
process of cations other than Ca®* to the ELD, ITC measurements with Mg? and Zn** were performed

at neutral pH and compared to the data with Ca* (Figure 7.7a, b, c).
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Figure 7.7: Investigations on the binding affinities of Mg®* and Zn** to the WT TRPML2 ELD in comparison to
Ca*. (a, b) ITC thermograms of the titrations of CaCl. (a, 5 mM stock solution) and MgCl: (b, 5 mM stock
solution) to the WT TRPML2 ELD (100 uM) at pH 7.4. Because of the low binding affinities, integrated heat
signatures are not shown. (c) ITC thermograms (top) and integrated heat signatures with fitted curves (bottom)
of the titration of ZnCl. (5 mM stock solution) to the WT TRPML2 ELD (100 uM) at pH 7.4. (d) CD spectroscopy of
the TRPML2 ELD WT in presence of different Zn* concentrations (ELD to Zn?*" ratio corresponding to
characteristic peaks in the corresponding ITC thermogram (c, highlighted by colored arrows). (e) Tryptophan
fluorescence measurements of the TRPML2 ELD WT in presence of different Zn* concentrations (ELD to Zn*"
ratio corresponding to characteristic peaks in the corresponding ITC thermogram (¢, highlighted by colored

arrows).
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7.3 The wild-type TRPML2 ELD binds to a variety of cations with different affinities

Titration of ZnCl, to the WT TRPML2 ELD using the above-mentioned concentrations for Ca®
(titration of 15 mM CaCl, to 400 uM protein) led to a very strong signals and precipitation of the
protein. Therefore, titrations with lower protein and ZnCl, concentrations were carried out (data not
shown). Figure 7.7c shows the titration of 5 mM ZnCl, to 100 uM TRPML2 ELD WT. Similar to Ca*,
Zn* bound to TRPML2 ELD WT in an endothermic reaction. Nevertheless, protein precipitation could
be observed after the experiment was completed (further lowering of protein and ZnCl,
concentrations led to significant decrease of a detectable signal). The broadening of the peaks
corresponding to the fifth and sixth ZnCl, injection and the following signal decrease also indicated
two reactions (presumably binding of Zn?* to the ELD followed by protein aggregation). Notably, the
titration of ZnCl, to buffer only also caused a considerable endothermic signal. Representative ITC

thermograms of the titrations of CaCl,, MgCl, and ZnCl, can be found in the appendix (Figure 10.12).

In contrast to Zn*, Mg* bound with a very low affinity to the TRPML2 ELD (Figure 7.7b: titration of
5 mM MgCl, to 100 uM WT TRPML2 ELD). The affinity of Mg* to the TRPML2 ELD was also lower
than the affinity to Ca* using the same concentrations (Figure 7.7a: titration of 5 mM CaCl, to 100 uM
WT TRPML2 ELD). To investigate whether aggregation of the TRPML2 ELD during ZnCl, titration
occurs due to the high protein and ligand concentrations, circular dichroism (CD) spectroscopy
measurements were performed Figure 7.7d). Defined amounts of ZnCl, corresponding to
characteristic peaks in the respective ITC thermogram (Figure 7.7c) were added to WT TRPML2 ELD
samples. As seen in Figure 7.7d, the presence of ZnCl, did not affect the secondary structure of the

TRPML2 ELD at low concentrations (5 uM of protein).

W205

"pEDD"® E95

Figure 7.8: Human TRPML2 ELD amino acid residues relevant for this thesis. Structure of one human TRPML2
ELD monomer (pdb 6HRR) at 2.0 A resolution and pH 6.5.! Highlighted are amino acid residues E95, T98, F105
and W205 in lightorange and the acidic **DEDD!!¢ motif in red.

As an alternative to study conformational dynamics, which requires only small protein amounts,
tryptophan fluorescence measurements were carried out with the same protein/ligand ratio as in the
CD measurements. The only native tryptophan of the TRPML2 ELD is located in the 3,-helix2 (Figure
7.8). Besides small quenching effects observed at higher Zn?* concentrations, no shifting of
fluorescence maxima could be observed (Figure 7.7e). However, the distance between the native
tryptophan (W205) and the putative ion binding site in the pre-pore loop with the highly acidic

BDEDD™¢ motif is relatively large. Therefore, a mutation was introduced into the extension of S1
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near the pre-pore loop (F105W) in the hopes to use a W residue closer to the cation binding site as a
reporter (Figure 7.8). However, purification of TRPML2 ELD F105W was not successful and led to
insoluble protein. Lowering the temperature during the expression in E. coli from 22 °C to 16 °C did
not lead to an improvement. This indicated that F105 which is facing a set of 3 sheets (Figure 7.8),

plays a role in the ELD structural integrity.

7.4 Interaction with cations does not induce structural changes in the TRPML2

ELD

As mentioned above, the WT TRPML2 ELD did not only bind Ca* but also Mg* and Zn** with different
affinities. However, it remains unclear, if the binding of cations to the acidic pre-pore loop motif
leads to structural changes of the ELD. The highly acidic pre-pore loop is directly connected to
transmembrane helix S1. Binding of cations might lead to a structural re-orientation of the pre-pore
loop, which might be directed to the trans-membrane domain and ultimately to the channel pore.
The effect of neutral and acidic pH values (pH 7.4, 6.5, 4.5) and presence and absence of CaCl, on the
overall structure of the WT TRPML2 ELD was analyzed using CD spectroscopy and analytical SEC.*
These different conditions did not affect ELD secondary structure. Variation of pH or addition of Ca®
only slightly changed the elution volume of the ELD in analytical SEC, presumably due to a change in
protein surface charges and thus altered interactions with the SEC column in the presence of divalent

cations in the running buffer.!

However, it must be considered that CD and SEC are low-resolution methods and are potentially not
suitable to detect changes on a molecular level. To further elucidate the structural impact of Ca? on
the TRPML2 ELD in solution, NMR measurements were performed. NMR spectroscopy uses the
magnetic spin properties of atomic nuclei.*” During the measurements, molecules are placed in a
magnetic field, so that the magnetic moments of individual nuclei can align with the field.*” When
the sample is irradiated with pulses of radio frequency electromagnetic radiation, NMR-active nuclei
(containing a magnetic spin, such as 'H, *C, N or *P) will resonate at certain frequencies.*” These
different frequencies are obtained as NMR peaks in relation to a reference signal and are called
chemical shifts. The chemical shift depends on the molecular environment of the nucleus and is
different for each atom, unless two atoms are magnetically equivalent.*” In larger molecules, peaks
often overlap due to limited resolving power. Therefore, NMR can be expanded to two or more
dimensions enabling correlation plots between nuclei.*” 'H-¥N HSQC (heteronuclear single quantum
coherence) spectra correlate the amide nitrogen and proton chemical shifts in two dimensions,
leading to observable signals for each amino acid of a peptide chain or protein, with the exception of
proline, which lacks a 'H-"N pair.*"*® The Trp side chain Ne-He groups and Asn/Gln side chain N&-
H&2/ Ne-He2 are also visible. Each 'H, "N-HSQC spectrum is then a unique fingerprint of the protein
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7.4 Interaction with cations does not induce structural changes in the TRPML2 ELD

and yields information on folding, or putative impurities.**.*® 'H-“N HSQC spectra of the *H-"*N-

labeled WT TRPML2 ELD were recorded at pH 7.4 in the presence and absence of Ca* (Figure 7.9).
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Figure 7.9: The human WT TRPML2 ELD is highly symmetric. 'H-"N-HSQC spectra of the human WT TRPML2
ELD (120 uM) at pH 7.4 in the absence (grey) and presence of Ca* (red: 2.5 mM CaCl,, pink: 10 mM CacCly).
Spectra were recorded at 298 K in 10 mM HEPES pH 7.5, 150 mM NacCl.

As mentioned above, the TRPML2 ELD forms stable tetramers even in the absence of the rest of the
channel. The relatively low number of peaks indicated a high symmetry of the tetrameric, ~100 kDa
TRPML2 ELD, which was also observed in the crystal structures. Furthermore, the peak dispersion
confirmed proper folding of the TRPML2 ELD. With one notable exception (inlet), the addition of Ca**
did not lead to significant chemical shift changes, indicating that potential structural changes are

very subtle and/or that Ca** binding is not sensed by many TRPML2 ELD residues.

