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Abstract

Human coronaviruses (CoVs) are pathogens causing respiratory illness
with mild to severe symptoms. The two emerging viruses, severe acute
respiratory syndrome coronavirus (SARS-CoV), and Middle East
respiratory syndrome coronavirus (MERS-CoV), attracted the world’s
attention towards the coronaviruses. However, in spite of the high
mortality and morbidity caused by these viruses, there are no approved
drugs available for clinical treatment. All the coronaviruses require the
main protease (M"°) to process the viral polyprotein into the many
components of the replication/transcription complex (RTC) at no less
than 11 cleavage sites. This makes the M an attractive target for drug

pro

design against coronaviruses. The M"" is also called 3C-like protease
(3CL"™), because it has a chymotrypsin-like fold similar to the 3C
protease of enteroviruses. In addition, the two types of proteases share
similar cleavage preferences, in particular for the P1 position conserved
as Gln in almost all the cleavage sites, thereby offering opportunities to
design broad-spectrum drugs against corona- and enteroviruses. Herein,
the crystal structure of human coronavirus NL63 (HCoV-NL63) M was
determined, revealing major differences between the S2 pockets of the
MP®s from alpha- and betacoronavirus. Subsequently, a mutant of
HCoV-NL63 MP™ was generated to mimic the S2 pocket of SARS-CoV
MP®_ resulting in good inhibitory activity against this variant of two lead
compounds (inactive against the wild-type HCoV-NL63 M"°) with a
phenyl group at P2. Concerning the differences of the S2 pocket in
proteases from alpha- and betacoronavirus, as well as enteroviruses, a
series of a-ketoamides was tested focusing on the modification of the P2
residue. The best- compromise a-ketoamide with a cyclopentylmethyl at
the P2 position showed micromolar-range ICsy values against several

proteases from alpha- and betacoronaviruses, as well as enteroviruses.
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Within this study, six crystal structures of M"°s or 3C"™ in complex with
different a-ketoamides were determined to elucidate the binding modes.
In addition, the inhibitory activities of a series of aldehydes were
determined against SARS-CoV M. However, no obvious structu-
re-activity relationship (SAR) could be detected against SARS-CoV MP™®
due to the highly electrophilic aldehyde warhead. Two crystal structures
of SARS-CoV M in complex with two aldehydes were determined to
elucidate the binding details.

Dengue virus (DENV), West Nile virus (WNV) as well as the newly
emerging Zika virus (ZIKV) belong to the genus flavivirus. Infection by
ZIKV not only results in self-limited illness with rash, fever, myalgia
symptoms, but can also cause microcephaly in newborns and Guillain-
Barré syndrome. Similar to the situation with coronaviruses, there are
also no effective approved drugs. The proteolytic function of the
N-terminal third of the NS3 protein, along with a hydrophilic part of the
NS2B cofactor, is essential for viral replication and maturation of the
virions. Therefore, the NS2B/NS3 protease is an attractive drug target. In
this part of the work, a method for preparing stable and highly pure
DENV2 NS2B-NS3 protease (NS2B-NS3"°) was established. Subse-
quently, the crystal structure of DENV2 NS2B-NS3"° was determined by
using this method for the protein preparation. Next, a complex structure
of WNV NS2B-NS3" with a drug-like, capped dipeptidyl boronic-acid
inhibitor (cn-716) provides a basis for further inhibitor design against
DENV, ZIKV and other re-emerging agents. This boronate inhibitor
exhibits a nanomolar-range K; value against the ZIKV NS2B-NS3", so
that the compound could be developed into a broad-spectrum therapeutic
for flaviviruses. Moreover, the ZIKV NS2B-NS3" exhibits hyper-
activity against the canonical substrate Bz-Nle-Lys-Lys-Arg-AMC,
which is partially due to Asp83* in the S2 pocket forming a salt-bridge

XI



with the substrate P2 residue. Finally, determination of the cleavage
activities against Fluorescence-Resonance-Energy-Transfer (FRET)
substrates designed to mimic the native and putative cleavage sites in the
polyprotein as well as the possible cleavage site of flavivirus proteases in
STING (stimulator of interferon genes) revealed the cleavage pattern of
ZIKV NS2B-NS3"°, and a possible pathway for suppression of the host

innate immunity.
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Zusammenfassung

Coronaviren sind pathogene Erreger, die milde bis schwere
Atemwegserkrankungen hervorrufen. Nach dem erstmaligen Auftreten
zwelier hochvirulenter Coronaviren, des Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) sowie des Middle East Respiratory
Syndrome Coronavirus (MERS-CoV), riickten diese in den Fokus der
Forschung. Dennoch sind bis heute noch keine antiviralen Préaparate
zugelassen. Die Main Protease (M™) stellt ein essentielles Protein aller
Coronaviren dar. Sie prozessiert das Polyprotein an insgesamt 11
Schnittstellen 1n die jeweiligen Bestandteile des Replikations-/
Transkriptionskomplexes.  Infolgedessen  stellt die MP®  ein
ausgezeichnetes Zielprotein fiir die Entwicklung von Hemmstoffen gegen
Coronaviren dar.

Aufgrund der vergleichbaren Faltung zu 3C-Proteasen der Enteroviren
wird die M auch als 3C-artige Protease (3CL"°) bezeichnet; sie weist
dariiber hinaus eine vergleichbare Spaltungsspezifitit auf. Dies wird vor
allem in Position P1 deutlich, da GIn in nahezu allen Spaltstellen
konserviert ist. Aus den genannten Griinden konnen Breitbandinhibitoren
gegen Corona- und Enteroviren entwickelt werden. In der vorliegenden
Arbeit wurde die Proteinstruktur der HCoV-NL63 M aufgeklart. Dabei
wurden die wichtigsten strukturellen Unterschiede der S2-Tasche der
Main Protease von Alpha- und Betacoronaviren untersucht.

Dariiber hinaus wurde eine Variante der HCoV-NL63 M™ erzeugt, um
die S2-Tasche der SARS M"™ nachzubilden. Dies fiihrte zu einer groflen
Steigerung der inhibitorischen Wirkung zweier Leitstrukturen, die eine
Phenylgruppe in P2 besitzen und zuvor keine Aktivitit gegen die
HCoV-NL63 M aufwiesen. Des Weiteren wurde eine Reihe von
a-Ketoamiden getestet, um die inhibitorische Wirkung sowohl mit

Modifikationen der Position P2 als auch mit strukturellen Unterschieden
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der S2-Tasche in Verbindung zu bringen. Als starkster Inhibitor erwies
sich dabei ein o-Ketoamide mit einer Cyclopentylmethyl-Gruppe in der
P2-Position. Dieser Inhibitor wies eine ICs, im mikromolaren Bereich auf
und war gegen verschiedene Proteasen sowohl von Alpha- und
Betacoronaviren als auch Enteroviren wirksam. Im Rahmen dieser Arbeit
konnten die Strukturen von insgesamt 6 Komplexen der M™™ oder 3CP"
mit verschiedenen a-Ketoamiden aufgeklart werden. Aus den gewonnen
Informationen konnten die Bindungsmoden der Inhibitoren an das aktive
Zentrum bestimmt werden.

Dartiber hinaus wurden die inhibitorischen Aktivititen keiner Reihe von
Aldehyden gegen SARS-CoV MP® bestimmt. Allerdings konnte eine
offensichtliche Struktur-Aktivitat-Beziehung (SAR) aufgrund der stark
elektrophilen Aldehyd-Gruppe gegen die SARS-CoV MP™ nicht gefunden
werden. Zwei Kristallstrukturen von SARS-CoV MP in Komplex mit
Aldehyden wurden aufgeklart, um die Bindungsdetails zu visualisieren.
Dengue Virus (DENV), West Nil Virus (WNV) und das neu aufgetretene
Zikavirus (ZIKV) gehoren zur Gattung der Flaviviren. Das ZIKV
verursacht selbstlimitierende Infektionen mit Symptomen wie Fieber,
Ausschldgen und Myalgie. Zusitzlich konnen ZIKV-Infektionen eine
Mikrozephalie von Neugeborenen sowie das Guillain-Barré-Syndrom
verursachen. Wie bei Coronaviren sind bis heute keine effektiven
antiviralen Prédparate zugelassen, so dass nur eine unterstiitzende
Behandlung moglich ist. Die proteolytische Funktion des NS3-Proteins
entfaltet sich mit Hilfe des hydrophilen Bereichs des NS2B-Cofaktors
und ist essentiell fiir die virale Replikation und die Reifung des Virions.
Folglich stellt die NS2B/NS3-Protease ein sehr gutes Zielprotein zur
Entwicklung von Therapeutika gegen Flaviviren dar.

Teil dieser Arbeit war die Etablierung der Préparation stabiler

DENV2-NS2B/NS3 Protease (NS2B-NS3"°) mit hoher Reinheit. Dies
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ermoglichte die Aufklarung der Proteinstruktur der DENV2-NS2B-
-NS3P, Dartiber hinaus wurde erstmals die Struktur eines Komplexes der
WNV-NS2B-NS3” mit einem Dipeptidylboronsdure-Inhibitor (cn-716)
aufgeklart. Die resultierenden Ergebnisse lieferten eine gute Basis, um
weitere Inhibitoren gegen DENV, ZIKV und verwandte Viren zu
entwickeln. Der verwendete Boronatinhibitor weist K; -Werte 1m
nanomolaren Bereich fiir die ZIKV-NS2B-NS3"° auf und ist folglich als
Ausgangspunkt fiir Breitbandinhibitoren gegen Flaviviren sehr gut
geeignet.

Dartiber hinaus wurde eine auferordentlich hohe Aktivitit der
ZIKV-NS2B-NS3" fiir das viel verwendete Substrat Bz-Nle-Lys-Lys-
Arg-AMC ermittelt. Eine mdgliche Ursache hierfiir ist die Ausbildung
einer Salzbriicke zwischen Asp83* der S2-Tasche mit dem P2-Rest des
Substrates.

SchlieBlich wurde die Aktivitit der Protease fiir verschiedene
FRET-Substrate getestet. Die verwendeten Substrate enthielten sowohl
mutmalliche Schnittstelle des viralen Polyproteins als auch eine
mogliche Schnittstelle im STING-Protein (stimulator of interferon genes),
die durch die ZIKV-NS2B-NS3-Protease geschnitten werden konnten.
Letztere Spaltung konnte den Mechanismus zur Unterdriickung der
angeborenen Immunantwort des Wirtsorganismus durch das Virus

erklaren.
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1 Introduction

1a Coronavirus part

1a.1 Coronaviruses

Coronaviruses have first been isolated almost 80 years ago, from
chickens with infectious bronchitis (Beaudette et al., 1937), and later
from pigs with transmissible gastroenteritis (Doyle et al., 1946), and mice
suffering from severe hepatitis and neurological disorders (Cheever et al.,
1949; Perlman, 1998). However, as long as several decades later, these
viruses were only grouped together due to their widely spaced,
club-shaped spikes extending from the virion surface, as revealed by
electron microscopy. These viruses are morphologically totally different
from the ortho- and paramyxoviruses (Siddell et al., 1983). The bundles
of spikes surrounding the virion surface, giving the virus particle, the
appearance of a solar corona, led to the new virus group being named
coronavirus (Tyrell et al., 1968).

Coronaviruses are enveloped and positive-stranded RNA viruses
belonging to the subfamily Coronavirinae of the family Coronaviridae,
which is the largest group within the Nidovirales, an order also including
the Arteriviridae and Roniviridae families (Fauquet et al., 2005; Lauber
et al., 2012). Originally, coronaviruses were sorted into three groups
according to serological relationships and, subsequently, on the basis of
phylogenetic clustering (van Regenmortel et al., 2000). As more and
more novel coronaviruses have been identified, the subfamily was
divided into four genera: alpha-, beta-, gamma-, and deltacoronavirus
(Table 1a.1; King et al., 2012; Masters & Perlman, 2013). Almost all of
the alpha- and betacoronaviruses infect mammals, whereas
gammacoronaviruses are mostly isolated from avian hosts. Recently, a
novel genus called deltacoronavirus has been detected in mammals and

terrestrial birds (Dong et al., 2007; Woo et al., 2009; Chu et al., 2011).
1



Table 1a.1 The four coronavirus genera with representatives

Virus Abbreviation GenBank codes Host
Genus Alphacoronavirus
Transmissible gastroenteritis virus TGEV AJ271965 Pig
Feline coronavirus type I FeCoV I EU186072 Cat
Feline coronavirus type II, Feline infectious peritonitis virus FeCoV II, FIPV AY 994055 Cat
Canine coronavirus CCoV GQ477367 Dog
Human coronavirus 229E HCoV-229E AGT21344.1 Man
Human coronavirus NL63 HCoV-NL63 ABE97129.1 Man
Porcine epidemic diarrhea virus PEDV AF353511 Pig
Rhinolophus bat coronavirus HKU2 Rh-BatCoV HKU?2 EF203067 Bat
Scotophilus bat coronavirus 512 Sc-BatCoV 512 DQ648858 Bat
Miniopterus bat coronavirus 1 Mi-BatCoV 1 EU420138 Bat
Miniopterus bat coronavirus HKUS Mi-BatCoV HKUS EU420139 Bat
Genus Betacoronavirus
Lineage A
Human coronavirus HKU1 HCoV-HKUI AGW27879.1 Man
Mouse hepatitis virus MHV AY700211 Mouse
Rat coronavirus RCoV FJ938068 Rat
Bovine coronavirus BCoV U00735 Cow
Human coronavirus OC43 HCoV-0C43 AY 903460 Man
Lineage B
Human severe acute respiratory syndrome coronavirus SARS-CoV AGT21317.1 Man
Severe acute respiratory syndrome-related Rhinolophus bat SARSr-Rh-Bat CoV HKU3 DQO022305 Bat




coronavirus HKU3

Severe acute respiratory syndrome-related Rhinolophus bat

. SARSr-Rh-Bat CoV Rp3 DQO071615 Bat
coronavirus Rp3
Severe acutc? respiratory syndrome-like Rhinolophus sinicus bat SL-CoV-RsSHCO14 KC881005 Bat
bat coronavirus-RsSHC014
Severe acutc? respiratory syndrome-like Rhinolophus sinicus bat SL-CoV-Rs3367 KC881006 Bat
bat coronavirus-Rs3367
Severe acutc? respiratory syndrome-like Rhinolophus sinicus bat SL-CoV-WIV1 KC881007 Bat
bat coronavirus-WIVI
Lineage C
Tylonycteris bat coronavirus HKU4 Ty-BatCoV HKU4 EF065505 Bat
Pipistrellus bat coronavirus HKUS5 Pi-BatCoV HKUS EF065509 Bat
Middle-East respiratory syndrome coronavirus MERS-CoV AMO03400.1 Man
Lineage D
Rousettus bat coronavirus HKU9 Ro-BatCoV HKU9 EF065513 Bat
Genus Gammacoronavirus
Infectious bronchitis virus IBV AJ311317 Chicken
Turkey coronavirus TuCoV EU022526 Turkey
Beluga whale coronavirus SW1 SW1 EU111742 Whale
Genus Deltacoronavirus
Bulbul coronavirus HKU11 HKUI11 FJ376619 Bulbul
Thrush coronavirus HKU12 HKU12 NCO011549 Thrush
Munia coronavirus HKU13 HKUI13 NCO011550 Munia

Note: Only one representative GenBank code number is given for each species; in many cases, multiple genomic sequences for a given virus are

available.




Previously, coronaviruses were studied mainly as agents of upper
respiratory tract disease with low mortality. However, in 2003, the
outbreak of SARS, caused by a new coronavirus named SARS-CoV, with
a fatality rate of about 10% turned the coronaviruses into a research
hotspot (Drosten et al., 2003; Ksiazek et al., 2003; Kuiken et al., 2003;
Peiris et al., 2003). Ten years later, a novel human coronavirus, MERS-
CoV with 35% fatality was identified in patients from Saudi Arabia and
other countries of the Arab peninsula (Zaki et al., 2012). Infection with
MERS-CoV causes fever, cough, shortness of breath, pneumonia,
gastrointestinal symptoms including diarrhea, and often renal failure
(Eckerle et al., 2013; Hilgenfeld & Peiris, 2013). So far, according to the
latest update by the World Health Organization (WHO) on 27th October
2016, there were 1806 cases confirmed globally, with 643 deaths
(http://www.who.int/emergencies/mers-cov/en/; last accessed: 27th Oct,
2016). The emergence of these life-threatening novel viruses highlights
the importance and urgency of developing effective and broad-spectrum
antiviral drugs.

1a.2 Virion morphology and structural proteins

Coronavirus virions are enveloped and roughly spherical particles with a
diameter ranging from 50 to 200 nm. An electron micrograph of a
MERS-CoV particle is shown in Fig. 1a.1A. As schematically shown in
Fig. 1a.1B, the overall structure of coronaviruses compromises 4
structural proteins: the spike glycoprotein (S), the envelope protein (E),
the membrane glycoprotein (M), and the nucleocapsid phosphoprotein
(N). The long spike proteins are present on all coronaviruses, whereas the
short spikes consisting of the hemagglutinin-esterase (HE) are only
present in some coronaviruses, especially in members of betacoronavirus

clade A and also the gammacoronavirus TCoV (Dea &Tijssen, 1988).



Fig. 1a.1 Coronavirus structure.

(A) Electron micrograph image of MERS-CoV visualized by negative staining
(http://www.cdc.gov/coronavirus/mers/photos.html; last accessed: 27th Oct, 2016)

(B) Schematic presentation of the coronavirus particle (http://www.nejm.org/doi/
-full/10.1056/NEJMp030078; last accessed: 27th Oct, 2016).

The S glycoprotein forms the large, petal-shaped spikes on the surface of
the virion and has multiple functions. Some portions of the S protein are
responsible for binding to specific receptors on the surface of susceptible
cells (Li, 2016). The small membrane-embedded E protein plays an
important role in virion assembly. In addition, studies have shown that the
E protein has multiple functions beyond virus assembly, i.e. ion channel
activity in vitro, and inhibition of the host cell stress response (Torres et
al., 2015; Ruch & Machamer, 2012). The M glycoprotein, the most
abundant structural protein in coronaviruses, gives the virion envelope its
shape. It plays an important role in virus assembly, and is also critical for
RNA packaging into nucleocapsids, by specifically interacting with the
viral RNA packaging signal (de Haan et al., 1999; Kuo & Masters, 2002).
The phosphoprotein N interacts with viral genomic RNA, integrating it
into the viral nucleocapsid to help the formation of replication complexes

and virus assembly (McBride et al., 2014).


http://www.cdc.gov/coronavirus/mers/photos.html

1a.3 Genome organization of coronaviruses

With a size ranging from 26 to 32 kb, the coronavirus genome is the
largest of all RNA viruses, including the segmented-genome RNA viruses.
The genome 1is 5'-terminally capped and polyadenylated at the
3’-terminus. The positive-stranded RNA molecule can directly act as
messenger RNA (mRNA). In addition to this, the coronavirus RNA also
can serve as the template for RNA replication and transcription, and as
the substrate for packaging into progeny. At the 5’ end of the genome,
there is an untranslated region (UTR) of 200 to 400 nucleotides following
a 65- to 98-nucleotide sequence termed the leader RNA. Similarly,
another UTR of 200 to 400 nucleotides is located at the 3’ end, followed
by the poly-adenine (A) tail. Both of these two UTRs are important for
RNA replication and transcription. Divided into two open reading frames
(ORFla and ORFI1b), ORFI1, comprising two thirds of the genome,
encodes many components of the replication/transcription complex of
CoVs. Translation of ORFI1b proteins depends on a ribosomal
frame-shifting signal located at the junction of ORF1la and ORF1b. These
ORFs are translated as a polyprotein precursor, which will be processed
by two proteases into mature proteins with different functions. Most of
the coronaviruses with the exception of IBV, SARS-CoV, and
MERS-CoV, encode two papain-like proteases (PLP®), as parts of
nonstructural protein 3 (Nsp3). PLPs cleave at three sites in the
N-terminal one-third of the polyprotein precursor to release the mature
Nspl, Nsp2, and Nsp3 (Fig. 1a.2). The other protease encoded by ORFla
is a chymotrypsin-like protease, which is called 3C-like protease or main
protease, due to its crucial role of processing the polyprotein precursor at
no less than 11 cleavage sites (Fig. 1a.2). All the structural and accessory

proteins are encoded by the other 7 to 14 ORFs following the ORF1



within the 3'-proximal one-third of the genome (for reviews see: Brian &

Baric, 2005; Liu et al., 2014; Plant et al., 2010; Ziebuhr, 2005).

ORFla

! | Yl o4

PLPr® MpPre (3CLPrY)

Fig. 1a.2 Schematic representation of the SARS-CoV RNA genome. The green and
red arrows illustrate the cleavage sites of the PL"™ and M, respectively.

1a.4 The M of coronaviruses

1a.4.1 Overall structure of the M (free enzyme)

In 2002, the first crystal structure of a coronavirus protein, the TGEV
MP®, was determined by Prof. Rolf Hilgenfeld’s group (Anand et al.,
2002; PDB entry 1LVO). Thereafter, several crystal structures of
inhibitor-free coronavirus M"°s have been reported (Anand et al., 2003;
PDB entry 1P9S; Hilgenfeld, 2014; Ma, Xiao et al., unpublished data;
PDB entry 2YNA; Ho et al., 2015; PDB entry 5C3N; Needle et al., 2015;
PDB entry 4WMD, 4WME, and 4WMF; Tan et al., 2005; PDN entries
2BX3 and 2BX4; Xue et al., 2008; PDB entry 2Q6D; Yang et al., 2003;
PDB entry 1UJ1, 1UK2, and 1UK3; Zhao et al., 2008; PDB entry 3D23).
The crystal structure of the SARS-CoV enzyme revealed that the M™
forms a homodimer with two protomers oriented to each other at almost a
right angle (Fig. 1a.3A). Each protomer includes 3 domains, the
N-terminal domain I consisting of residues 8-101, domain II made up
from residues 102 to 184, and the C-terminal domain III formed by
201-306. Domains I and II together adopt a chymotrypsin-like fold, each
with an antiparallel B-barrel. Domain III is composed of five a-helices
arranged into a largely globular cluster. The substrate-binding site is
located in the cleft between the domains I and II.

Coronavirus M s share similar features with the enterovirus 3CP°,

therefore they are also called 3CL"s. The 3C™s from Coxsackievirus B3
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(CVB3, Tan et al., unpublished; PDB entry 3ZYD), enterovirus D68
(EV-D68, Tan et al., 2013; PDB entry 3ZV8), and enterovirus-A71
(EV-A71, Lu et al, 2011; PDB entry 3SJK) also have a
chymotrypsin-like fold, which is a typical feature for all of the reported
structures of MP°s and 3C"s. The 3C" s are responsible for processing
the enterovirus polyprotein. Different to coronavirus M™s, 3C"s lack
the third a-helical domain involved in the dimerization, as they act as a
monomer (Fig. 1a.3B). In addition, the 3CP s have a classic
Cys...His...Glu/Asp catalytic triad, while the M" s only feature a
catalytic Cys...His dyad. However, regardless of the differences between
these two groups of proteases, they share a very important common
cleavage preference: the almost absolute requirement for Gln at the P1
position. This offers a great chance to develop broad-spectrum drugs

against coronaviruses and enteroviruses.



Fig. 1a.3 Crystal structures of SARS-CoV M (Tan et al., 2005; PDB entry
2BX4) and CVB3 3C"™ (Tan et al., unpublished data; PDB entry 3ZYD). The
structures are on the same scale.

(A) The SARS-CoV M is a homodimer, with each monomer comprising three
domains. The two protomers are represented in red and blue, respectively. Catalytic
residues are indicated by sticks.

(B) The structure of the CVB3 3CP™ resembles the N-terminal two domains of the
SARS-CoV MP and the monomer is represented in red. Catalytic residues are
indicated by sticks.

1a.4.2 Substrate-binding site and amino-acid preference at the
cleavage site of M"™

In the coronavirus MP°s, the cysteine of the Cys...His catalytic dyad
(Hilgenfeld, 2014) performs the nucleophilic attack onto the carbonyl
carbon of the scissile bond and the histidine acts as general acid/base
catalyst. A water molecule occupies the position of the third component
of the catalytic triad, usually an aspartic acid residue in the serine
proteases. The covalent tetrahedral intermediate between the cysteine and
the substrate is formed with the assistance of the so-called ‘oxyanion hole’
when the nucleophilic cysteine attacks the carbonyl carbon of the scissile
bond of the substrate. The oxyanion hole is comprised of the main-chain
amides of Gly143 and Cys145 in SARS-CoV M,

According to the analysis of the polyprotein cleavage sites of M"°s (Table
la.2), the P1 position is dominantly occupied by Gln, which indicates that
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the glutamine residue is an almost absolute requirement. In all the
coronavirus M"s, the imidazole ring of conserved His163 is in the
suitable position to interact with the P1 glutamine. In addition to this, two
other conserved amino-acid residues, Phe140 (or Phe 139) and Glul66
(or Glul65) are also critical for the S1 pocket. The other structure
elements involved in the S1 pocket are the main-chain atoms of Pro51,
Met165, Glul66, and His172 in SARS-CoV M™ (in HCoV-229E M,
they are Ile51, Leul 64, Glul65, and His171; Anand et al., 2003).

The hydrophobic S2 pocket is formed by the side-chains of Met49, Pro52,
Tyr154, Metl165, and GIn189 in SARS-CoV MP™. Furthermore, the main-
chain atoms of residues 187-189 also contribute to the S2 subsite. Hence,
the substrate specificity for the P2 residue is for hydrophobic side-chains,
mainly leucine, but also methionine or phenylalanine.

In the structure of the coronavirus M"°, no obvious S3 pocket can be
detected. This agrees with to the complex structure of TGEV M™ with a
substrate analogue, chloromethyl ketone (CMK) inhibitor (PDB entry:
1P9U), where the P3 side-chain is oriented towards to the bulk solvent
(Anand et al., 2003). Therefore, there is no specificity for the P3 of the
substrate, as can also be seen in Table 1a.2.

The S4 pocket of the SARS-CoV M is constituted of Metl165, Leul67,
GIn189, and Alal91 (Leul64, Leul66, Ser189, and GInl91, as well as
main-chain atoms of Ser189 in HCoV-229E M), offering a congested
cavity with a preference for small amino acids such as Ser, Thr, Val, or
Pro.