To further elucidate the question if cation binding leads to a structural re-arrangement of the
TRPML2 ELD pre-pore loop, a post-translational approach was followed to introduce a “reporter” in
close proximity to the pre-pore loop. The amino acid E95 at the extension of transmembrane helix S1
was mutated to cysteine, yielding TRPML2 ELD E95C. Cysteines can covalently react with labels (for
example BTFA (3-bromo-1,1,1-trifluoroacetone) for YF-NMR and IPSL (3-(2-iodoacetamido)-proxyl)
for EPR (electron paramagnetic resonance) spectroscopic measurements (Figure 7.10a, b). Originally,
the TRPML2 ELD constructs which are used in this study contain five native cysteines, four of them
form disulfide bridges. The fifth cysteine is located in the pre-pore loop and was found to be

inaccessible for labelling attempts both with BTFA and IPSL (data not shown).
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Figure 7.10: Cysteine labeling reactions. Covalent reactions of cysteine with (a) BTFA (3-bromo-1,1,1-
trifluoroacetone) for YF-NMR (b) IPSL (3-(2-iodoacetamido)-proxyl) for EPR (c) Ellman’s reagent (DTNB*, 5,5

dithio-bis-(2-nitrobenzoic acid) for determination of labeling efficiency.

TRPML2 ELD E95C was heterologously expressed and purified successfully. CD spectroscopy and
analytical size exclusion chromatography confirmed the structural and tetrameric integrity of the
mutant in comparison to the wild type (Figure 7.11b, c). Furthermore, ITC showed that this construct
still interacts with Ca?* binding at pH 7.4. Based on the titration of 15 mM CaCl, to 400 uM TRPML2
ELD E95C a Kp of 2.83+0.24 mM was determined (see Figure 7.11a, please compare Figure 7.4a
(TRPML2 ELD WT: Kp = 2.97 £ 0.11 mM)). Therefore, TRPML2 ELD E95C can be used to investigate

the structural consequences of pH-dependent ion binding via YF-NMR and EPR spectroscopy.
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Figure 7.11: TRPML2 ELD E95C shows similar structural properties and affinity to Ca*" as the wild-type
protein and can be labeled for ?’F-NMR and EPR measurements. (a) ITC thermograms (top) and integrated heat
signatures with fitted curves (bottom) of the titrations of CaCl. (15 mM stock solution) to TRPML2 ELD E95C
(400 puM) at pH 7.4. (b) CD spectroscopy of the WT TRPML2 ELD and E95C mutant. (c¢) Analytical SEC of the WT
TRPML2 ELD and E95C mutant. (d, e) Ellman’s test with WT TRPML2 ELD, unlabeled E95C mutant and E95C
mutant which was labeled with BTFA (d) for *’F-NMR measurements or IPSL (e) for EPR measurements. TRPML2
ELD constructs were titrated in 0.4 nmol steps (2 pL of a 200 uM sample) to 20 nmol Ellman’s reagent (control:

buffer (10 mM HEPES, 15 mM NaCl)).

To determine the labeling efficiency, the so-called Ellman’s test”® was performed for the TRPML2
ELD. To assess the labeling efficiency, an Ellman’s assay was carried out using DNTB (5,5-dithio-bis-2-
nitrobenzoic acid, Ellman’s reagent). Ellman’s reagent reacts with free sulfhydryl groups at neutral or
alkaline pH forming 5-thio-2-nitrobenzoic acid (TNB?") which has a yellow color (Figure 7.10c). The
absorption at 412 nm can then be measured. To assess the quality of the setup and elucidate which
protein concentration will be required, tests with B-mercaptoethanol in different concentrations
were carried out (see appendix, Figure 10.10). The higher the concentration of added
B-mercaptoethanol, the higher was the amount of TNB* that was formed and the higher the
absorption at 412 nm. The first labeling attempts using purified TRPML2 ELD E95C with BTFA
remained unsuccessful (data not shown). However, protein which was labeled with BTFA and IPSL
during the purification procedure, bound to the NiNTA beads (see methods sections 4.19 and 4.20 for
details) showed much lower absorption values in comparison to the unlabeled control, similar to the

wild type (Figure 7.11d, e), indicating a high labeling efficiency.

For further experiments, a second ELD mutant (T98C) was cloned. Residue T98 is located closer to the
putative cation binding site and in a “more buried” position (Figure 7.8). While expression and
purification of TRPML2 ELD T98C was successful and led to soluble protein, labeling of this residue
with BTFA and IPSL was not possible as assessed by Ellman’s test (data not shown), potentially due to

its more buried position.
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Next, YF-NMR measurements were performed with BTFA treated TRPML2 ELD E95C to investigate
whether addition of ligands to the pre-pore loop of the ELD leads to conformational changes within
the S1 helix. This would be a first indication that transmembrane communication via binding of
metal ions is a possibility in TRPML channels. “F is not a natural component of biomolecules in
contrast to 'H, 3C, N and *P. Therefore, it can be used as a site-specific reporter allowing to draw
conclusions regarding structure, dynamics and ligand-interactions of high biological systems.*” In
addition, fluorine does not cause steric hinderance as its atomic radius is very close to that of a
proton.*”! Fluorine labels can be incorporated directly into proteins during expressions or as a post-

purification tag.*”* as done here for the TRPML2 ELD.

PF-NMR measurements of TFA-labeled TRPML2 ELD E95C showed that the protein could indeed be
efficiently fluorinated (Figure 7.12). The “F-NMR spectra showed a single peak. Free BTFA was also
tested in buffer, importantly its F resonance showed a different chemical shift indicative of a
different chemical environment, once the TFA group was attached to the protein and the Br™ leaving

group has been discarded.

Furthermore, YF-NMR spectra were recorded for both free BTFA and TRPML2 ELD E95C-TFA at
pH 6.5 and 4.5. For free BTFA, no chemical shift change could be observed at pH 6.5 in comparison to
pH 7.4. At pH 4.5, the peak intensity was strongly decreased and a small second peak at higher ppm is
detected. For TRPML2 ELD E95C-TFA, a slight shift to lower ppm could already be observed at pH 6.5,
compared to pH 7.4. At pH 4.5, the signal further shifted to higher ppm (in comparison to pH 7.4) and
became very broad and barely detectable. As a shift to higher ppm values in comparison to neutral
pH could be observed for both free BTFA and TRPML2 ELD E95C-TFA at lower pH, the effect was not
indicative of structural changes of the TRPML2 ELD at different pH values. Notably, when the pH 4.5
samples of free BTFA and TRPML2 ELD E95C-TFA were re-set to pH ~7 - 8 (via addition of NaOH

solution), the peaks shifted back to lower ppm in both cases.
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BTFA

pH 7.4 TRPML2 ELD E95C-TFA

Figure 7.12: The human TRPML2 ELD E95C mutant was successfully labeled with BTFA for “F-NMR
measurements. F-NMR spectra of free BTFA in buffer at three pH values relevant for TRPML2 physiology
(50 uM, top panel, dark green, pH7.4; light green, pH 6.5; grey, pH 4.5) and TRPML2 ELD E95C-TFA (50 uM,
bottom panel). Spectra were recorded at 298 K in 10 mM HEPES, 15 mM NaCl at pH 7.4, pH 6.5 and pH 4.5 (red,

violet, pink. respectively).

For the "F-labeled ELD, titrations with calcium chloride were carried out at pH 7.4 and pH 6.5.
Titrations with magnesium chloride, zinc chloride and iron(III) chloride were performed at pH 7.4

(Figure 7.13).

With increasing cation concentrations, a decrease of signal intensity could be observed for all
titrations. Line broadening could be an indicator of protein-ligand interactions, depending on the
exchange rate, transverse relaxation rate and the fraction of the ligand in free and bound state.”
However, protein aggregation was visually noticed after the measurements and confirmed via
analytical SEC (data not shown). To test if protein aggregation is reversible, millimolar amounts of
EDTA were added at the end point of the titration. Notably, the signal could be “rescued” in the
presence of ZnCl, only and not in the presence of CaCl,, MgCl, and FeCls. This indicated that the line
broadening and decrease in signal intensity was caused by protein aggregation. As mentioned before,
protein aggregation was also observed when ZnCl, was titrated to the TRPML2 ELD during ITC
measurements, but not when low protein amounts were used to verify structural integrity using CD
spectroscopy. This indicated that protein aggregation is dependent on the used protein

concentration.