The S1° pocket is formed by Leu27, His41, and Ala46 (Leu27, His41, and
Thr47 in the HCoV-229E M" S1’ pocket), and small amino acids such as

Ser, Ala, Gly, or even Cys can be easily accommodated in this pocket.
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Table 1a.2 Cleavage sites in the polyproteins of M*"’s from different CoVs

Alphacoronavirus Betacoronavirus
Cleavage site
HCoV NL63 HCoV 229E HKU1 SARS CoV MERS CoV HKU9

Nsp4-Nsp5 NSTLQ|SGLKK GSTLQJAGLRK TSFLQ|SGIVK SAVLQ|SGFRK SGVLQ|SGLVK | SAALQJAGLTR
Nsp5-Nspb6 GVNLQ|SGKVI GVNLQ|SGKTT GVKLQ|SKTKR GVTFQ|GKFKK GVVMQ|SGVRK | GVKLQ|GKFQS
Nsp6-Nsp7 ISTVQ|SKLTD VSTVQ|SKLTD VSQIQ|SKLTD VATVQ|SKMSD VAAMQ|SKLTD | VSTIQ|SNMTD
Nsp7-Nsp8 SSTLQ|SVASS DSILQ|SVASS STVLQJALQSE RATLQ|AIASE PSVLQ|ATLSEF | NSVLQ|AVASE
Nsp8-Nsp9 VVKLQ|NNEIM VVKLQ|NNEIM NAVMQ|NNELM AVKLQ|NNE LS AVKLQ|NNEIK | PVKLQ|NNELM
Nsp9-Nspl10 TIRLQ|AGKQT TVRLQ|AGKQT TIRLQ|AGVAT TVRLQ|AGNAT TVRLQ|AGSNT | TVRLH|AGSAT
Nsp10-Nspl1 RTTIQ|SVDIS RTAIQ|SFDSS SVAVQ|SKDLN EPLMQ|SADAS AALPQ|SKDSN | EINLQ|ARDEC
Nspl12-Nspl3 STILQJAAGLC STVLQJAAGLC SAVMQ|SVGAC HTVLQJAVGAC PTTLQJAVGSC | SATLQ|SVGTC
Nspl13-Nspl4 HADLH|SSQVC MTDLQ|SESSC LPRLH|CTTNL VATLQ|AENVT KLQSQIIVTGL | KPKLQ|SEVTV
Nspl14-Nspl5 ETNLQ|SLENI DVNLQ|GLENI FTTLQ|SLENV FTRLQ|SLENV FTKVQ|GLENI | FVKLQ|SLENV
Nspl15-Nspl6 YPQLQ|SAEWK YPQLQ|SAEWK YPKMQ|ATNDW YPKLQ|ASQAW YPRLQJASADW | YPQLQ|SKQDW

The cleavage sites are indicated by arrows.
Noncanonical amino acids at the P1 position are indicated in red.
The GenBank codes for the strains of the CoVs are as follows: HCoV NL63: ABE97129.1; HCoV 229E: AGT21344.1; HKU1: AGW27879.1;
SARS-CoV: AGT21317.1; MERS-CoV: AM003400.1; HKU9: ABN10910.1
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1a.5 Peptidic or peptidomimetic inhibitors

In the past ten years, many inhibitors have been reported against the
coronavirus M"s, as a result of intensive research efforts triggered by the
outbreak of SARS in 2003. Moreover, a large number of complex
structures have been determined of these inhibitors with the M™s.
Although such a big amount of inhibitors have been tested and published,
none of them have been licensed or approved for the treatment of
coronavirus infection (Hilgenfeld & Peiris, 2013). As a result, we were
insufficiently prepared when MERS emerged in 2012. This emphasized
again that it is absolutely necessary to develop non-toxic broad-spectrum
compounds against these viruses. Different types of warheads have been
applied to achieve good inhibitory activity against the CoVs, including
the o-ketoamides (Kim et al.,, 2012, 2016; Prior et al., 2013), a,
B-unsaturated esters/Michael acceptors (Ghosh et al., 2005, 2007; Lee et
al., 2009; Shie et al., 2005; Yang et al., 2005), aldehydes (Akaji et al.,
2011; Al-Gharabli et al., 2006; Schmidt et al., 2008; Zhu et al., 2011),
a,B-epoxyketones (Lee et al., 2005, 2007; Goetz et al., 2007),
halomethylketones (Anand et al., 2003; Bacha et al., 2008, Yang et al.,
2003), nitriles (Chuck et al., 2013), and phthalhydrazide ketones (Yin et
al., 2007; Zhang et al., 2007).

Some of the inhibitors with warheads such as halomethylketones are too
active to be developed into drugs, because this would lead to considerable
side effects (Hilgenfeld, 2014). While the nitrile group is not particularly
electrophilic in contrast to the former warhead, it is quite robust and not
readily metabolized (Fleming et al., 2010).

As in this part of work, the studies were focused on the a-ketoamides and
aldehydes, these two types of compounds will be introduced in detail.
a-Ketoamides have been successfully developed into drugs, e.g. telaprivir

and boceprivir for the treatment of Hepatitis C virus (HCV) infection.
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These compounds are peptidomimetic inhibitors of the HCV NS3/NS4A
serine protease (Lin et al., 2006; Romano et al., 2012; Venkatraman et al.,
2006). However, the a-ketoamides were only occasionally described as
inhibitors for viral cysteine proteases (see Discussion for details).

1a.5.1 Aldehydes

Peptide aldehydes have been developed as inhibitors for several classes
of proteolytic enzymes, including the serine proteases (Barabas et al.,
1993; McConnel et al., 1993), cysteine proteases (Graybill et al., 1994;
McConnel et al., 1993; Thornberry et al., 1992), and aspartic proteases
(Sarubbi et al., 1993; Fehrentz et al., 1984). The aldehyde warhead can
react with the cysteine proteases to yield a hemithioacetal mimicking the
structure of the transition state of the peptidlytic reaction. They can
reversibly bind to the active site sulfhydryl of cysteine proteases.

A set of 1230 natural and non-natural amino acids from the available
chemicals directory (ACD) as well as from the Sigma-Aldrich catalogue
were docked into the S1, S2, and S4 subsites of the crystal structure of
SARS-CoV MP* (Al-Gharabli et al., 2006). According to the docking
results, glutamine received a higher score for the S1 pocket, amino acids
with an aromatic ring were superior to Leu for the S2 pocket, and for the
S4 pocket, uncharged polar amino acids were preferred. Based on these
results, a set of peptidic aldehydes was synthesized and the inhibitory
activity was determined against the SARS-CoV M . Among the 36
aldehydes, four showed micromolar-range ICs, values (Table 1a.3).
Interestingly, two of the inhibitors with a Ser or Asp at the P2 position
showed good inhibitory activity. In order to understand the binding mode
of these inhibitors, several complex structures were determined by our
former colleague (Zhu et al., 2011), demonstrating that the P1-Glu or
-Phe binds to the hydrophilic S1 pocket, as well as the P2 -Ser or -Asp

are located in the hydrophobic S2 subsite instead of pointing out into the

13



solvent as assumed before (Schmidt et al., 2008). This unusual tolerance
of special amino acids with respect to the P1 and P2 positions is due to
the highly electrophilic character of the aldehyde warhead, which can
overcome the stringent substrate specificity of the P1 and P2 pockets (Fig.
la.4).

Aksji et al. (2011) reported a number of peptidic aldehyde compounds as
SARS-CoV M inhibitors. According to their study, aldehydes were
found to be more effective than compounds with the irreversible Michael
acceptor warhead. A substrate-based aldehyde (Table 1a.3) was used as
the starting point, different side chains of the P1, P2, and P4 sites were
investigated. For the P1 position, an imidazole ring proved more effective
compared with the aliphatic iso-butyl, fert-butyl, aromatic, and aliphatic
rings. For the P2 site, a cyclohexane is superior to the iso-butyl or phenol
group. A shortening of the penta- to tetrapeptide aldehyde will lead to
reduction of the inhibitory activity by a factor of 4. This reduction can be
reverted via replacement of the Ser at the P2 position by Thr. Finally, two
of the inhibitors (compounds 31 and 35; Table 1a.3) showed low

pro

nanomolar-range 1Cs, values against the SARS-CoV M"™.
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P168

Fig. 1a4 Complex structure of SARS-CoV M with aldehyde Ac-NSTSQ-H.
Detailed interactions of the peptidomimetic aldehyde (Zhu et al., 2011; PDB entry
3SNC) (pink carbon atoms) with the target protease (green carbon atoms). Hydrogen
bonds are depicted as blue dashed lines. Note that the non-canonical P2-Ser
side-chain is embedded in the S2 subsite, without engaging in specific interactions.
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Table 1a.3 Formulae, inhibitory activities, toxicities and PDB entries of representative aldehydes

ICso (nM) against SARS-CoV

Compound No. Formula NPT PDB entry
AcNSTDQ-H LI Cu R A, 20 nd
Al-Gharabli et al., 2006 o N l
A NSTS _H 0 o OH o OH o
OS] Q I L LK
Al-Gharabli et al., 2006 o b b 7.5 3SNC
Zhu et al., 2011 N mj\o
AcDSTLQ-H A I e K 0 d
Al-Gharabli et al., 2006 o SO l
AcESTLQ-H o, o
Al-Gharabli et al., 2006 J%f o 75 3SND
Zhu et al., 2011 oo " s
31 \( 0 "\/(U)\
HN. 'l:‘l N H 0.065 d
Aksji et al. (2011) fU\WZL SN !
'OH N§/
)k”j\( Ay 0.098 3ATW

Aksji et al. (2011)

nd: Data not done in the literature
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1a.6 Objectives of this thesis

So far, 13 years have passed since the epidemic of SARS in 2003, but
there is not a single approved drug available against coronaviruses
(Hilgenfeld & Peiris, 2013). The reason is the lack of a market for the
development of drugs against coronaviruses, as SARS was essentially
eliminated within a few months. As a result, we were insufficiently
prepared when MERS emerged in 2012 (Zaki et al., 2012). Although the
registered cases of MERS (1806 cases confirmed globally, with 643
deaths; http://www.who.int/emergencies/mers-cov/en/; last accessed: 27th
Oct, 2016) are not as high as with SARS (about 8000 cases in 2003), the
number of infected cases and deaths is still slowly growing since the
discovery of MERS-CoV in 2012. In addition, the fatality rate of MERS
(about 35%) is much higher than for SARS-CoV (about 10%). In addition
to the threat posted by MERS-CoV to man, some newly identified
SARS-like coronaviruses from bats use the same receptor as SARS-CoV
and are still circulating in bats in China (Ge et al., 2013). Public health is
under threat not only from the known, but also from the unknown.

If the demand of drugs targeting CoVs from genus betacoronavirus is
limited, a possible solution is to design broad-spectrum drugs also against
members of the genus alphacoronavirus, i.e. HCoV-NL63 (van der Hoek
et al., 2004) and HCoV-229E (Hamre & Procknow, 1966), as well as
against the large genus Enterovirus in the picornavirus family (Norder et
al., 2011). These members of the alphacoronaviruses mostly cause
common flu, but are much more widespread than SARS-CoV or
MERS-CoV. The genus enterovirus includes agents such as EV-D6S,
EV-AT71, Coxsackievirus A16 (CVA16), and CVB3. Infection by these
viruses can lead to mild to serious illness; 1.e. EV-D68 can cause flu-like
symptoms, and also be involved in rare cases with polio-like symptoms

(Oermann et al., 2015; Greninger et al., 2015); CVB3 can trigger
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symptoms ranging from mild gastrointestinal distress to myocardic
inflammation (Massilamany et al., 2014); as well as EV-A71 and CVA16
often associate with hand, foot and mouth disease (Xing et al.,
2014). Enteroviruses cause clinical disease much more frequently than
coronaviruses, thus antiviral drugs against both families should be
commercially viable.

To date, many three-dimensional structures of M"s from
betacoronaviruses, e.g. SARS-CoV (Hilgenfeld 2014; Tan et al., 2005;
PDB entries 2BX3 and 2BX4; Yang et al., 2003; PDB entries 1UJ1,
1UK2, and 1UK3), MERS-CoV (Ho et al., 2015; PDB entry 5C3N;
Needle et al., 2015; PDB entries 4WMD, 4WME, and 4WMF), HKU4
(Hilgenfeld, 2014; Ma, Xiao et al., unpublished data; PDB entry 2YNA),
alpha-coronaviruses, i1.e. TGEV (Anand et al., 2002; PDB entry 1LVO),
and HCoV-229E (Anand et al., 2003; PDB entry 1P9S), and 3C"s from
enteroviruses, i.e. CVB3 (Tan et al., unpublished; PDB entry 3Z2YD),
EV-D68 (Tan et al., 2013; PDB entry 3Z2V8), and EV-A71 (Lu et al.,
2011; PDB entry 3SJK) were determined. As mentioned in la.4.1,
proteases from both families share a similar chymotrypsin-like fold and
cleavage preference, in particular with the strong specificity for Gln at P1
position, enabling the design of broad-spectrum drugs against both
coronaviruses and enteroviruses.

However, the major differences between the M™ s from the genera of
alpha- and betacoronavirus were not well characterized. One of the goals
of this thesis was therefore to determine the crystal structure of the free
enzyme of HCoV-NL63 M™. Furthermore, the inhibitory activities of
two lead compounds were to be determined against the HCoV-NL63 M™.
The structural and activity relationships were to be characterized by

multiple studies.
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Although several a-ketoamides have occasionally been reported, there
was no systematic study and no complex structure available of the
compounds with M™s or 3C""s. In addition, the aldehydes were also not
extensively optimized and even not any aldehyde had been characterized
with a canonical y-lactam at the P1 position.

A series of peptidomimetic a-ketoamides was designed by Prof. Rolf
Hilgenfeld and synthesized by Dr. Daizong Lin. In this thesis, the
inhibitory activities were evaluated against different coronavirus M™°s
and 3C"s. Compounds with broad-spectrum activities were afforded by
studying the structure-activity relationships (SAR) with respect to the P2
site. Moreover, five complex structures were determined between
a-ketoamides with both SARS-CoV and HCoV-NL63 MP“s to illustrate
the binding modes.