96



7 Results

Apo pH 7.4 TRPML2 ELD E95C-TFA

— apo
— + 50 pM CaCl,

+200 pM CaCl,

+800 uM CaCl,

ca® +1600 uMCaCl,

+ 3200 pM CaCl,

+4800 uM CaCl,

TRPML2 ELD E95C-TFA ‘
— % M CaCl,
— +200 uM CaCl,
— +800 M CaCl,

+1600 uM CaCl,
+3200 pM CaCl,

TRPML2 ELD E95C-TFA|

— apo
— +50 M MgCl,
— + 200 pM MgCl,
— +800 uM MgCl;
-+ 1600 uM MgCl,
— +3200 M MgCl;
+4800 M MgCl;

TRPML2 ELD E95C-TFA

—apo
— + 50 uM FeCl,
— +200 pM FeCl,
— + 800 uM FeCl,
+ 1600 puM FeCl,

TRPML2 ELD E95C-TFA

apo
+ 50 yM ZnCl

+ 200 pM ZnCl,
. +800 pM ZnCl.
Zn
WWWM
-83.4 836 -83.8 -84.0 -84.2 -84.4 -84.6 [ppm]

Figure 7.13: Titration of cations to the fluorine-labeled TRPML2 ELD E95C mutant induced decreased signal
intensity and line broadening in F-NMR measurements. *F-NMR spectra of TRPML2 ELD E95C-TFA (50 uM,
top panel) titrated with CaCl, (at pH 7.4: concentrations: 50 uM to 4.8 mM, at pH 6.5: concentrations: 50 uM to
3.2 mM), MgCl: (50 uM to 4.8 mM), FeCls (50 pM to 1.6 mM) and ZnClz (50 pM to 800 uM). Spectra were recorded
at 298 K in 10 mM HEPES, 15 mM NaCl at pH 7.4 and pH 6.5 At the respective titration endpoints, EDTA (10 mM)

was added (shown in black).

As a complementary approach to ¥F-NMR spectroscopy, EPR spectroscopy was used to characterize
the structural consequences of cation binding to the TRPML2 ELD. EPR spectroscopy is a powerful
tool for investigating paramagnetic species, including organic and inorganic radicals, and
paramagnetic triplet states.’”® EPR and NMR have similar working principles. NMR focuses on the
interaction of an external magnetic field with isotopic nuclei while EPR measures the absorption of
microwave radiation by an unpaired electron spin in the presence of an external magnetic field.*”
Thus, EPR experiments require the introduction of unpaired electrons into proteins and other
biomolecules. The site-specific introduction (typically via attachment to cysteine side chains) is
commonly referred to as site-directed spin labeling (SDSL).**3*> Most widely used spin labels are
based on nitroxide radicals.*”® Nitroxides are heterocyclic free radicals which carry an unpaired

electron (S = 1/2) in a N-O- bond.*”® The nitrogen atom has a 99.6% natural abundance of the isotope
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7.4 Interaction with cations does not induce structural changes in the TRPML2 ELD

¥N, which contains a nuclear spin I = 1. Bulky substituents such as methyl groups in close proximity
to the nitrogen sterically shield the radical and provide stability in vitro.*”® For EPR measurements of
the TRPML2 ELD, the TRPML2 ELD E95C mutant was labeled with the spin label IPSL during
purification of the protein. Generally, the purification was performed under non-reducing conditions
as nitroxides are not stable under reducing conditions.*”® Successful labeling was confirmed via

Ellman’s test (Figure 7.9e).

Initially, continuous-wave (CW) EPR measurements with the IPSL-labeled TRPML2 ELD E95C mutant
at pH 7.4 were performed to elucidate the labeling efficiency. During CW-EPR experiments, spectra
are collected by placing a sample into a microwave field of constant frequency v, and varying the
external magnetic field, B,.*”> CW-EPR spectra of nitroxide spin labels contain three lines due to the
hyperfine interaction with the N nucleus.*”’ The spectral line shape demonstrates the mobility of the
spin-label side chain. The mobility is dependent on neighboring amino acid side chains and

secondary structure components in its close environment.*”

As seen in Figure 7.14, the spectrum of sole IPSL contains sharper spectral line shapes in comparison
to the labeled protein indicating efficient labeling and absence of free IPSL. The broader spectral line
shapes obtained for the labeled protein were caused by the decreased rotational correlation time of
the label due to attachment to the protein. A spin count (i.e. protein labeling efficiency) of 80.37%

was determined.
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Figure 7.14: The TRPML2 ELD E95C mutant was successfully labeled with the nitroxide spin label IPSL. CW-
EPR spectra of IPSL (100 uM) and TRPML2 ELD E95C-PSL (100 pM protein concentration) were recorded at 298 K
in 10 mM HEPES, 15 mM NacCl at pH 7.4.
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Next, PELDOR (pulsed electron double resonance, also called double electron electron resonance
(DEER)) experiments were conducted with the IPSL-labeled TRPML2 ELD E95C mutant at pH 7.4 and
6.5 (Figure 7.15). Due to precipitation of the labeled protein at pH 4.5, measurements at this pH value
were not possible. In pulsed EPR experiments, the magnetic field is fixed, and the spectra are
recorded by exciting a large frequency range simultaneously with a single high-power microwave
pulse at a given frequency v.*”® Because the relaxation times are too short for most of the biological

molecules at RT, pulsed EPR measurements are generally performed at cryogenic temperatures.®”?

In PELDOR spectroscopy, a dipolar coupling between two spins is measured by monitoring one set of
spins while exciting another set of spins with a second microwave frequency.®” This allows
measurement of the distance between them, if they are in relatively close proximity, since the
magnetic dipolar coupling frequency between two spin labels is inversely proportional to the cube of
the distance (r%).**%! Other techniques which are used for distance estimations within and between
proteins, such as FRET (Forster energy resonance transfer), require two different relatively large
chromophores. In contrast, EPR distance measurements can be performed with two identical, much

smaller spin labels,2-38*

PELDOR can be used for measuring distances between 10 and 80 A.*”” Based on the crystal structure
of the WT TRPML2 ELD at pH 6.5 (pdb 6HRR),' the distance between amino acids E95 is approx. 36 A

in two neighbored monomers and approx. 52 A in the diagonal (Figure 7.15a).

99



7.4 Interaction with cations does not induce structural changes in the TRPML2 ELD

TRPMLZ2 ELD TRPMLZ2 ELD
1.0 E95C-PSL 1.0+ E95C-PSL
i pH 6.5 . [\ pH 6.5 + Ca™
g 3 "
2 z
0.05— — 0.05— —— —
20 40 60 80 100 20 40 60 80 100
Distance [A] Distance [A]
d e
TRPML2 ELD TRPMLZ2 ELD
1.04 E95C-PSL 1.0- E95C-PSL
) pH 7.4 . pH 7.4 + Ca™
8 8
% 0.5+ § 0.5~
5 g
0.0~ T 0.0 T |l
20 40 60 80 100 20 40 60 80 100
Distance [A] Distance [A]

Figure 7.15: Ca?" and pH do not affect the distances between nitroxide spin labels attached to the N-terminus
of the TRPML2 ELD E95C mutant. (a) Structure of the human WT TRPML2 ELD (pdb 6HRR) at 2.0 A resolution?
viewed from the membrane plane. Position of amino acid E95 is indicated in each monomer by a grey sphere.
Distances between these amino acids in the tetrameric ELD have been determined using PyMOL. For EPR
measurements, E95 was mutated to cysteine to allow labeling with the nitroxide spin label IPSL. (b-e) PELDOR-
based inter-nitroxide distance distributions, error estimates are shown as shades. PELDOR measurements on the
IPSL-labeled TRPML2 E95C mutant (100 pM) were performed at 50 K in deuterated buffer containing 10 mM
HEPES, 15 mM NaCl, 30% glycerol at pH 6.5 (b), 6.5 + 400 uM CaClz (c), pH 7.4 (d), 7.4 + 400 uM CaCl: (e).

Respective time traces can be found in appendix Figure 10.14.