In addition, a number of peptidomimetic aldehydes were described. The
optimization focused mainly on the P2 and P3 positions. The SAR was
studied against the SARS-CoV M, from which two complex structures

were determined.
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1b Flavivirus part

1b.1 Flaviviruses

Yellow fever virus (YFV) was the first human virus to be discovered over
one century ago by Walter Reed, who demonstrated that yellow fever
could be transferred via a filterable agent in the serum of an infected
individual. In addition, this agent could be transmitted to humans by
mosquito bites (Strode, 1951). It is now appreciated that YFV belongs to

(13

the genus Flavivirus (from the Latin flavus, “yellow”). The Flavivirus
genus belongs to the Flaviviridae family, which also includes the genera:
Pestivirus and Hepacivirus, and Pegivirus (King et al., 2012).

The Flavivirus genus contains more than 70 viruses. Most of these
viruses are transmitted from hematophagous arthropods to vertebrate
hosts and are therefore considered to be dual-host viruses (Blitvich &
Firth, 2015). These viruses are further differentiated into mosquito- and
tick-borne viruses. In particular, the mosquito-borne viruses including
dengue virus (DENV), YFV, Japanese encephalitis virus (JEV), West
Nile virus (WNV), and the newly emerging Zika virus (ZIKV) are human
pathogens of global significance. Different from the others, dengue virus
comprises four serotypes (DENV1, DENV2, DENV3, and DENV4) (Fig.
1b.1) (Lindenbach et al., 2007; Mackenzie et al., 2004). Infection by
flaviviruses can cause symptoms ranging from mild fever and malaise, to
fatal encephalitis and haemorrhagic fever. In particular, the four serotypes
of dengue virus transmitted by Aedes (A.) mosquitoes, primarily A.
aegypti, are responsible for the highest rates of disease and mortality.
Despite the generally mild disease upon DENV infection, some
individuals develop severe symptoms, i.e. dengue hemorrhagic fever and
dengue shock syndrome (DHF/DSS) (Lim et al., 2013; Mukhopadhyay et
al., 2005). The World Health Organization estimated that each year,
around 50 to 100 million people get infected with DENV in the tropics
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and subtropics (http://www.who.int; last accessed: 27 Oct, 2016).
Recently, according to a new estimation, the annual number of infection

is almost three-fold higher than the previous estimate (Bhatt et al., 2013).

DENV4
DENV?2

1 ——DENV3
L DENVI

SLEV

0.99 WNV

ZIKV

YFV

0.3

Fig 1b.1 Phylogenetic analysis of NS3 amino-acid sequences of flaviviruses. (A)
Maximum-likelihood trees were constructed using MrBayes software (Huelsenbeck &
Ronquist, 2001) with the substitution of WAG (protein) model (Whelan & Goldman,
2001). The Phylogenetic tree is shown in TreeDyn viewer (Chevenet et al., 2006). All
the amino-acid sequences of the NS3 protein were downloaded from the GenBank
entries with the following codes ZIKV: KU729217.2; WNV: P06935.2; DENV1:
AB519681.1; DENV2: EU920850.1; DENV3: GU189648.1; DENV4: GU289913.1;
SLEV: KM267635.1; YFV: AY968065.1; JEV: EF623988.1.

Previously, ZIKV was described only as causing sporadic human
infections in Africa and Asia, and considered as a mild human pathogen
(Bearcroft et al., 1956; Hayes, 2009; Simpson, 1964). However, since the
2013 outbreak in French Polynesiaa French overseas territory located in
the South Pacific (Aubry et al., 2015), as well as the dramatic epidemic in
the Americas from 2014 and still ongoing (Heukelbach et al., 2016),
more studies were performed on this virus. In addition to the major
infection route via mosquito bites (Aedes species), sexual interaction,
blood transfusion, and placental transmission to the fetus are also routes
of transmission (D’Ortenzio et al., 2016; Musso et al., 2015). ZIKV
infection has recently been found associated with neurological disorders
including disseminated encephalomyelitis (Ferreira, 2016) and

Guillain-Barré syndrome (GBS) (Brasil et al., 2016; Cao-Lormeau et al.,

21



2016) in a significant percentage of infected individuals. Moreover,
prenatal ZIKV infection is related to a drastic increase of microcephaly
cases in fetuses and newborns (Rasmussen et al., 2016). ZIKV was
specifically detected in fetal microcephaly brain tissue in Brazil (Mlakar
et al.,, 2016). Furthermore, the ZIKV has also been identified in two
mothers’ amniotic fluid, who delivered babies with microcephaly (Calvet
et al., 2016). Since 1971 till today, several studies on ZIKV in animal
models were performed, from which the causative relationship between
ZIKV infection and neurological disorders was confirmed, and ZIKV
infection of human neural progenitor cells (hNPC) was demonstrated
(Bell et al., 1971; Lazear et al., 2016; Tang et al., 2016; Zmurko et al.,
2016).

Currently, there are mainly supportive options for the treatment of
flavivirus infection, but only a few FDA-approved vaccines and no drugs
are available, with the exception of the live-attenuated YFV vaccine
(YFV strain 17D) (Pulendran, 2009; Strode, 1951), inactivated tick-borne
encephalitis virus (TBEV) and JEV (Pugachev et al., 2005), and a live
recombinant tetravalent dengue vaccine (Dengvaxia, Sanofi-Pasteur).
Therefore, there is an urgent need for the development of antiviral drugs
for the treatment of flavivirus infections.

1b.2 Flavivirus virion and structural proteins

The mature flavivirus particles are enveloped virions with diameter of
~50 nm (Westaway et al, 1985) that is composed of a single, positive-
strand RNA of ~11-kb packaged by a capsid protein (C) (Rice et al., 1986)
(Fig. 1b.2). There are two proteins located on the surface of the virus
particle, i.e. the envelope glycoprotein (E) and the membrane protein (M)

(Brinton, 1986).
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Fig. 1b.2 Flavivirus structure. A: An electron micrograph of the West Nile virus
(http://www.cdc.gov/vhf/virus-families/flaviviridae.html, last accessed: 21th Oct,
2016) B: Schematic representation of the flavivirus particle (http://expasy.org/viral-
zone/all by species/24.html, last accessed: 21th Oct, 2016)

Capsid protein

The C protein is a ~11-kD, highly basic protein, as both N- and C-
termini are rich in positively-charged amino acids for RNA-binding,
connected by an internal hydrophobic region for the membrane
interaction (Ma et al., 2004). For the nascent C protein (anchC), there is a
hydrophobic anchor attached at the C terminal part serving as a signal
peptide for endoplasmic reticulum (ER) translocation of the glycoprotein
precursor of M protein (prM). Subsequently, this hydrophobic region is
cleaved by the viral protease to yield the mature C protein (Lobigs, 1993).
The mature C folds into a homo-dimer with proper distribution of the
positively charged and hydrophobic residues for RNA and membrane
binding, respectively (Jones et al., 2003).

Membrane glycoprotein

The prM (~26 kD) is a precursor of the M protein, which is translocated
into the ER membrane by the C-terminal hydrophobic region (serving as
signal peptide) of the C protein. The cleavage between the signal peptide
and prM by the host signalase only occurs after the generation of the
mature C by viral protease processing (Lobigs, 1993). In addition, the

signalase cleavage rate is influenced by the expression level of the E gene
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(Lorenz et al., 2002). Therefore, the cleavage by the signalase is not
regulated by the viral serine protease to decrease the production of empty
virions and lower levels of infectious virus in the early stage. Thus, this
mechanism serves to regulate the structural protein processing and virus
production until the viral serine protease reaches sufficiently high levels
in the later stage (Lobigs et al., 2004). In the immature virion, the prM
folds rapidly and forms a hetero-dimer with the E protein to prevent E
undergoing rearrangement to the fusogenic form at acidic condition,
during the transit through the secretory pathway (Konishi & Mason, 1993;
Lorenz et al., 2002). Afterwards, the prM is cleaved into pr and M
fragments by furin or a related enzyme located on the Golgi, resulting in
the conversion from immature to mature virion in the secretory pathway.
After the cleavage, the hetero-dimer between prM and E will disassociate,
and the pr fragment is released, while M forms a homodimer (Stadler et
al., 1997).

E protein

E is a type-II membrane protein with a molecular mass of ~53 kD, which
mediates receptor binding and membrane fusion of the flavivirus (Nowak
& Wengler, 1987; Stiasny & Heinz, 2006). The E protein is composed of
three domains and forms a homodimer with head-to-tail configuration
lying parallel to the lipid bilayer in a mature flavivirus virion (Rey et al.,
1995). At low pH, the E protein will dissociate into monomers and then
rearrange into trimers to expose the putative fusion peptide towards the
membrane of the host cells (Allison et al., 1995; Bressanelli et al., 2004;
Modis et al., 2004; Stiasny et al., 2004). The different carbohydrate
moieties on the surface of different flaviviruses might regulate the

receptor specificity (Stiasny & Heinz, 2006).
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1b.3 Genome organization of flaviviruses

The flavivirus genome consists of a ~11-kb, single-open-reading-frame,
positive-strand RNA. Similar to other positive-strand viruses, the genome
possesses three functions: serving as the template for replication, as the
mRNA for translation of the polyprotein, and as the substrate for packing
into the virion. The genome has a 5’ cap (m’GppAmG), but lacks a
3’-poly (A) tail, unlike cellular mRNA (Cleaves & Dubin, 1979; Wengler
et al., 1978). In addition, there are two noncoding regions (NCR) of about
100 nucleotides (nt), and 400 to 700 nt located at the 5° and 3’ termini,
respectively (Markoff, 2003).

The single ORF is translated into a long polyprotein, which is processed
by both host cell proteases (signalase and furin) and viral protease into at
least 10 proteins. The order of the proteins encoded by the ORF from 5°to
3’ is: the three structural proteins (C, prM/M, and E), and 7 non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Rice et al.,
1985). The cellular signalase is responsible for cleavages between C-prM,
prM-E, and E-NSI, and furin for the junction between the pr and M
fragments of prM (Ruiz-Linares et al., 1989; Stadler et al., 1997). The
viral protease processes junctions in the polyprotein: within C protein and
signal peptide, NS2A-NS2B, NS2B-NS3, NS3-NS4A, NS4B-NS5
(Chambers et al., 1991). The schematic topology of the flavivirus
polyprotein is shown in Fig. 1b.3.
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Fig. 1b.3 Topology of the ZIKV polyprotein

Polyprotein processing takes place at the membrane of the ER. Two host-cell protea-
ses, furin and signalase, are involved in polyprotein processing on the lumenal side of
the ER, whereas the viral NS2B/NS3 protease performs the cleavages on the
cytoplasmic side. The cleavage sites of known protease are indicated by different
symbols.

1b.4 Flavivirus protease

The flavivirus protease is composed of about 180 amino-acid residues
from the N-terminal part of the NS3 protein (NS3P®). It is a trypsin-like
serine protease with a Ser-His-Asp catalytic triad (Bazan & Fletterick,
1989; Chambers et al., 1990a). The activity and solubility of the protease
is dependent on a hydrophilic central domain of NS2B (amino-acid
residues 49 - 95) protein as cofactor (Falgout et al., 1991; 1993).

It is hard to obtain soluble NS3"alone from both recombinant protein

production or via refolding. Young and colleagues designed a Gly,-Ser-

26



Glys (G4SGy) linker, where the NS2B cofactor was connected to the
NS3 as a fusion protein (Leung et al., 2001). This design greatly
promoted studies on the NS2B-NS3"°. Besides the fusion protein, an
unlinked protease and the cofactor including the 50 and 180 amino-acid
residues of NS2B and NS3, respectively, was generated in the active form
by using a coexpression system (Kim et al., 2013). Subsequently, a
number of crystal structures were determined as free enzyme form or in

complex with inhibitors (Table 1b.1).
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Table 1b.1 Crystal and NMR structures of flavivirus proteases

Virus Protein Conformation PDB Entry Ligands Dimer References
ZIKV NS2B-NS3P*° Closed 5LCO Boronate inhibitor Yes Lei et al., 2016
DENV1 NS2B-NS3P® Open 3L6P No Yes Chandramouli et al., 2010
DENV1 NS2B-NS3P* (S135A) Open 3LKW No Yes Chandramouli et al., 2010
DENV2 NS2B-NS3P® Open 2FOM No No Erbel et al., 2006
DENV2 NS2B-NS3™ Closed 2M9P (NMR) Bz-Nle-KR-CF; No Gibbs et al,, 2014,
unpublished
DENV2 NS2B-NS3”® Closed 2M9Q (NMR) |  Bz-Nle-KR-CF; No Gibbs et al,, 2014,
unpublished
DENV2 NS2B-NS3P™ Open (pH 8.5) 4M9M No Yes Yildiz et al., 2013
DENV2 NS2B-NS3P™ Open (pH 5.5) 4AMIK No Yes Yildiz et al., 2013
DENV2 NS2B-NS3”(A125C) | Open (pH 8.5) 4MOF No Yes Yildiz et al., 2013
DENV2 NS2B-NS3”(A125C) | Open (pH 5.5) 4MO1 No Yes Yildiz et al., 2013
DENV2 NS2B-NS3° (A125C) Open 4MOT DTNB Yes Yildiz et al., 2013
DENV3 NS2B-NS3P® Closed 3U11 Bz-Nle-KRR-H Yes Noble et al., 2012
DENV3 NS2B-NS3P® Closed 301 Aprotinin No Noble et al., 2012
DENV4 NS2B-NS3 (full length) -- 2WHX No No Luo et al., 2010
DENV4 NS2B-NS3 (full length) -- 2WZQ No No Luo et al., 2010
DENV4 NS2B-NS3 (full length) -- 2VBC No No Luo et al., 2008
WNV NS2B-NS3P® Closed 2FP7 Bz-Nle-KRR-H No Erbel et al., 2006
WNV NS2B-NS3P* Closed 21J0 Aprotinin No Aleshin et al., 2007
WNV NS2B-NS3”° (H51A) Open 2GGV No Yes Aleshin et al., 2007
WNV NS2B-NS3P* Closed 3E90 2-naphthoyl-KKR-H No Robin et al., 2009
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3,4-dichl henyl-
WNV NS2B-NS3P™ Closed 2YOL ArCICOTOPACIY A 1 Yes Hammamy et al., 2013
etyl-KK-GCMA
JEV NS2B-NS3P® -- 4R8T No Yes Weinert et al., 2015
MVEV NS2B-NS3P - 2WV9 No No Assenberg et al., 2009

-- There is no open or close conformation to be defined due to short length of NS2B.
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1b.4.1 Overall structure of NS2B-NS3"

The structure of the NS3P° part is conserved between the flavivirus
proteases, possessing a chymotrypsin-like fold with the catalytic triad
located between the two B-barrels, each of which is formed by six
B-strands. Crystal structures of WNV and DENV NS2B-NS37° free
enzymes adopt an “open” conformation, where the NS3 core is well
folded and the NS2B part inserts the first B-strand into the N-terminal
B-barrel of NS3; and the C-terminal part of NS2B is orientated away from
the NS3 core (Erbel et al.,, 2006; PDB entry 2FOM; Fig. 1b.4A).
However, in the complex structures with a ligand, the NS2B wraps
around the NS3 core and directly interacts with the ligands’ P2 and P3
substituents, forming a “closed” conformation (Noble et al., 2012; PDB

entry 3U1I; Fig. 1b.4B).

Fig. 1b.4 Crystal structures of DENV NS2B-NS3°™,

(A) Crystal structure of DENV2 NS2B-NS3"™ free enzyme in open conformation
(Erbel et al., 2006; PDB entry 2FOM).

(B) Crystal structure of DENV3 NS2B-NS3™ in complex with an aldehyde inhibitor
(Bz-Nle-KRR-H) in closed conformation (Noble et al., 2012; PDB entry 3U1I). The
NS2B part is shown in red, NS3 part in green, and inhibitor in purple. Catalytic
residues are indicated by sticks.
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1b.4.2 Cleavage preferences

The flavivirus NS3° prefers two basic amino acids at the P1 and P2
(Arg-Arg, Lys-Arg, Arg-Lys; occasionally, cleavage after Gln-Arg
occurs, e.g. in DENV2 and DENV4) sites in the viral polyproteins
(Chambers et al., 1990b; Table 1b.2). The P1’ and P2’ are usually
occupied by amino acids with short side-chains, most commonly Gly, Ala,
or Ser. Li et al (2005) studied the cleavage preference of NS2B-NS3P of
the four DENV serotypes by using positional scanning based on tetra-
and octapeptide libraries. It was demonstrated that the NS2B-NS3
enzymes of the four DENV serotypes share very similar substrate
preferences at both prime- and nonprime sites. For the nonprime sites, a
strong specificity for Arg at the P1 position was identified, whereas the
preference order for P2 was Arg > Thr > GIn/Asn/Lys, Lys > Arg > Asn
for P3, and Nle > Leu > Lys >X (X represents any amino acid) for the P4
position. For the prime sites, the enzyme preferred small and polar amino
acids at P1’ and P3’ (Ser), whilst P2’ and P4’ showed minimal activity.
However, the preference of the WNV NS2B-NS3P is different from
DENV, with Lys more favored than Arg at P2 (Shiryaev et al., 2007).
This different preference at the P2 position is due to the replacement of
Ser or Thr83* (the star indicates an amino-acid residue from NS2B) in

DENYV by Asn84* in WNV (Chappell et al., 2006; Fig. 1b.5).
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Fig. 1b.5 Comparison of DENV and WNY protease structures. Superimposition of
the complex structures of DENV3 and WNV NS2B-NS3” in complex with an
aldehyde inhibitor (Bz-Nle-KRR-H) (DENV3: Noble et al., 2012; PDB entry 3U1I;
WNV: Erbel et al., 2006; PDB entry 2FP7). The DENV NS2B-NS3” is shown in
magenta, inhibitor in orange, WNV NS2B-NS3” in green, and inhibitor in blue.
Amino acids that affect the specificity of the S2-S3 and S1°-S2’ pockets are indicated
by sticks, and the others are indicated by lines.
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Table 1b.2 Cleavage sites in the polyproteins of NS2B/NS3""™ from different flaviviruses

Virus Capsid NS2A-NS2B NS2B-NS3 NS3-NS4A NS4A-2K Peptide NS4B-NS5
ZIKV EKKRR|GADTS | RSGKR|SWPPS | KTGKR|SGALW | AAGKR|GAAFG | PEKQR|SPQDN | LVKRR|GGGTG
WNV KQKKR|GGTAG | PNRKR|GWPAT | QYTKR|GGVLW | ASGKR|SQIGL PEKQR|SQTDN | PGLKR|GGAKG
DENV1 | NRRKR|SVTML | I WGRK|SWPLN | KKKQR|SGVLW | AAGRR|SVSGD | PDRQR|TPQDN | GGGRR|GTGAK
DENV2 | NRRRR|SAGMI | TSKKR|SWPLN | VKKQR|AGVLW | AAGRK|SLTLN | PEKQR|TPQDN | TNARR|GTGNI
DENV3 | NKRKK|TSLCL | TLKRR|SWPLN | KQTQR|SGVLW | AAGRK|SIALD | PEKQR|TPQDN | GTGKR|GTGSQ
DENV4 | NGRKR|STITL GASRR|SWPLN | VKTQR|SGALW | ASGRK|SITLD PEKQR|TPQDN | QTPRR|GTGTT
YFV SRKRR |SHDVL IFGRR |SIPVN RGARR|SGDVL | AEGRR|GAAEV | PGQQR|SIQDN | KTGRR|GSANG
JEV KQNKR|GGNEG | PNKKR|GWPAT | KTTKR|GGVFW | AAGKR|SAVSF | PEKQR|SQTDN | PSLKR|GRPGG

The cleavage sites are indicated by arrows ({).

The GenBank codes for the strains of the flaviviruses shown are ZIKV: KU729217.2; WNV: P06935.2; DENV1: P33478.1; DENV2: P29990.1;
DENV3: P27915.1; DENV4: P09866.2; JEV: P19110.1; YFV: P03314.1.
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1b.5 Flavivirus protease inhibitors

As protease inhibitors have been successfully developed into clinically
available drugs against human immunodeficiency virus (HIV) (De Clercq,
2009) and Hepatitis C virus (HCV; Wyles, 2013), it is plausible that
protease inhibitors might also be applied in the clinic treatment of
flavivirus infections. A great number of inhibitors have been reported
with both peptidomimetic and non-peptidic skeletons, either binding to
the catalytic site or interrupting the interaction between NS2B and the
NS3 protease domain (for reviews see: Lim et al., 2013; Luo et al., 2015;
Noble & Shi, 2012).

1b.5.1 Peptidomimetic compounds

Usually, peptidic inhibitors posses electrophilic warheads that form a
covalent bond with the serine of the catalytic triad. In addition, most of
the reported compounds comprise at least one basic amino acid.
Aprotinin, also called bovine pancreatic trypsin inhibitor (BPTI), a small
protein composed of 58 residues, is a highly potent inhibitor of both
WNV and DENV2 protease (K; = 0.16 and 0.026 uM; Mueller et al.,
2007). In addition, the complex structures of both WNV and DENV have
been determined, indicating a binding model for further inhibitor design
(Aleshin et al., 2007; Noble et al., 2012; Table 1b.1).

Based on two high-affinity non-prime-side substrates: Bz-Nle Lys-Arg-
Arg-ACMC (K,, = 12 uM) and Bz-Nle-Lys-Thr-Arg-ACMC (K,, = 34
uM) identified by Li et al. (2005), various warheads were investigated
against the DENV2 NS2B-NS3” by Yin et al. (2006a). Among these
warheads, the carboxylic acid, trifuoroacetysulfonamide, and a-ketoam-
ide were totally inactive (K; > 500 uM), the simple amide (K; = 127.5
uM) or the a-hydroxyamide (K; = 178 uM) only showed very poor
activity at high concentration. a-keto heterocycle moieties such as a-keto

benzoxazole (K; = 82.9 uM) or a-ketothiazole (K; = 42.8 uM) only
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showed mediocre activities. Interestingly, a trifluoromethyl-ketone (com-
pound 18, K; = 0.85 uM; Table 1b.3), an aldehyde (compound 7, K; = 5.8
uM; Table 1b.3), and a boronic acid (compound 21, K; = 0.043 uM;
Table 1b.3) possessed good inhibitory activity. In particular, the boronic
acid warhead demonstrated an inhibitory activity of a factor of at least 10
higher compared to other ones. Subsequently, they (Yin et al., 2006b)
carried out a systematic SAR study against DENV2 NS2B-NS3" based
on the peptidic aldehyde compound 7 (Table 1b.3) with the substitution
of amino acids by Ala, Phe, Lys, Pro, also in D configuration or with
methylated main-chain amide. It was found that the P2-Arg played a
crucial role in inhibitor binding to the enzyme. Furthermore, an inhibitor
(compound 23, K; = 2.8 uM; Table 1b.3) was successfully identified at
the P1 position with a (p-guanidinyl)Phe residue. The tri- and di-peptidic
(inhibitor 21 and 22, Table 1b.3) aldehydes afforded low micromolar-
range activity, and complex structures between the former and DENV3
NS2B-NS3” (Noble et al, 2012; PDB entry 3UlI) and WNV
NS2B-NS3P (Erbel et al., 2006; PDB entry 2FP7) were determined to

illustrate the binding mode.
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Table 1b.3 Formulae, inhibitory activities, and PDB entries of flavivirus protease inhibitors

Inhibitory activity

Compound Formula Target PDB entry
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7 0 0
JU{( Ki=5.8 DENV2 NS2B-NS3P* N/A
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Stoermer et al. (2008) reported several tripeptide aldehydes (X-KKR-H)
with different groups capping the N-terminal, from which the flexible
ones conferred more potent inhibition against WNV NS2B-NS3"°, such
as phenylacetyl (compound 3, K; = 9 nM; Table 1b.3), 4-phenyl-phenyla-
cetyl (compound 10, K; = 6 nM; Table 1b.3), and 3-methoxyl-phenylac-
etyl (compound 21, K; = 11 nM; Table 1b.3). In addition, the replacement
of Arg or Lys at the P2 or P3 position by the unnatural amino acid
ornithine (Orn) resulted still in high inhibitory potency (compound 34, K;
=13 nM, compound 30, K; = 46 nM; Table 1b.3). They demonstrated that
the fluorescent compound 28 (K; = 0.16 uM; Table 1b.3) could be taken
up by the COS-1 cell via a charge interaction with the cell surface heparin
sulfate. Moreover, the antiviral activity of compound 3 against WNV
(Kunjin strain) was tested in Vero cells with an ECsy of 1.6 uM.

Though the peptidic aldehydes have been studied against DENV and
WNV separately, Schiiller et al. (2011) generated a systematic SAR study
against both WNV and DENV protease. A series of 17 compounds with
the sequence X-KRR-H and X-KKR-H were tested, where X was a
varying capping group including a large range of physical properties such
as polarity, length, flexibility and bulk. The data suggested that DENV
prefers Arg while WNV prefers Lys at the P2 position. The compound 11
(4-phenyl-phenylacetyl-KKR, identical to compound 10 in Stoemer et al.,
2008; Table 1b.3) showed the best activity against WNV NS2B-NS3
(ICso = 0.056 uM). On the other hand, inhibitors with smaller aromatic
(benzoyl and phenylacetyl) or aliphatic (acetyl, propionyl cyclopropionyl,
and trifluoroacetyl) caps showed less potent inhibitory activity by a factor
of 15 compared to compound 11. A polar cap is disfavored by the WNV
NS2B-NS3”®. The most potent inhibitor against DENV NS2B-NS3
was phenylacetyl-KRR-H (compound 2, ICso= 6.7 uM; Table 1b.3). In

summary, all the peptidic aldehydes were several-fold more potent
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against WNV than against DENV protease. In addition, several
modifications (acetyl, benzoyl, p-anisoyl, and benzyl) were attached to
the P2 side-chain, based on the inhibitor benzoyl-KKR-H. These
modified inhibitors were totally inactive against DENV (ICso > 300 uM),
and showed drastically decreased activity by 19-fold against WNV
protease. Therefore, the S2 pockets in both DENV and WNV proteases
are limited in depth, especially so in the DENYV protease.

In addition to the covalently binding inhibitors, Hammamy et al. (2013)
reported peptidic compounds lacking an electrophilic warhead, some of
which still possessed low-micromolar inhibitory activities against WNV
protease in vitro. The P1 position was investigated based on the inhibitor
PhAc-Lys-Lys-X, where X represents the modified substituents. The
agmatine (compound 4) and trans-(4-guanidino)cyclohexylmethyl-amide
(GCMA, compound 17) substituents showed most potent inhibitory
activities with K; values of 3.9 and 1.2 uM (Table 1b.3), respectively.
Moreover, these arginine analogues are stable, and not easily cleaved by
the protease compared with the original P1-Arg moiety. Furthermore, the
P4 was modified based on the formula of X-Lys-Lys-agmatine. Among
all the modified P4 groups, the dichloro-substituted (2,5-, 3,4-, and 2,3-)
phenylacetyl group showed most potent inhibitory activities with K;
values of 0.6, 0.4, and 0.45 uM (compound 37; Table 1b.3), respectively.
Therefore, the combination of GCMA at P1 and dichloro-substituted
phenylacetyl group at the P4 position offered three inhibitors (compound
40; Table 1b.3) with most potent and equivalent inhibitory activities (K;=
0.14, 0.13, and 0.12). The crystal structure of WNV NS2B-NS37 in
complex with compound 40 was determined; the P4 group was seen to
interact with the P1 via a hydrogen bond, forming a horseshoe-like
conformation of the inhibitor (Fig. 1b.6). This offered a starting point for

the design of cyclic compounds against the flavivirus proteases.
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In addition to the peptidic inhibitors, several studies have identified some
non-peptidic inhibitors, which are summarized by recent reviews (Lim et

al., 2013; Luo et al., 2015).