As seen in Figure 7.15b-e, similar PELDOR-derived inter-nitroxide distance distributions could be
observed at pH 6.5 and pH 7.4 in the presence and absence of Ca*. The distance distributions
displayed a bell-like shape which contained one major peak at approx. 30 A and a smaller peak at
approx. 45A. These results were in the same range as the distances obtained from the crystal
structure, indicating that PELDOR was successfully performed on the labeled TRPML2 ELD E95C
mutant. In this set-up, distances between four spin labels (one in each subunit) were measured.
Because of the high symmetry of the protein, only two distances in a 2:1 ratio could be observed
corresponding to the major peak approx. 30 A and smaller peak at approx. 45 A. However, different
pH values and the presence of Ca* did not have a significant impact on the distance distributions,
only the larger distance seemed to become a little bit more prominent (the molecular mechanism
behind these observations remains elusive). Thus, pH and Ca* are presumably not able to alter the

relative position of the TRPML2 ELD S1 helix and pre-pore loop.
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8 Discussion

8.1 The pH-dependent Ca* affinity of the TRPML2 ELD indicates a role of the

ELD in the regulation of the whole channel

The extracytosolic/lumenal domain (ELD) is an important structural hallmark of TRPML and TRPP
channels. The ~ 100 kDa domain constitutes around one third of the whole channel and has also been
termed “I-II” linker as it is located between transmembrane helices S1 and “polycystin-mucolipin
domain” (or “TOP domain” (tetragonal opening for polycystins) for TRPP channels).?*”?3%7 While the
TRPML ELD is formed on top of the transmembrane domain, the TRPP TOP domain directly contacts
the pore turret of the adjacent chain and the VSLD (voltage-sensor-like domain) of its own chain,
which provides opportunities for the TOP domain to influence the opening of the pore filter and to
control channel activity.”” In contrast, the impact of the TRPML ELD on the regulation of the full-

length channel remained elusive.

The TRPML ELD and is exposed to different conditions (e.g. Ca* concentrations and pH values) as it
faces either the endolysosomal space or the extracellular lumen, depending on the channel’s cellular
localization.?®® Qur crystal structures of the human TRPML2 ELD at pH 6.5 (pdb 6HRR, 2.0 A, see
Figure 7.1) and pH 4.5 (pdb 6HRS, 2.95 A) marked the first structural information available for human
TRPML2 and allowed the comparison with the ELDs of other TRPML channels at different pH values
(see Viet et al.'). Comparing the ELDs of TRPML1, TRPML2 and TRPML3, the overall architecture is
highly similar (two long a helices and a six-stranded antiparallel 3-sheet).??22%7,:25+-257.263 Dyjfferences
were described with regard to the ELD pre-pore loop architecture. The pre-pore loop is directly
connected with the extension of the S1 helix and contains a stretch of acidic amino acid residues. In
the full-length channel, the pre-pore loop is centered of the ion channel pore, which is formed by S5
and S6. At acidic pH, the human TRPML3 ELD pre-pore was closed, while the TRPML1 and TRPML2
displayed wider conformations. These findings may present a rational explanation for observed
differences in organelle-specific channel activation. While TRPML1 was described to be activated at
low pH in the lysosome, TRPML3 is inhibited under the same conditions.?*”?%*° For TRPML2, it was
suggested that the channel is inhibited at low pH, while others described it to be activated at acidic
pH, similar to TRPML1.%%%23438 Presentation of the full-length cryo-EM structure of mouse TRPML2 at
pH 7.4 by Song et al.® allowed the comparison of TRPML2 ELDs at three physiological relevant pH
values. Notably, all three structures display similar pre-pore diameters.>**® Alignment of our high-
resolution hsTRPML2 ELD structure at pH 6.5 and mmTRPML2 at pH 7.4 showed a high structural
similarity (Figure 7.2).

For TRPMLI, Li et al. reported interactions of the pre-pore loop with Ca? and H* and suggested a
molecular model of ELD-based TRPML1 regulation (“Ca* block model”).? The aspartate residues in

the pre-pore loop are negatively charged at pH 7.4 (which the ELD encounters in the extracellular
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8.2 Cation binding does not lead to structural changes of the TRPML2 ELD that could potentially be propagated to the
transmembrane domain

space) thus attracting and binding extracellular Ca?, forming a block for Ca®" and other cations.
Lower pH values in the endolysosomal system might lead to protonation of the aspartate residues,

which weakens the Ca* block enabling cation flux.?*®

In this thesis, it was shown that the TRPML2 ELD interacts with Ca*" in a pH-dependent manner
(Figure 7.4). At pH 7.4, a Kp of 2.97 +0.11 mM was determined. Therefore, the affinity to Ca* is in a
physiological relevant concentration range and would be sufficient to block the channel in the
presence of millimolar Ca®* concentrations. Additionally, a fast reversal of the cation block would be
possible if the pH value drops. The Ca* binding site in the acidic pre-pore loop motif was verified by
mutating the acidic pre-pore loop residues to alanine, which resulted in decreased Ca* affinity
(Figure 7.6), confirming the Ca? block model for TRPML2.! As acidic motifs in the pre-pore loop can
be found in all TRPML channels, this suggests that it is a general regulatory mechanism of the
TRPML family. The Ca* block model was tested by Li et al. in the context of the TRPML1 full-length
channel using patch clamp experiments. All 12 aspartate residues in the pre-pore loop region (D111,
D114 and D115 in each subunit) were simultaneously mutated to glutamine. These mutations strongly
impaired Ca* inhibition at pH 7.4, while a decrease in pH to 4.6 attenuated Ca* inhibition of the
mutant channel. All in all, this indicates that the pH dependent Ca*" affinity of the ELD may play an

important role in the organelle-specific, structural regulation of TRPML channels.

8.2 Cation binding does not lead to structural changes of the TRPML2 ELD that

could potentially be propagated to the transmembrane domain

The spatial proximity of the pre-pore loop (harboring the Ca*" binding site) to the extension of S1
suggests that potential structural rearrangements of the TRPML2 ELD may be propagated to the
transmembrane region. This may directly affect the activity of the channel. In addition to Ca*, the
affinity of the TRPML2 ELD to other cations, for which TRPML?2 is permeable, was investigated. In
comparison to Ca?', the TRPML2 ELD showed a higher affinity to Zn?* and a slightly lower affinity to
Mg*. However, titration of ZnCl, to the TRPML2 ELD led to protein aggregation which might have
negatively affected the quality of the ITC measurement which was used to determine the binding
affinity. In contrast to the cytosol, which exhibits very low Zn*" concentrations (approx. 0.1 nM),
intracellular vesicles such as lysosomes contain micromolar to millimolar Zn* concentrations and

function as Zn?" stores.38¢-3%8

Using various high-resolution spectroscopic approaches (*H"”N-HSQC (Figure 7.9), “YF-NMR (Figure
7.13), PELDOR (Figure 7.15)) no significant changes in the TRPML2 ELD structure upon cation
binding and at different pH values were observed. Potentially, structural changes are very small and
cannot be resolved with the applied methods. In our crystal structures at pH 6.5 and 4.5, also no
significant structural differences can be observed regarding the architecture of the pre-pore loop

which is well-resolved in both crystal structures indicating low flexibility. In the cryo-EM full-length
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structure of mmTRPML2, the pre-pore loop is also well-resolved, and a similar pre-pore diameter
compared to our crystal structures at pH 4.5 and 6.5. Furthermore, a complex set of hydrogen bonds
was identified in the human TRPML2 ELD which might stabilize the pre-pore loops position.! In the
TRPML1 ELD structures obtained at different pH values presented by Li et al., also no significant

structural changes can be observed.

The confirmation of the Ca* block model for TRPML2 suggests that the TRPML2 ELD plays indeed an
important role in the regulation of the whole channel although it might not be linked to pronounced
structural changes which could be potentially transmitted to the transmembrane domain via the S1
helix. However, these results do not exclude a potential structural crosstalk between the TRPML2
domains. Potentially, protein and lipid interactions at the N-terminus induce structural changes
which are transmitted to the ELD via S1. To pursue this approach, studies with the full-length channel

are required.