Fig. 1b.6 Fit of the inhibitor (3,4-dichloro)phenylacetyl-KK-GCMA (Hammamy
et al.,2013; PDB entry 2YOL) to WNV NS2B-NS3"" (wheat transparent surface)
as revealed by X-ray crystallography of the complex. Selected side-chains of the
protease are shown by sticks with green carbon atoms. The compounds are indicated
by sticks in magenta. Hydrogen bonds are depicted as blue dashed lines.
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1b.6 Objectives of this part

Although several complex structures have been determined of flavivirus
proteases with inhibitors, most of the inhibitors contain Arg or Lys at the
P1 and P2 positions. Herein, the crystal structure of WNN NS2B-NS3P*
in complex with a drug-like boronate (cn-716) inhibitor was determined
at 1.50 A resolution.

The peptidolytic activity and cleavage preference of the newly emerging
Zika virus NS2B-NS3 protease was not characterized at all so far. In this
thesis, the kinetic parameters were determined as well as the cleavage
preference characterized with respect to the native cleavage sites in the
polyprotein by using both AMC and Dabcyl/Edans-paired substrates. The
inhibitory activity of aprotinin and boronate inhibitor was determined

against the ZIKV NS2B-NS3™,
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2 Material and methods
2.1 Material
2.1.1 Equipment

The equipment or instruments used in this thesis are listed in Table 2.1.

Table 2.1 Laboratory equipment, instruments, and their manufactures

Instrument Manufacturer

- 20 °C/ 4 °C Refrigerator storage unit Liebherr/Siemens
- 80 °C Refrigerator storage unit REVCO - Kendro
AF20 Ice-machine Scotsman
Agarose gel electrophoresis system Bio-Rad
Analytical balance - Sartorius BP 210 D Sartorius

Avanti J-26 XP Centrifuge Beckman Coulter
Biophotometer (ODgg) Eppendorf
Centrifuge Sigma 3-18K Sigma
Concentrator 5301 Eppendorf
Cryo-Express CX100 Dry shipper Taylor-Wharton
Cryostream Cooler Oxford Cryosystems Oxford Cryosystems

Crystallization robot “Phoenix”
Dynamic light-scattering

FIx800 Fluorescence spectrophotometer
Innova 4230 refrigerated incubator shaker
Microscope SZX 12

Multi-channel electronic pipet
(Pipetman concept 8 % 300)

PAGE gel electrophoresis system

PCR cycler

pH-meter

Pipettes

Protein purification systems Akta FPLC/Prime

Satorius Universal balance

Single-channel electronic pipet (Pipetman concept C10)

Sonificator W-250D

Synergy ultrapure water system
Systec V 150 Autoclave
Thermomixer

Ultracentrifuge Centrikon T-2070
UV/Vis spectrophotometer Cary 50

Xcalibur PX Ultra X-radiation diffractometer

Art-Robbins Instruments
RiNA

BioTeK

New Brunswick Scientific
Olympus

Gilson

Hoefer
Biometra

Schott
Eppendorf

GE Healthcare
Sartorius

Gilson

Branson

Merck Millipore
Systec
Eppendorf
Kontron

Agilent

Oxford Diffraction
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2.1.2 Consumables
The consumables used in this thesis are listed in Table 2.2.

Table 2.2 Columns, consumables, and their Manufacturers

Material Manufacturer
AccuPrime Pfx polymerase kit Invitrogen
Amicon-Ultra centrifuge filter Millipore

Brand Plates 96-well Pure Grade Brand GmbH
Cryo-canes Hampton Research
Cryschem M plates Hampton Research
Crystal Clear Sealing Tape Hampton Research
Crystal storage vials Hampton Research
Crystallization screens Hampton Research
Dialysis bag Spectrum Laboratories
Erlenmeyer flasks Schott Duran

Filter membranes (0.45 um/0.22 pum) Millipore

Genelet gel extraction kit Thermo Fisher Scientific
Genelet plasmid miniprep kit Thermo Fisher Scientific
GeneRuler 1 kb DNA Ladder Fermentas

GSTrap FF (5 ml) GE Healthcare

HiLoad Superdex 200 prep grade GE Healthcare

HiLoad Superdex 75 prep grade GE Healthcare

HisTrap FF (5 ml) GE Healthcare

HiTrap Q FF (5 ml) GE Healthcare
Intelli-Plate-96-well Art Robbins Instruments
Magnetic basic crystal caps Hampton Research
Magnetic crystal wand Hampton Research
Microtools Hampton Research
Nylon Cryo-loops Hampton Research
Rapid DNA ligation kit Thermo Fisher Scientific
Screw-capped glass bottles Schott Duran

Tips and tubes Sarstedt

Unstained protein molecular weight marker Fermentas

(#SM0431)

UV cuvettes (plastic/quartz) Sarstedt
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2.1.3 Chemicals

The chemicals used in this thesis are listed in Table 2.3.

Table 2.3 Chemicals used in this thesis

Chemical Manufacturer
2-Methyl-2,4-pentanediol (MPD) Fluka

Acrylamid Sigma

Agar Gerbu Biotechnik
Agarose Biozym
Ammonium chloride Sigma-Aldrich
Ammonium sulfate Merck
Ampicillin sodium Gerbu Biotechnik
APS Merck

Bis-Tris Sigma-Aldrich
CHAPS Sigma
Chloramphenicol Gerbu Biotechnik
Dimethylsulfoxid (DMSO) Merck
Dithiothreitol (DTT) Gerbu Biotechnik
Ethylenediaminetetraacetic acid (EDTA) Gerbu Biotechnik
Glycerol Gerbu Biotechnik
HEPES Roth

Imidazole Merck
Isopropyl-B-D-thiogalactopyranoside (IPTG) Gerbu Biotechnik
Lithium sulfate monohydrate Sigma-Aldrich
MES Gerbu Biotechnik
MgCl, Roth
Polyethylene glycol (PEG) 200, 1000, 3350, 6000 Sigma-Aldrich
Sodium chloride Roth

Sodium citrate tribasic dihydrate Sigma-Aldrich
Sodium Formate Merck

TEMED Serva

Tris (tris(hydroxymethyl)aminomethane) Gerbu Biotechnik
Tris (2-carboxyethyl) phosphine (TCEP) Sigma
TY-Medium Roth
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2.2. Methods

All the pH values were adjusted at room temperature.

2.2a Coronavirus part

2.2a.1 Recombinant production and purification of SARS-CoV MP"
The recombinant production and purification of SARS-CoV M with
authentic N and C termini was described in detail previously (Xue et al.,
2007; Verschueren et al., 2008; Zhu et al., 2011).

2.2a.2 Cloning of HCoV-NL63 M wild-type (wt) and mutants

Table 2.4 Primers used for the cloning

Primer Sequence (5’ to 3°)
HCoV-NL63 M (wt) forward CGCGGATCCAATTCCACCTTACAATCT
CCGCTCGAGTTAGTGGTGGTGGTGGTGGT

HCoV-NL63 M”™ (wt
Co (W) reverse TAACACCATACATCTGCTTC

HCoV-NL63 M™ (+M49) forward CCATCAACCACTATGGTTCTTATTGATTA
HCoV-NL63 M™ (+M49) reverse TAATCAATAAGAACCATAGTGGTTGATGG
HCoV-NL63 M™ (P189Q) forward GATGACCAACAGAGTTTGCAAG
HCoV-NL63 M™ (P189Q) reverse CTTGCAAACTCTGTTGGTCATC

Restriction sites and mutated codons are indicated in red.

The HCoV-NL63 MP* (GeneBank code: FJ211861.1) comprises 303
amino-acid residues, corresponding to Ser2940 — GIn3242 of ppla. For
simplicity, the Ser2940 was renumbered to Serl. The DNA sequence
encoding HCoV-NL63 MP* was amplified by the polymerase chain
reaction (PCR) with the HCoV-NL63 M (wt) forward and reverse
primers. The resulting PCR product was digested by the restriction
enzymes BamHI and Xhol generating the sticky ends, which were ligated
into the expression vector pGEX-6P-1 using the same restriction sites.
For the single mutant clones (HCoV-NL63 M™ (+M49, P189Q),
site-directed mutagenesis was done by using Pfx DNA polymerase
(Invitrogen) with corresponding primers. For the double mutant clone
(HCoV-NL63 MP® (+M49, P190Q), site-directed mutagenesis was
performed by using the gene sequence of HCoV-NL63 MP* (+M49) as
the template, and P189Q mutant primers for the PCR amplification. All
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constructs were verified by sequencing (MWG Biotech). All the
HCoV-NL63 MP™ clones were designed with an autocleavage site of the
MP® itself to generate the authentic N-termini and a C-terminal
penta-histidine tag (Hiss) without protease cleavage site.

2.2a.3 Recombinant production and purification of HCoV-NL63 M""
(wt and mutants)

The sequence-verified recombinant plasmids of HCoV-NL63 M were
transformed to the Escherichia coli strain BL21-Gold (DE3) (Novagen).
Transformed cells were incubated at 37°C overnight in 2xYT medium
with ampicillin (100 pg'ml™). Next day, the pre-culture was used to
inoculate into the large-scale medium growing at 37°C with vigorous
shaking until the ODgyy reached 0.6-0.8. Afterwards, the overexpression
of the M gene was induced by adding 0.2 mM IPTG for 10 h at 25°C.
Subsequently, the cells were harvested by centrifugation at 7300 x g at
4°C for 30 min. The cells were stored at -80°C or lysed for immediate
purification.

All the purification procedures were performed at 4°C. Bacterial cells
were suspended with 60 ml buffer A (20 mM Tris-HCI, 150 mM NacCl,
pH 7.8) and lysed by sonication on ice. The lysate was separated by
centrifugation at 48,000 g and 4°C for 1h to get a clear supernatant. The
supernatant was loaded onto a 5-ml HisTrap'> FF column (GE
Healthcare) equilibrated with buffer A. The column was washed with
buffer A plus 20 mM imidazole until the curve was close to the baseline;
this was followed by eluting with a linear gradient of buffer B (20 mM
Tris-HCI, 150 mM NaCl, 500 mM imidazole, pH 7.8). Fractions
containing the target protein were collected, concentrated by using an
Amicon YM10 membrane (EMD Millipore) and further purified by gel
filtration (HiLoad™ 16/60 Superdex 200 column, GE Healthcare)
equilibrated with buffer A.
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2.2a.4 Dynamic light-scattering measurement of HCoV-NL63 M""
(wt)

Measurements were performed by using a Spectroscatter 201 (RiNA
GmbH) with 25 ul of HCoV-NL63 M"*in the buffer (20 mM Tris-HCI,
150 mM NaCl, pH 7.8). The concentration used for the protease was
around 10 mg-ml™”. Results were interpreted using the software provided
by the manufacturer. Experimental errors were estimated as standard
deviations calculated from 10 measurements for each sample.

2.2a.5 Crystallization of SARS-CoV M™ with a-ketoamides

Using an Amicon YMI10 membrane (EMD Millipore), the purified
SARS-CoV MP®was concentrated to 21 mg-ml" in buffer A (20 mM
Tris-HCI, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.5).
Crystallization was performed by equilibrating 1 pl protein (mixed with 1
ul reservoir) against 500 ul reservoir containing 6 - 8% PEG 6000, 0.1 M
MES (pH 6.0), at 20°C using the vapor-diffusion sitting-drop method.
a-Ketoamide compounds (11a (DC401903) and 11s (DZL10)), were
dissolved in 100% DMSO at 50 mM and 200 mM stock concentrations,
respectively. A crystal of the free enzyme was soaked in cryo-protectant
buffer containing 20% MPD, 6% PEG 6000, 0.1 M MES, 7.5 mM 11a
(DC401903), pH 6.0, for 2 h at 20°C. Another set of free-enzyme crystals
was soaked in another cryo-protectant buffer with 6% PEG 6000, 5%
MPD, 0.1 M MES, 15% glycerol, 10 mM 11s (DZL10), pH 6.0, for 2 h.
Subsequently, crystals were fished and flash-cooled in liquid nitrogen
prior to data collection.

2.2a.6 Crystallization of SARS-CoV M"" with aldehydes

Crystals of SARS-CoV M with aldehydes (DC401923 and DC401954)
were obtained using cocrystallization. The purified SARS-CoV M in
buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, pH

7.5) was concentrated to 23 mg'ml' and incubated with 2.5 mM
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DC401923 or DC401954 at 20°C for 4 h. Afterwards, cocrystallizaiton
was set up using the vapor-diffusion sitting-drop method at 20°C,
equilibrating 1 pl protein (mixed with 1 ul reservoir) against 500 pl
reservoir containing 4 - 10% PEG 6000, 0.1 M MES, pH 5.5-6.25.
Crystals were incubated in the cryo-protectant containing 6% PEG 6000,
5% MPD, 0.1 M MES, 2.5 mM DC401923 or DC401954, 15% glycerol,
pH 6.0, and fished to be flash-cooled in liquid nitrogen prior to data
collection.

2.2a.7 Crystallization of variants and complexes of HCoV NL63 M""
The wild-type HCoV-NL63 M was concentrated to 45 mg-ml” in
buffer (20 mM Tris—HCI, 150 mM NaCl, 2 mM DTT, pH 7.8,). A basic
crystallization screen was performed by using a Phoenix robot (Art
Robbins) employing the sitting-drop vapor-diffusion method. The drop
was composed of 0.25 ul protein and 0.25 pl reservoir to equilibrate
against 75ul reservoir solution. The following commercially available
kits were used: PEG/Ion'™ 1 & 2 Screen, SigmaTM, Index™, SaltRx™,
and PEG Rx™ 1 & 2 (Hampton Research) for the basic crystallization
screen. Within one day, tiny crystals were detected in the presence of 0.1
M lithium sulfate monohydrate, 0.1 M sodium citrate tribasic dihydrate,
20% PEG 1000, pH 5.5. Subsequently, the optimization was performed
with equilibration of 1 pl protein-inhibitor solution mixed with 1 pl
reservoir containing 0.1 M lithium sulfate monohydrate, 0.1 M sodium
citrate tribasic dihydrate, 15% to 25% PEG 1000, pH 4.0 to 6.0, against
500 pl reservoir solution at 18°C. Optimized crystals were protected with
cryo-buffer composed of 0.1 M sodium citrate tribasic dihydrate, 25%
PEG 1000, 15% glycerol, pH 6.0. Subsequently, the crystals were

flash-cooled with liquid nitrogen.
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2.2a.8 Crystallization of variants of HCoV-NL63 M"™ in complex
with ligands

All the compounds were dissolved in 100% DMSO. Crystals of
HCoV-NL63 MP* with 1la, and SG85 were obtained using
cocrystallization. The concentrated HCoV-NL63 M (45 mg-ml") was
incubated with 5 mM 11a or SG85 for 4 h at 20°C, followed by setting up
crystallization using the vapor diffusion sitting-drop method at 20°C with
equilibration of 1 pl protein (mixed with 1 ul reservoir) against 500 pl
reservoir composed of 0.1 M lithium sulfate monohydrate, 0.1 M sodium
citrate tribasic dihydrate, 25% PEG 1,000, pH 6.0. The crystals were
protected by a cryo-buffer containing 0.1 M lithium sulfate monohydrate,
0.1 uM sodium citrate tribasic dihydrate, 25% PEG 1,000, 15% glycerol,
2 mM 11a or SG8S, pH 6.0 and flash-cooled in liquid nitrogen.

Crystals of HCoV-NL63 M with 11n (DC401908) and 11f (DC401918),
and HCoV-NL63 MP* (+M49, P190Q) with 1la and SG85 were
generated by using the soaking method. Several free enzyme crystals
from both wt or double mutant were soaked in the cryo-protectant buffer
with 0.1 M lithium sulfate monohydrate, 0.1 M sodium citrate tribasic
dihydrate, 25% PEG 1,000, 15% glycerol, 5 mM 11a, 11f, 11n, or SG8S5,
pH 6.0. Subsequently, the soaked crystals were flash-cooled in liquid
nitrogen.

2.2a.9 Diffraction data collection, structure elucidation and refine-
ment

Diffraction data from the crystals of the HCoV-NL63 M (wt) and the
SARS-CoV M in complex with 1la were collected at 100 K at
synchrotron beamline PXI-X06SA (PSI, Villigen, Switzerland) using a
Pilatus 6M detector (DECTRIS). A diffraction data set from the
SARS-CoV MP crystal with compound 11s was collected at 100 K at
beamline P11 of PETRA III (DESY, Hamburg, Germany), using the same
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type of detector. Diffraction data sets of SARS-CoV MP* with two
aldehydes (DC401923 and DC401954), and HCoV-NL63 M (wt and
+M49, P190Q mutant) complex structures were collected at synchrotron
beamline BL14.2 of BESSY II (Berlin, Germany), using an MX225 CCD
detector (Rayonics).

All data sets were processed using the program XDSAPP (Krug et al.,
2012) and scaled by SCALA from the CCP4 suite (Evans, 2011; Winn et
al., 2011). The structure of SARS-CoV M with 11a and 11s was
determined by molecular replacement with the structure of the complex
between SARS-CoV M" and SG85 (PDB entry 3TNT; Zhu et al.,
unpublished) as search model, employing the MOLREP program (also
from the CCP4 suite; Vagin & Teplyakov, 2010; Winn et al., 2011).

The structure of HCoV-NL63 M free enzyme was determined by the
molecular replacement method, also using MOLREP (Vagin & Teplyakov,
2010) from the CCP4 suite (Winn et al., 2011), with the structure of
HCoV-229E MP™ (Anand et al., 2003; PDB entry 1P9S) as the search
model. The complex structures of HCoV-NL63 M (wt) with 11a, 11f,
11n, or SG8S, and of mutant (+M49, P190Q) with 11a or SG8S were also
determined with MOLREP, using the structure of the free enzyme as a
search model. Geometric restraints for the compounds in the complex
structures were generated by using JLIGAND (Lebedev et al., 2012;
Winn et al., 2011) and built into F,-F, difference density using the COOT
software (Emsley et al., 2010). Refinement of the structures was
performed with REFMACS version 5.8.0131 (Murshudov et al., 1997,
2011; Winn et al. 2011).
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2.2a.10 Inhibitory activity assay for a-ketoamides, aldehydes, and
Micheal acceptor compound (SG85) against CoV M,

A buffer containing 20 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, 1
mM DTT, pH 7.3, was used for all enzymatic assays. The substrate with
the cleavage sites of MP™ (indicated by the arrow, 1), Dabcyl-KTSAV-
LQVSGFRKME(Edans)-NH2 (95% purity; Biosyntan), were employed
in the FRET-based cleavage assay, using a 96-well microtiter plate. The
dequenching of the Dabcyl fluorescence due to the cleavage of the
substrate as catalyzed by the proteases was monitored at 460 nm with
excitation at 360 nm, using a FIx800 fluorescence spectrophotometer
(BioTek). Curves of relative fluorescence units (RFU) against substrate
concentration were linear for all substrates up to beyond 50 pM,
excluding an influence of the inner-filter effect. Stock solutions of the
compounds were prepared by dissolving them in 100% DMSO. The UV
absorption of 11a was found to be negligible at A = 340 nm, so that no
interference with the FRET signal through the inner-filter effect was to be
expected. For the determination of the ICsy of a-ketoamides or SG8S, 0.5
uM SARS-CoV or HCoV-NL63 MP® (wt or mutants) were separately
incubated with the compounds at various concentrations (0 to 100 uM) in
reaction buffer at 37°C for 10 min. For the measurement of the 1Cs, of
aldehydes, 0.5 uM SARS-CoV M™ were incubated with the compounds
at various concentrations (0 to 33 uM) in reaction buffer at 37°C for 10
min. Afterwards, the reaction was initiated by adding FRET peptide
substrate at 20 uM final concentration (final volume: 50 pl). The 1Cs
value was determined by using the GraphPad Prism 6.0 software
(GraphPad). Measurements of enzymatic activity were performed in

triplicate and are presented as the mean + standard deviations (SD).
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All enzymatic assays were performed in buffer containing 20 mM
Tris-HCI, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP, pH 7.3, using a
96-well microtiter plate. All the enzymes were freshly prepared. The
same substrate as for SARS-CoV M, Dabcyl-KTSAVLQISGFRKME
(Edans)-NH, (95% purity; Biosyntan GmbH), containing the cleavage
site of the M as shown by arrow, was used in the FRET-based cleavage
assay. The dequenching of the Dabcyl fluorescence due to the cleavage of
the substrate as catalyzed by the HCoV-NL63 M was monitored at 460
nm with excitation at 340 nm, using a FIx800 fluorescence
spectrophotometer (BioTek). The reaction was initiated by adding
different final concentrations of the FRET peptide (10 to 200 uM) to a
solution containing HCoV-NL63 MP* (0.5 uM final concentration) in a
final volume of 50 ul at 37°C.

2.2a.11 Kinetic assays of variants of HCoV-NL63 M""

All kinetic assays were performed in buffer containing 20 mM Tris-HCI,
100 mM NaCl, 1 mM EDTA, 1 mM TCEP, pH 7.3, using a 96-well
microtiter plate. All enzymes were freshly prepared. The same substrate
as applied for the compound inhibition assay was used here. The reaction
was initiated by adding different final concentrations of the FRET peptide
(10 to 200 uM) to a solution containing HCoV-NL63 MP™ (0.5 uM final
concentration) in a final volume of 50 ul at 37°C. Initial velocities were
determined from the linear section of the curve. As the saturation state for
the curves for the wild-type and single M49 insertion of HCoV-NL63
MP® enzymes were achieved, the kinetic constants (V,.x and K,,) were
derived by fitting the data to the Michaelis—Menten equation, V = V ,, *
[SV/(K, + [S]). Then k., was calculated according to the eqution k., =
Vimax/[E]. Since no saturation could be observed for the curves of
HCoV-NL63 M (P189Q and +M49, P190Q), the data were fitted to the

equation v / [E]i. = kapp [S], where k,,, approximates k.,/K,, (Barretto et
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al., 2005; Lei et al., 2014; Wojdyla et al., 2010). A calibration curve was
generated by measuring the saturated fluorescence of the peptidyl-Edans
released from the substrate digested by HCoV-NL63 M™ (wt) in reaction
buffer at concentrations ranging from 0 to 200 uM. The K., and V.

values were determined by using the GraphPad Prism 6.0 software

(GraphPad).
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2.2b Flavivirus part

2.2b.1 Recombinant production, purification, crystallization, and
diffraction data collection of DENV2 NS2B-NS3""

The expression construct for the DENV2 NS2B-NS3° generated by our
former colleague Dr. Naoki Sakai was the same as described in the
literature (D’Arcy et al., 2006), consisting of a 47-amino-acid hydrophilic
core sequence of NS2B (amino-residues acid 1394-1440) linked via a
Gly4-Ser-Gly, (G4SGy) linker to the N-terminal 185 amino-residues acid
of NS3 (amino-residues acid 1476—-1660) in vector pET15b (Novagen).
The BL21-Codon Plus (DE3) RIL (Novagen) competent cells transformed
with the expression construct for DENV2 NS2B-NS3™ was cultured in
100 ml 2 x YT medium supplied with 100 pg-ml”" ampicillin and 34
pg'ml" chloramphenicol at 37°C overnight. The next day, 20 ml
pre-culture was inoculated into 2 L 2 x YT medium with 100 mg-ml™' and
34 pg-ml” chloramphenicol, incubating at 37°C until the ODgq reached
0.6 - 0.8. After cooling the cultures to 20°C, 0.5 mM IPTG was added to
induce the expression of the recombinant gene constructor for 16 h. The
cells were harvested by centrifugation (7300 x g) at 4°C for 30 min, and
resuspended in 50 ml buffer A (20 mM Bis-Tris, 500 mM NacCl, pH 6.3).
Subsequently, the cells were lysed by sonication on ice, followed by
separation of supernatant using centrifugation (48,000 x g) at 4°C for 1 h.
The supernatant was loaded onto the pre-equilibrated 5-ml HisTrap™™ FF
(GE Healthcare) column with buffer A, and washed with four column
volumes of buffer A with 20 mM imidazole and gradient eluted with 20
column volumes of buffer B (20 mM Bis-Tris, 500 mM NacCl, 500 mM
imidazole pH 6.3). The N-terminal His tag was cleaved off by thrombin,
while dialyzing overnight against 2 L buffer A at 4°C. The treated fraction
was applied to the same HisTrap'™ FF column to remove the cleaved His

tag and uncleaved protein. The flow through from the HisTrap'" FF
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column was concentrated by using an Amicon YM10 membrane (EMD
Millipore), and loaded onto a HiLoad™ 16/60 Superdex 75 column (GE
Healthcare) equilibrated with buffer A for further purification.

The purified DENV2 NS2B-NS3P® was concentrated to 25 mg-ml™ for
crystallization trials using the vapor diffusion method, with 1 ul protein
and 1 pl reservoir containing 0.1 M MES, 35-50% PEG 200, pH 6.0-7.0
equilibrating against 500 ul reservoir at 20°C. The crystals were
transferred to a cryo-protectant (0.1 M MES, 50% PEG 200, pH 6.2) for a
few seconds and flash-cooled in liquid nitrogen. A diffraction data sets
from DENV2 NS2B-NS3™ crystals were collected at synchrotron
beamline BL14.2 of BESSY II (Berlin, Germany), using an MX225 CCD
detector (Rayonics).

2.2b.2 Kinetic parameter determination of DENV2 NS2B-NS3°
Enzyme kinetics of the DENV NS2B-NS3" were determined at 37°C in
a reaction buffer containing 10 mM Tris-HCI, 20% glycerol, 1 mM
CHAPS, pH 8.5. Initially, the DENV2 NS2B-NS3" was pipetted into a
96-well plate at final concentrations of 50 nM in 25 ul buffer. Afterwards,
the reaction was initiated by adding 25 pl buffer containing the substrate
benzoyl-norleucine-lysine-arginine-arginine-7-amino-4-methylcoumarine
(Bz-Nle-Lys-Arg-Arg-AMC; Biosyntan) at final concentrations varying
from 10 to 200 uM. The fluorescence signal from released AMC was
monitored at 460 nm with excitation at 360 nm, using an FIx800
fluorophotometer (BioTek). Initial velocities were determined from the
linear section of the curves and the variation of the fluorescence intensity
per unit of time (ARFU/s) was converted to the amount of the cleaved
substrate per unit of time (uM/s) via a calibration curve generated from
the fluorescence measurements of free AMC (concentration range: 0.1 -
2.7 uM). As saturation could be achieved, kinetic constants (V,.x and K,,))
were derived by fitting the data to the Michaelis-Menten equation, V =
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Viax % [S] / (Kyn + [S]) using the GraphPad Prism 6.0 software
(GraphPad). k../K,, values were calculated according to the equation
Keat/ Kin = Vimax / ([E] % K. Triplicate measurements were taken for each
data point and data are presented as mean + SD.