103



104



9 Conclusion & outlook

TRPML?2 is a member of the TRPML subfamily of TRP ion channels. The three human TRPML family
members are tetrameric, unspecific cation channels located in the membranes of the endolysosomal
system (and in the plasma membrane, to a lesser extent).?***® TRPML channels are involved in
several processes crucial for normal cell functioning, e.g. ion homeostasis, signal transduction and
autophagy.?*?® In comparison to TRPML1 and TRPML3, the physiological role and structural
characteristics of TRPML2 are far less understood. In recent years, a potential role for TRPML2 in
innate and adaptive immunity as well as in viral infections has emerged.’>***?* TRPML2
overexpression was shown to increase endosomal trafficking efficiency of certain RNA viruses, for
example influenza A virus (IAV) and Zika virus (ZIKV).*? In addition, treatment with the unspecific
TRPML agonist ML-SA1 inhibited Dengue (DENV) and ZIKV infection by promoting lysosomal

acidification and protease activity.>*

In terms of the structure of TRPML2, only the full-length structure of mouse TRPML2 and our crystal
structures of the human isolated extracytosolic/lumenal domain (ELD) are available."?® In contrast,
several full-length and structures of TRPML1 and TRPML3 as well as structures of the isolated
TRPML1 ELD have been determined.?%%72+257.268 Beyond the structures, the functional regulation of
TRPMLs needs further investigation. Until now, the question whether there is (stimulus-dependent)
structural crosstalk between the individual TRPML domains (ELD, transmembrane domain (TMD),
N- and C-termini) remains unanswered. In this thesis, a multiscale view on the TRPML2 ion channel
was applied on the one hand to elucidate the role of TRPML2 in ZIKV infection. On the other hand,
the pH-dependent Ca*" interaction of the TRPML2 ELD which may play an important role in a
putative interdomain crosstalk and the endolysosomal compartment-specific regulation of the full-

length channel, was investigated.

9.1 TRPML2 activation inhibits ZIKV replication in vitro

In the first part of this thesis, the selective TRPML2 agonist ML2-SA1, which was described by Plesch
et al.,?”” was used in vitro to analyze the implications for the ZIKV life cycle (see Figure 9.1). ML2-SA1
induced a pronounced antiviral effect against two ZIKV isolates, one representative of the African
lineage (ZIKV Uganda) and one representative of the Asian lineage (French Polynesia). cLSM and
super-resolution microscopy revealed increased acidification of the endolysosomal system upon
ML2-SAl-treatment and accumulation of ZIKV in CDé63-positive vesicles. When lysosomal
degradation was inhibited, no intracellular ZIKV accumulation was observed, indicating that the
antiviral effect of ML2-SA1 against ZIKV is not based on increased lysosomal ZIKV degradation. In
contrast, Xia et al. suggested that the antiviral effect of the unspecific agonist ML-SA1, which activates

all three human TRPML channels, is caused by increased acidification and protease activity.** Xia et
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9.1 TRPML2 activation inhibits ZIKV replication in vitro

al. hypothesized that ML-SA1 affects early stages of the flavivirus life cycle based on a time-of-
addition experiment that was carried out. However, it needs to be considered that they did not
include reference compounds and did not synchronize the infection process, which is an important
prerequisite for this type of experiment.?®® Our time-of-addition experiments, which included ML2-
SA1, ML-SA1 as well as the entry inhibitor Bafilomycin Al and the replication inhibitor Ribavirin for
reference, indicated that ML2-SA1 and ML-SA1 induced a mild proviral effect when the compounds
were present during the early stages of the infection process, presumably due to increased
endosomal trafficking and enhanced acidification, which may promote ZIKV fusion in late
endosomes. Of note, activation of TRPMLs by small-molecules leads to Ca?* flux from endosomes and
lysosomes into the cytosol which was reported to influence vesicular trafficking, vesicular fusion and

fission, lysosomal exocytosis and autophagy.?>#7%®
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Figure 9.1: ML2-SA1 treatment inhibits ZIKV replication. TRPML?2 is an endolysosomal cation channel which
can be activated using the small-molecule ML2-SA1. The endolysosomal system plays a remarkable role for ZIKV
infection. A combination of various techniques was used in this thesis to investigate the consequences of ML2-
SA1 treatment on the individual stages of the ZIKV life cycle (see text). Surprisingly, ML2-SA1 treatment inhibits
ZIKV replication, presumably by interfering with cholesterol trafficking. Cholesterol is required in the ER
membranes for effective formation of ZIKV replication factories. Abbreviations: CME: clathrin-mediated

endocytosis, ER: endoplasmic reticulum, prM: pre-membrane protein, TGN: trans-Golgi network, SVP: subviral particle.

When ML2-SA1 treatment was started at later timepoints of the viral life cycle, it resulted in a
pronounced antiviral effect against ZIKV. Experiments with a ZIKV Renilla luciferase reporter virus
confirmed the inhibition of viral replication. Furthermore, the size of replication factories was
reduced upon ML2-SA1 treatment and intracellular cholesterol accumulations were observed in
uninfected and ZIKV-infected cells, which might be indicative for impaired cholesterol trafficking.
Cholesterol is an important host cell factor and required in the membranes of the ER for the
formation of ZIKV replication factories. In the next steps, the effect of ML2-SA1 treatment on the
cholesterol metabolism should be investigated in more detail, for example by additional treatment

with cholesterol modulators.

From the combination of my results, I conclude that ML2-SA1 affects later stages of the ZIKV life

cycle and diminishes ZIKV replication but may also display a mild pro viral effect when present
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9 Conclusion & outlook

during the early stages of the life cycle (see Figure 9.1). To rule out potential off-target effects,
TRPML2 knockdown experiments could be performed. Furthermore, the ML2-SAl-mediated Ca* flux
from the endolysosomal into the cytosol could be confirmed in A549 cells for example by using
dextran coupled Ca* sensors. Investigations on the autophagy marker p62 in ML2-SAl-treated cells
have indicated an induction of autophagy, which could be further analyzed by using other autophagy
markers, for example LC3. Recently, TRPML2 was shown to activate TFEB, leading to TFEB nuclear
translocation and transcriptional activation of autophagic and lysosomal genes as well as expression

of B7 costimulatory molecules on dendritic cells.**

9.2 The selective TRPML2 agonist shows pan-antiviral potential

Due to the high similarity of the life cycle of flaviviruses, it seems likely that ML2-SA1 also shows
antiviral potential against other flaviviruses such as DENV, West Nile virus (WNV) and yellow fever
virus (YFW). As mentioned before, Xia et al. showed that the unspecific TRPML agonist ML-SA1
inhibits DENV and ZIKV infection.? The time-of-addition experiments and ZIKV RLuc assays
presented in this thesis indicated that both ML2-SA1 and ML-SA1 affect ZIKV replication. Therefore,
it seems reasonable to assume that ML2-SA1 has pan-flaviviral potential and ML2-SA1 should be

tested concerning anti-viral effects against other flaviviruses, for example DENV.

As shown in this thesis, ML2-SA1 increased acidification of the endolysosomal system. Many viruses,
for example hepatitis E virus (HEV) depend on endocytosis for their life cycle.®® In his Bachelor
thesis, || I demonstrated with the help of ||| (oot ] sroup; Paul-
Ehrlich-Institute, Langen) that ML2-SAl-treatment of A549 cells persistently infected with HEV
decreased the release of HEV virions and increased the colocalisation of viral proteins with the
lysosomal marker Lamp?2, as confirmed via confocal laser scanning microscopy.*° All in all; ML2-SA1
could serve as a new lead structure for the development of novel pan-antiviral drug candidates,

although the cause of the antiviral effect of ML2-SA1 might be different for different virus families.

9.3 The ELD potentially regulates TRPML2 by interacting with Ca* in a pH-

dependent manner
In the second part of this thesis, the structural consequences of changes of Ca* and pH in a
physiological relevant range on the TRPML2 ELD was analyzed. The ELD is the structural hallmark of
the TRPML family. Until now, the impact of the TRPML ELD on the regulation of the full-length
channel remained largely unclear. In contrast, the TOP domain of TRPP channels, which displays
similar structural features as the TRPML ELD, was shown to be able to influence the opening of the
pore filter and to control channel activity by its direct contacts with the pore turrets of the adjacent

chain and the voltage-sensor-like domain of its own chain.?’” The TRPML ELD is exposed to various
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9.4 A TRPML2 overexpression system could be used to investigate the consequences of TRPML2 mutations on ZIKV infection

pH values and ion concentrations when the channel is trafficking through the endolysosomal system.
The organelle-specific pH was shown to play a role in the activity of TRPML channels: TRPML1 was
described to be activated at low pH in the lysosome, in contrast, TRPML3 is inhibited under the same
conditions.?"*02¢ For TRPML2, it was suggested that the channel is inhibited at low pH, while others
described it to be activated at acidic pH, similar to TRPML1.20823438

Using ITC and mutagenesis, it was demonstrated in this thesis that the TRPML2 ELD interacts with
Ca* in a pH-dependent manner thereby confirming the Ca* block model proposed for TRPML1.%3
While not yet shown for TRPML3 or TRPML channels from other species, this indicates that the Ca?
block model may be a general mode of regulation for the TRPML subfamily of ion channels.
Furthermore, it was found that other cations bind to the TRPML2 ELD with different affinities.
However, high-resolution spectroscopic approaches (*H®N-HSQC, YF-NMR, PELDOR) did not reveal
significant structural changes at varying pH values and in the presence of cations. In combination
with the before-mentioned pH-dependent Ca?* binding in the ELD’s central pore, this indicates that
the TRPML2 ELD could play a putative “passive” role in the structural regulation of the full-length
channel. This regulation does not seem to be linked to significant structural changes which might
have been transmitted to the TMD and N-terminus via the first transmembrane helix (S1). However,
this does not exclude an interdomain communication between ELD, TMD and N-terminus.
Potentially, signals are transmitted from the N-terminus (for example caused by lipid or protein

interaction) to the TMD and ELD but not the other way round.

All in all, the results of this thesis contributed to a better understanding of the function of the
TRPML2 ELD. In the next steps, the position of the label which was used for *F-NMR and PELDOR
experiments could be varied within the S1 helix and the pre-pore loop to detect potential minor
structural differences upon changes in pH and cation concentrations. In addition, “F-tryptophan
could be incorporated as a reporter in the WT TRPML2 ELD and pre-pore loop mutants. Of note, the
TRPML2 ELD contains only one native tryptophan W205, which is located in the 3;0-helix2 (see Figure
7.8). To test the Ca* block model for full-length TRPML2, a functioning TRPML2 overexpression
system is required. In the full-length channel, mutation of the acidic pre-pore loop motif to alanine
may decrease the affinity to Ca?" at neutral pH and a block for other cations may not be formed as a

consequence. Thus, cation flux might be increased at neutral pH.

9.4 A TRPML2 overexpression system could be used to investigate the

consequences of TRPML2 mutations on ZIKV infection
Cells stably expressing TRPML2 pre-pore loop mutants could be infected with ZIKV. As reported by
Rinkenberger and Schoggins, TRPML2 overexpression enhances endosomal trafficking of
endocytosed viruses® and it would be interesting to investigate if similar effects would be observed

for the pre-pore loop mutants. Furthermore, the TRPML2 overexpression system could be used to
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study the functional consequences of the naturally occurring TRPML2 mutation K370Q. In addition,

pre-pore loop mutations and K370Q could also be combined in one construct.

The rare genetic TRPML2 variant K370Q was the first mutation that was reported for TRPML2 in a
disease-related context.”? This natural variant is overrepresented in certain African subpopulations.®
It was hypothesized that this mutation which fails to enhance viral infections, might be beneficial for
the carrier against viral diseases.’> While it was confirmed that TRPML2 K370 is expressed in a similar
level in comparison to the wild type, it remains completely unclear, whether this mutation affects the
activity or subcellular localization of this ion channel.”? As channel activity was shown to be
important for the proviral effect of TRPML2 overexpression, it seems likely that the activity of the
K370Q mutant is decreased. In cells overexpressing TRPML2 K370Q, the activity of the channel could

be studied using lysosomal patch clamp experiments and the subcellular localization via

immunofluorescence.
TRPML2
273" ‘ ELD
" 272
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TMD
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Y‘ 2 Arf6
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Figure 9.2: Potential structural interaction between amino acid residues K370 in the transmembrane domain
(TMD) and E268, E272 and E272 in the extracytosolic/lumenal domain (ELD) of TRPML2. K370 is located in
the loop between transmembrane helix 3 and 4, this loop is not resolved in the structure of mouse TRPML2 at
pH 7.4, 3.14 A (pdb 7DYS). The approximate position of K370Q is highlighted by a yellow sphere. In addition,
amino acid residues E268, E272 and E273 in the TRPML2 ELD are highlighted (see inlet). Via the first
transmembrane helix S1 (highlighted in dark blue), the ELD is directly connected with the N-terminus, which is
potentially involved in the interaction with other proteins (see section 9.5). The small GTPase Arf6 (2.28 A, pdb
1E0S) is a potential interaction partner of TRPML2. TRPML2 isoform 2 misses the first 28 amino acids (indicated

by a dotted line), in comparison to isoform 1.

Furthermore, the structural basis of the K370Q mutant could be investigated. The amino acid K370 is
located between S3 and S4 and might be in a suitable position for interactions with the ELD (for
example a salt bridge between K370 and residues E268, E272 or E273, see Figure 9.2). Although the
distance between the putative position of K370Q is approx. 20 A in the structure of mouse TRPML2, it

needs to be considered that the loop between S3 and S4 is not resolved in this structure and that the
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distance between TMD and ELD could be shorter when the channel is in its native environment. For

the formation of salt bridges, the distance required is around 4 A.3

Potentially, mutagenesis of E268, E272 or E273 (for example to the apolar amino acid alanine) should
have the same effects as the K370Q mutant regarding channel activity (which could be assessed by
lysosomal patch clamp, see above) and subcellular localization (immunofluorescence). This would

indicate an unknown interaction of the TRPML2 transmembrane core and the ELD.

9.5 Isthe TRPML2 N-terminus involved in the enhancement of viral infectivity?

A well-functioning TRPML2 overexpression system could also be used for investigations on the
TRPML2 N-terminus. In mice, there are two TRPML2 isoforms, isoform 1 is the canonical full-length
wild type and isoform 2 misses the first 28 N-terminal amino acids.®*? Preliminary results of
experiments with cells which have been transiently transfected with a human TRPML2 construct
missing the first 28 N-terminal amino acids indicated that the shortened construct is not able to
enhance infection to the same extent compared to the wild type. Confirmed differences in the
enhancement of ZIKV infection could suggest a crucial role of the N-terminus. Potential differences
might be based on a yet unknown interaction of the TRPML2 N-terminus with other proteins.
Another possibility could be altered interactions with membranes. The - group (Friedrich-
Schiller-University, Jena) was able to show for TRPMLI1 that the first ~ 30 amino acids play an

outstanding role in the regulation of this channel by lipids (C. Guhl et al., unpublished).

Karacsonyi et al. reported in 2007 that TRPML2 is trafficked via the Arf6-associated pathway.*** Arf6 is
a small GTPase involved in clathrin-mediated and clathrin-independent endocytosis.?* Heterologous
over-expression of TRPML?2 increases Arf6 activity by seven-fold.** This leads to enhanced vesicle
fusion and formation of large vesicles in HeLa cells. However, it remains unclear if TRPML2 directly
interacts with Arf6 or if it modulates the activity of specific Arf6 GEFs or GAPs. As a second aspect,
Arf6 plays a crucial role in TLR signaling (TRPML2 mRNA levels are also upregulated in macrophages
after TLR activation).?>*¢ Arf6 and its GEF ARNO (ARF nucleotide-binding site opener) are
interacting with the multimeric V-type ATPase, which controls the acidification of endosomes and
lysosomes.*? To investigate whether enhancement of ZIKV infectivity in TRPML2 overexpressing
cells is dependent on the Arf6 pathway, co-immunoprecipitation with the cell lysate and Arf6/ARNO
antibodies could be performed. Furthermore, colocalization of TRPML2 and Arf6/ARNO could be
checked via immunostaining. In this context, it could be very interesting if differences between the

long and the short TRPML2 constructs could be observed.
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10.1 ML2-SA1 synthesis
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Figure 10.1: Synthesis of the specific TRPML2 agonist ML2-SA1. ML2-SA1 was synthesized by ||
I B : oup; Johannes Gutenberg-University Mainz) according to a two-step procedure from
Mclntosh et al.*** and Plesch et al.?”’ Starting from 2,6-dichlorobenzyldehyde, the respective benzaldoxime was
prepared by treatment with hydroxylamine hydrochloride. In the second step, the benzaldoxime was brought to
reaction with norbornene in the presence of (bis(trifluoroacetoxy)iodo)benzene (PIFA) to yield ML2-SA1 as a

mixture of two enantiomers.3'
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10.2 Cell viability ML-SA1 treatment
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Figure 10.2: ML-SAL1 is only toxic to A549 cells at high concentrations. Cell viability of A549 cells upon 24 h (a)
and 48 h (b) treatment with increasing concentrations (12.5uM to 200 uM) of ML-SA1 as assessed via the
PrestoBlue® assay. Values are expressed as % of intact cells referred to the experimental control. Data are
expressed as mean + SD from n = 3 biological replicates. Statistical significance was determined by using

unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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10.3 ML2-SA1 affects later stages of the viral life cycle in A549 cells infected with
the ZIKV French Polynesia strain
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Figure 10.3: Time-of-addition experiments of ZIKV French Polynesia-infected A549 cells treated with
Bafilomycin A1, ML-SA1 or ML2-SAl. a) A549 cells were infected with ZIKV French Polynesia (H/PF/2013)
isolate for one hour (MOI = 1), then unbound virus was removed. Treatment with 50 nM Bafilomycin A1, 100 pM
ML-SA1, 100 uM ML2-SA1 and 100 uM Ribavirin was started at —2h before infection, during infection, 1 h, 6 h,
16 h and 22 h after infection. Gray lines below the time scale indicate the respective incubation period, in which
the compounds were present, after the treatment was started. (b-e) Relative fold-change of ZIKV E protein in
samples treated with 50 nM Bafilomycin A1l (b), 100 uM ML-SA1 (c), 100 uM ML2-SA1 (d) and 100 uM Ribavirin (e)
was assessed via Western Blotting. Representative Western Blots are shown in Figure 10.4. Results are
normalized to the respective DMSO control of each timepoint and are expressed as mean + SD from n = 3
biological replicates. Statistical significance was determined by using unpaired t-test. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.
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10.4 Time-of-addition experiments: representative Western Blots
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Figure 10.4: Representative Western blots from time-of-addition experiments with ZIKV French Polynesia.
A549 cells were infected with ZIKV French Polynesia (H/PF/2013) isolate for one hour (MOI = 1), then unbound
virus was removed. Treatment with 50 nM Bafilomycin Al, 100 uM ML-SA1, 100 pM ML2-SA1 and 100 uM

Ribavirin was started at the respective timepoint.
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Figure 10.5: Representative Western blots from time-of-addition experiments with ZIKV Uganda A549 cells
were infected with ZIKV Uganda (976 Uganda) isolate for one hour (MOI = 1), then unbound virus was removed.
Treatment with 50 nM Bafilomycin A1, 100 uM ML-SA1, 100 uM ML2-SA1 and 100 uM Ribavirin was started at the

respective timepoint.
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10.5 Time-dependent accumulation of cholesterol in ML2-SA1-treated A549 cells
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Figure 10.6: Time-dependent formation of cholesterol accumulations in ML2-SA1 treated A549 cells.
Representative confocal laser scanning microscopy (CLSM) images of A549 cells which have been treated with

100 pM ML2-SA1 for 8 h and for 26 h. Intracellular cholesterol was stained using Filipin (magenta). Scale bar:
20 uM.
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10.6 Sequences and biophysical properties of heterologously expressed human

Listed below are the sequneces of heterologously expressed human TRPML2 ELD constructs used in
this thesis. A HissSUMO tag (shown in grey), which was introduced to enhance solubility of the
respective TRPML2 ELD construct (black), was removed during purification. Point mutations are

shown in green. DNA (respective top row) and protein (bottom row) sequences are depicted for each

TRPML2 ELD constructs

construct.
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T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥ ¥ D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa
c K b L N I F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 D113A



gcgttt

A F
aaagaagacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggece
K E b N T V A F K H L F L K G Y S G T A
gaagacgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
E D DYy s CcC s vy T o E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H @ L K D I T L G T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E DN R I G L K V C K O H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagectyg
F P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagcttttteccgtetyg
b L. ¢ D L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥ R L L.Q Vv E I S F H L K G I D L 0Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcecgat
T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥ F D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa
c K b L N I F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 E114A

gcgttt

A F
aaagaagacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K E Db N T V A F K H L F L K G Y S G T D
gcagacgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
A D DY s CcC S VY T Q E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N QQ ¥ H o L K D I T L GG T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E D N R I G L K V C K Q H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetg
¥ P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagctttttcececgtetg
p . ¢ b L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥y R L. L.Q VvV E I S F H L K G I D L Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcgat
T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I Yy F D S D A K I E E
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10.6 Sequences and biophysical properties of heterologously expressed human TRPML2 ELD constructs

tgtaaagatctgaacatcttcggcagcacgcagaaataa
c K b L NI F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 D115A

gcgttt

A F
aaagaagacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K E Db N T V A F K H L F L K G Y S G T D
gaagccgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
E A DY s C s VvV Yy T o E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H @ L K D I T L G T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E DN R I G L K V C K QO H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetg
¥F P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagectttttceccgtcetyg
b L. o bD L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
EF ¥ R L L. Q V E I S ¥ H L K G I D L Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcecgat
T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥y F D S D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa
c Kk b L NI F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 D116A

gcgttt

A F
aaagaagacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K & DN T V A F K H L F L K G Y S G T D
gaagacgcttactcctgctcagtttatacccaggaagatgcgtacgaaagtattttcecttt
E D A Y s C s VvV Yy T oo E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H 9 L K D I T L G T L G Y G E
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aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E D N R I G L K V C K Q H Y K K G T M

ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagectg
¥ P S N E T L N I D N D V E L D C V Q L

gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagcecttttteccgtetyg
b L. o D L S K K P P D W K N S S F F R L

gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥Y R L L.Q VvV E I s F H L K G I D L Q

accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcecgat
T I H S R E L P D C Y V F Q N T I I F D

aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I Y F D s D A K I E E

tgtaaagatctgaacatcttcggcagcacgcagaaataa

c K b L NI F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 E114A/D115A

gcgttt
A F

aaagaagacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K 8 DN T V A F K H L F L K G Y S G T D
gcagccgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
A A DY S C S VvV Yy T o E D A Y E s I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H o9 L K D I T L GG T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E D N R I G L K V C K Q H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetyg
¥ P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagcttttteccgtectg
p . ¢ b L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥ R L L.©Q Vv E I s F H L K G I D L Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcgat
T I H S R BE L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥ F D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa

c K b L N I F G s T Q@ K -

HissSUMO -TRPML2 ELD A92-K285 F105W
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10.6 Sequences and biophysical properties of heterologously expressed human TRPML2 ELD constructs

120

gcgttt

A F
aaagaagacaatacggtcgcatttaaacacctgtggctgaaaggctactcgggcacggac
K E b N T VA F K H L W L K G Y S G T D
gaagacgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
E D DY s C s VvV Yy T o E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N O Y H 0 L K D I T L G T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E DN R I G L K V C K Q H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetg
F P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagectttttceccgtcetyg
b L. o bD L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F Y R L L.Q VvV E I s F H L K G I D L Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcgat
T I H S R E L P D C Y V F QO N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I Y F D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa
c K b L N I F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 E95C

gcgttt

A F
aaatgcgacaatacggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K ¢ b N TV A F K HL F L K G Y S G T D
gaagacgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttcttt
E D DY s C s VvV Yy T oo E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H 9 L K D I T L G T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E D N R I G L K V C K Q H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetyg
¥ P S N E T L N I DN D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagcttttteccgtcectg
p . ¢ b L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥ R L L.QQ Vv E I s F H L K G I D L Q



accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcecgat
T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥ F D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa

c K b L NI F G S T Q K -

HissSUMO -TRPML2 ELD A92-K285 T98C

gcgttt

A F
aaagaagacaattcggtcgcatttaaacacctgttcctgaaaggctactcgggcacggac
K E D N C V A F K H L F L K G Y S G T D
gaagacgattactcctgctcagtttatacccaggaagatgcgtacgaaagtattttettt
E D DY s CcC s vy T oo E D A Y E S I F F
gccatcaaccagtatcatcaactgaaagacattaccctgggcacgctgggctacggtgaa
A I N Q Y H @ L K D I T L G T L G Y G E
aacgaagataatcgtatcggcctgaaagtttgcaaacaacactataagaaaggcaccatg
N E DN R I G L K V C K QO H Y K K G T M
ttccecgtccaacgaaacgctgaacattgataatgacgtggaactggactgtgttcagetyg
F P S N E T L N I D N D V E L D C V Q L
gatctgcaagacctgagcaaaaaaccgccggattggaaaaatagcagcttttteccgtectg
b L. o bD L S K K P P D W K N S S F F R L
gaattttaccgcctgctgcaggtcgaaatctcattccatctgaaaggcattgatctgcaa
E F ¥ R L L.Q Vv E I s F H L K G I D L Q
accatccactcgcgcgaactgccggactgctatgtgttccagaacacgatcatcttcecgat
T I H S R E L P D C Y V F Q N T I I F D
aacaaagcacatagtggtaaaatcaaaatctacttcgattccgacgctaaaatcgaagaa
N K A H S G K I K I ¥ ¥ D s D A K I E E
tgtaaagatctgaacatcttcggcagcacgcagaaataa
c XK b L N I ¥F G S T Q K -
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10.6 Sequences and biophysical properties of heterologously expressed human TRPML2 ELD constructs

Table 10.1: TRPML2 ELD construct characteristics before Ulp1 cleavage. pI and €250 nm Were calculated with the

ExPASy ProtParam tool.

# ELD construct AAs MW /Da pI €280 nm
p329 HiseSUMO-TRPML2 ELD A92-K285 WT 292 33,783.90 5.44 22,140
p582 HissSUMO-TRPML2 ELD A92-K285 D113A 292 33,739.89 5.52 22,140
p583 HissSUMO-TRPML2 ELD A92-K285 E114A 292 33,725.87 5.52 22,140
p584 HiseSUMO-TRPML2 ELD A92-K285 D115A 292 33,739.89 5.52 22,140
p585 HiseSUMO-TRPML2 ELD A92-K285 D116A 292 33,739.89 5.52 22,140

p587 HissSUMO-TRPML2 ELD A92-K285 E114A/D115A 292 33,681.86 5.60 22,140

p687 HiseSUMO-TRPML2 ELD F105W 292 33,822.94 5.44 27,640
p646 HissSUMO-TRPML2 ELD A92-K285 E95C 292 33,757.93 5.52 22,265
po647 HissSUMO-TRPML2 ELD A92-K285 T98C 292 33,785.94 5.44 22,265

#: Internal [JJij group plasmid (p) numbers.
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10 Appendix

10.7 Purification of heterologously expressed TRPML ELD constructs

b rev. IMAC

b.U.a.D. FT1 FT2 W1 W2 W3
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Figure 10.7: Purification of the human TRPML2 ELD A92-K285 according to purification procedure A (see
section 4.11). (a) Purification of TRPML2 ELD via IMAC (NiNTA). 15% SDS-PAGE was used to visualize
individual steps. (Coomassie stained, P: pellet, SN: supernatant, FT: flow-through, W: wash steps, E: elution
steps, TRPML2 ELD protein bands are highlighted by red boxes). (b) After incubation with the protease Ulp1 to
remove the SUMO-tag and subsequent dialysis, a reverse IMAC was carried out to remove Ulpl, cleaved
HisSUMO-tag and uncleaved protein (15% SDS-PAGE, Coomassie stained, b. U.: before Ulpl, a. D.: after dialysis,
FT: flow-through, W: wash steps, TRPML2 ELD protein bands are highlighted by red boxes). (¢) After rev. IMAC,
SEC was performed. (d) Coomassie-stained 15% SDS-PAGE of the SEC run shown in (c).
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10.7 Purification of heterologously expressed TRPML ELD constructs
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Figure 10.8: Purification of the human TRPML2 ELD A92-K285 according to purification procedure B (see
section 4.11). (a) Purification of TRPML2 ELD via IMAC (NiNTA). After incubation with the protease Ulpl to
remove the SUMO-tag, dialysis was performed. 15% SDS-PAGE was used to visualize individual steps. (Coomassie
stained, P: pellet, SN: supernatant, FT: flow-through, W: wash steps, E: elution steps, b. U.: before Ulpl, a. D.:
after dialysis, TRPML2 ELD protein bands are highlighted by red boxes). (b) SEC was performed. (c) Coomassie-
stained 15% SDS-PAGE of the SEC run shown in (b). (d) Anion exchange chromatography was performed. (e)
Coomassie-stained 15% SDS-PAGE of the SEC run shown in (d), TRPML2 ELD protein bands are highlighted by

red boxes.
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10.8 Sequence alignment of human and mouse TRPML2 ELD

hsTRPML2_A92-K285 AFKEDNTVAFKHLFLKGYSGTDEDDYSCSVYTQEDAYESIFFAINQYHQLKDITLGTLGY 60
mmTRPML2_A92-R285 AFKEDNTVAFKHLFLKGFSGVDEDDYSCSIYTQENTYESIFFAIKQYRHLKNISLATLGY 60

8 0 0 R R R RN o R RN RO R RO o OB o e ROROROROROROROR o K . o K. R RO

hsTRPML2_A92-K285 GENEDNRIGLKVCKQHYKKGTMFPSNETLNIDNDVELDCVQLDLQDLSKKPPDWKNSSFF 120

mmTRPML2_A92-R285 GESEDNRTGLKVCKQHYKTGAMFSSNETLNIDSDIETDCIHLDLQVLTTEPEDWAQTSFF 120
’U‘K.*x** **********.*:lk* ********.*:* *i::*i** *:.:* % ::*#*

hsTRPML2_A92-K285 RLEFYRLLQVEISFHLKGIDLQTIHSRELPDCYVFQNTIIFDNKAHSGKIKIYFDSDAKI 180

mmTRPML2_A92-R285 RLDFYRLVQVDISFALKGIDLQAVHSREIPDCYLFQNTITFDNTAHSGKIKIYLNSEANI 180
x*:*i*x:xm:xx* xx*m«xmx::xxxx:xnxm:mxmx* KK‘(-*********::*:*:*

hsTRPML2_A92-K285 EECKDLNIFGSTQK 194

mmTRPML2_A92-R285 EECKNMNISGSTQR 194

MR » o MK MK .

Figure 10.9: Sequence alignment of hsTRPML2 ELD and mmTRPML2 ELD. Sequence alignment was performed
with Clustal Omega (UniprotKBs: Q8IZK6, Q8K595). The acidic residues in the pre-pore loop (**DEDD!¢) are
highlighted in pink, the cysteine residues forming disulfide bonds (C164/C190 and C243/C274) are highlighted in

yellow.
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10.9 Optimization of Ellman’s test

10.9 Optimization of Ellman’s test
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Figure 10.10: Optimization of Ellman's test using -mercaptoethanol (B-ME) solutions. Solutions with different
concentrations of B-ME (50, 100 and 200 uM B-ME, control: water) were titrated in 2 pL-steps to 20 nmol Ellman’s
reagent to assess the amount of TRPML ELD needed to properly perform the assay (see Figure 7.11d, e). The

absorption at 412 nm was measured.
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10.10 Controls for isothermal titration calorimetry (ITC)
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Figure 10.11: Controls for Isothermal Titration Calorimetry (ITC) on TRPML2 ELD: Titrations of CaCl: into

buffers at varying pH values. Heat signatures of CaCl. (15 mM stock solution) titrations into buffers (10 mM

HEPES, 15 mM NaCl) at pH 7.4 (a), 6.5 (b) and pH 4.5 (c).
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Figure 10.12: Controls for Isothermal Titration Calorimetry (ITC) on TRPML2 ELD: Titrations of CaCl,, MgCl»
and ZnCl: into buffers at pH 7.4. Heat signatures of CaCl: (a, 5mM stock solution), MgCl. (b, 5mM stock
solution) and ZnCl. (¢, 5 mM stock solution) titrations into buffers (10 mM HEPES, 15 mM NacCl) at pH 7.4.
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10.11 pH-dependency of 19F chemical shift of free BTFA and TRPML2 ELD E95C-TFA

10.11 pH-dependency of *°F chemical shift of free BTFA and TRPML2 ELD E95C-
TFA
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Figure 10.13: The chemical shift of both free BTFA and TRPML2 ELD E95C-TFA in YF-NMR spectra is pH-
dependent. F-NMR spectra of free BTFA (50 uM, top panel) and TRPML2 ELD E95C-TFA (50 pM, bottom panel).
Spectra were recorded at 298 K in 10 mM HEPES, 15 mM NacCl at pH 7.4, pH 6.5 and pH 4.5. pH 4.5 samples were
set back to pH ~7-8 by addition of NaOH solution.
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10.12 PELDOR time traces
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Figure 10.14: Time traces of PELDOR measurements performed with the IPSL-labeled TRPML2 E95C mutant.
PELDOR measurements on the IPSL-labeled TRPML2 E95C mutant (100 uM) were performed at 50 K in
deuterated buffer containing 10 mM HEPES, 15 mM NaCl, 30% glycerol at (a) pH 6.5, (b) 6.5 + 400 uM CaCl,,
(c) pH 7.4, (d) 7.4 + 400 uM CaCl,.
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