2.2b.3 Recombinant production, purification, crystallization, and
diffraction data collection of WNV NS2B-NS3P*™

Cloning and expression of a DNA construct encoding the WNV
NS2B-NS3™ with a covalent Gly,-Ser-Gly, linker between NS2B and
NS3” was performed as described previously, as was the purification of
the protease (Hammamy et al., 2013). The construct comprised 47
residues (49-96) of NS2B and 170 residues (1-170) of NS3; the
C-terminal lysine of NS2B was replaced by alanine, in order to avoid
autoproteolytic cleavage in the NS2B-NS3P* junction region.

The purified protein in 25 mM Tris-HCI, 5% glycerol, pH 8.5, was
concentrated to 49.8 mg'ml” by using an Amicon YM10 membrane
(EMD Millipore), and mixed with e¢n-716 (a dipeptide inhibitor with
boronic acid warhead, provided by Prof. Christian D. Klein’s group from
the university of Heidelberg) at 20 mM final concentration. Following
overnight-incubation at 4°C, crystallization screens were run using a
Phoenix™ robot (Art Robbins), with application of the sitting-drop
vapor-diffusion method at 18°C. The drops contained 0.25 pl of protein
and 0.25 pl of reservoir solution, to be equilibrated against 75 pl reservoir
solution. Five commercially available screening kits were used: MD1-01
& 02 (Molecular Dimensions), SaltRx™, PEG/Ion™ 1 & 2, Index™, and
PEG Rx™ 1 & 2 (Hampton Research). Within two days, tiny crystals
were detected in the presence of 0.2 M magnesium formate dehydrate, 20%
PEG 3350, pH 7.0. Subsequent optimization involved equilibration of 1
ul protein-inhibitor solution mixed with 1 pl mother liquor containing 0.2

M magnesium formate and 20% PEG 3350, pH 7.0, against 500 nl
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reservoir solution at 18°C. Optimized crystals were protected by a
cryo-buffer consisting of 80% reservoir, 20% glycerol, and 20 mM of
cn-716, and flash-cooled in liquid nitrogen prior to data collection.
Diffraction data were collected at 100 K at synchrotron beamline P11 of
PETRA III (DESY, Hamburg), using a Pilatus 6M fast detector at A =
0.9919 A.

2.2b4 Structure elucidation and refinement of DENV2 and WNV
NS2B-NS3*™ structures

Diffraction data sets of both DENV2 and WNV NS2B-NS3 structures
were processed using the program XDSAPP (Krug et al., 2012) and
scaled using SCALA from the CCP4 suite of programs (Evans, 2011;
Winn et al., 2011). The structures of DENV2 NS2B-NS3™ and WNV
NS2B-NS3 with en-716 were elucidated by the molecular replacement
method using MOLREP from the CCP4 suite (Vagin & Teplyakov, 2010;
Winn et al., 2011). The structure of DENV NS2B-NS3"® free enzyme
(Erbel et al., 2006; PDB entry 2FOM), and the structure of the complex
between the WNV NS2B-NS3" and the inhibitor 3,4-dichlorophenyl-
acetyl-Lys-Lys-GCMA (Hammamy et al., 2013; PDB entry 2YOL) were
selected as search model for the elucidation of the DENV and WNV
NS2B-NS3P structures, respectively. A molecular model for ¢n-716 was
generated by using JLIGAND (Lebedev et al., 2012; Winn et al., 2011)
and built into clear F,-F. difference density in the substrate-binding site
of the WNV NS2B-NS3" by using the COOT software (Emsley et al.,
2010). Most atoms of the inhibitor were well-defined by difference
density at 3o above the mean of this map. The two structures were refined
using REFMAC version 5.8.0131 (Murshudov et al., 1997, 2011; Winn et
al. 2011).
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2.2b.5 Recombinant production, and purification of ZIKV NS2B-
NS3P™

Gene cloning of the ZIKV NS2B-NS3"* was performed by Jian Lei, and
described in our publication (Lei et al., 2016).

The ZIKV NS2B-NS3" clone codes for 47 residues (49*-95%) of NS2B
and 170 residues (1-170) of NS3 connected by a Gly,-Ser-Gly, linker. In
order to avoid autoproteolytic cleavage, the C-terminal Arg95* of NS2B
was replaced by Ala in the NS2B-NS3" junction region and Arg29 of
NS3 was replaced by Gly. Regardless of these two modifications, the
corresponding protein is designated “wt” for simplicity.

The verified NS2B-NS3" plasmid was transformed into Escherichia coli
strain BL21-Gold (DE3) (Novagen). Transformed cells were grown at
37°C overnight in 100 mL 2 x YT medium with ampicillin (100 pg-ml™).
The culture was inoculated into 2 L 2 x YT medium the next day. When
the ODgq of the 2-L culture had reached 0.6 - 0.8, 0.5 mM (IPTG) was
added for the induction of the overexpression of the ZIKV NS2B-NS3P°
gene at 20°C for 12 h. Subsequently, the E. coli cells was harvested by
centrifugation (7277 x g) for 30 min at 4°C. Pellets were resuspended in
50 mL buffer A (25 mM Tris-HCI, 5% glycerol, pH 8.5) and lysed by
sonication on ice. The lysate was centrifuged (48384 x g) for 1 h at 4°C
to remove the cell debris. The supernatant was loaded to a 5-ml
HisTrap™ FF column (GE Healthcare), followed by washing with buffer
A plus 20 mM imidazole until the baseline reached zero. Afterwards, the
target protein was eluted with buffer B (25 mM Tris-HCI, 500 mM
imidazole, 5% glycerol, pH 8.5) using a linear gradient (0 — 100 % buffer
B, 20 column volumes). The target protein was cleaved by thrombin
(Sigma-Aldrich) overnight at 4°C to remove the His-tag, leaving four
extra residues (GSHM) at the N-terminus of the target protein. The

protein was applied to the nickel column again to remove the cleaved
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Hisg tag and protein with uncleaved His-tag. The His-tag-free protein was
loaded onto a HiTrap™™ Q FF column (GE Healthcare) and eluted with
buffer C (25 mM Tris-HCI, 500 mM NaCl, 5% glycerol, pH 8.5) using 20
column volumes (100 mL) of a linear gradient ranging from 0 to 500 mM
NaCl. Subsequently, the target protein was further purified by
gelfiltration (HiLoad 16/60 Superdex 75 column, GE Healthcare) using
buffer A.

2.2b.6 ZIKV NS2B-NS3"° Cys80Ser/Cys143Ser and Asp83*Asn
site-directed mutagenesis

The site-directed mutagenesis work of the Cys80Ser/Cysl43Ser was
performed by Jian Lei and described in our publication (Lei et al., 2016).
The work for generation of the clone, recombinant production, and
purification of ZIKV NS2B-NS3" (Asp83*Asn) will be described in our
manuscript (Zhang et al.) and the master thesis of Yasmin Giil, who did
the experiment for her master thesis under my supervision in the Institute
of Biochemistry.

2.2b.7 Determination of enzyme Kkinetics of ZIKV NS2B-NS3™ and
WNYV NS2B-NS3"" with a fluorogenic substrate

Enzyme kinetics were determined at 37°C in a reaction buffer containing
10 mM Tris-HCI, 20% glycerol, 1 mM CHAPS, pH 8.5, for the
disulfide-bonded dimer (SS-dimer), the Cys80Ser/Cysl43Ser double
mutant, the Asp83*Asn variant, and for the WNV NS2B-NS3"°. In the
cases of the wild-type monomer and the Asp83*Asn variant, | mM TCEP
was used in addition. Initially, the ZIKV or WNV NS2B-NS3 was
pipetted into a 96-well plate at final concentrations of 5 nM and 20 nM,
respectively. Afterwards, the reaction was initiated by adding the
substrate Bz-Nle-Lys-Lys-Arg-AMC (Biosyntan) dissolved in 50 pl
reaction buffer to final concentrations varying from 5 to 320 uM for

ZIKV protease, and from 5 to 640 uM for WNV protease. The
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fluorescence signal from released AMC was monitored at 460 nm with
excitation at 360 nm, using an FIx800 fluorophotometer (BioTek). Initial
velocities were determined from the linear section of the curves and the
variation of the fluorescence intensity per unit of time (ARFU/s) was
converted to the amount of cleaved substrate per unit of time (uUM/s) via a
calibration curve generated from the fluorescence measurements of free
AMC (concentration range: 0.013 - 9.72 uM). As saturation could be
achieved, kinetic constants (V.x and K,;) were derived by fitting the data
to the Michaelis-Menten equation, V = V.« X [S] / (K, + [S]) using the
GraphPad Prism 6.0 software (GraphPad). k../K,, values were calculated
according to the equation k. ./K, = Vi / ([E] X K,). Triplicate
measurements were taken for each data point and data are presented as
mean + SD.

2.2b.8 Inhibition of ZIKV NS2B-NS3”" (monomer) by cn-716

The same substrate and TCEP-containing buffer used for determination
of the enzyme kinetics of the ZIKV NS2B-NS3"° (monomer) were also
applied for the inhibition assay with ¢n-716. The compound was
dissolved in 100% DMSO for preparation of a stock solution. For the
determination of the ICsy, 5 nM protease was incubated for 10 min with
different concentrations of the inhibitor varying between 6 nM and 50
uM at 37°C. The reaction was initiated by adding substrate at a
concentration of 10 uM to each well at a final volume of 50 ul. The ICs,
was calculated by using the GraphPad Prism 6.0 software (GraphPad).
For the determination of K, the assay was performed with different final
concentrations of compound ¢n-716 (0.01, 0.05, 0.25, 1.00, 3.00 uM) and
substrate (5, 10, 20, 40, 80, 160, 320 uM). At each compound
concentration, 5 nM protease was incubated with the compound for 10
min at 37°C. Subsequently, the reaction was initiated by addition of the

corresponding concentration series of substrate described above to a final
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volume of 50 pl. The K; was also calculated by using the GraphPad Prism
6.0 software (GraphPad) in the competitive inhibition mode. Experiments
were performed in triplicate and data are presented as mean + SD.

2.2b.9 Characterization of ZIKV NS2B-NS3"" Kkinetics with various
FRET-substrates

2.2b.9.1 FRET substrates

The FRET substrates carried a Dabcyl quencher and an Edans donor pair

(Dabeyl-KXX(K/R R | XXXX-Edans amide, X represents any amino acid,

cleavage site indicated by arrow, |). The energy emitted from Edans is
quenched by Dabcyl, when they are in a relatively close distance
(approximately from 10 to 100 A), resulting in low or no fluorescence
signal. However, the fluorescence will increase, when the substrate is
cleaved by the protease. The fluorescence intensity can be detected
continuously and directly. All the FRET substrates were commercially
ordered from Biosyntan (Biosyntan GmbH), and contain the putative
cleavage sites of the NS2B-NS3" in the ZIKV polyprotein. The purity of
the substrate was analyzed by HPLC (95% purity). Free Edans was
purchased from Biomol (Biomol GmbH) with 99% purity as analyzed by
HPLC.

2.2b.9.2 Kinetic parameter assay

The enzyme used was freshly prepared. The buffer containing 10 mM
Tris-HCI, 20% glycerol, 1 mM CHAPS, 1 mM TCEP, pH 8.5 was
employed for the kinetic assay of ZIKV NS2B-NS3"° wild-type and the
D83*N mutant. This buffer omitted lacking TCEP was used for the
assays of WNV NS2B-NS3"°. Initially, the protcase was added to a
96-well plate at a final concentration of 1 uM. In case of the substrates
corresponding to the putative intermolecular NS3P° cleavage site and to

the stimulator of interferon genes (STING), 50 and 5 uM ZIKV
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NS2B-NS3” were used to reach the saturation state, as cleavage
efficiency was low. Also, in the cases of WNV NS2B-NS3™°, the
catalyzed cleavage of the substrates with the putative cleavage sites
between NS2B-NS3™ and NS4B-NS5, 2 uM and 10 uM were applied,
respectively.  Afterwards, the reaction was initiated by pipetting the
substrate to a final volume of 50 pl. A varying range of final substrate
concentrations (2.5, 5, 10, 20, 40, 80, 160, 320 uM) were used for the
experiments, among which only the reactions achieving the saturation
states were chosen for data processing. The fluorescence signal from the
Edans product was detected at 460 nm with excitation at 360 nm, using a
FIx800 fluorophotometer (BioTek). The fluorescence intensity of free
Edans at the final concentration varied from 0 to 5 uM (0, 0.31, 0.63, 1.25,
2.50, 5.00 uM) was measured at identical conditions to generate the
calibration curve. The initial velocity (V,) of the Edans and Dabcyl
product formation was calculated by fitting the relative fluorescence units
(RFU) to the free Edans for the calibration curve. Triplicate experiments
were performed for each data point, and the value was presented as mean
+ SD.

2.2b.9.3 Inner-filter effect correction on the microtiter plate

After 30 minute monitoring of the fluorescence signal, the end point RFU
was taken as f (substrate). Afterwards, 1 pl free Edans (final
concentration: 5 uM) was added to each reaction point when the
saturation had been achieved, and the fluorescence end-point reading was
taken as f (substate + Edans). Simultaneously, a reference RFU was
measured with the same concentration of free Edans in 50 pl reaction
buffer as f (reference). The inner-filter correction at each substrate
concentration was calculated according to the function:

Detected% = (f (substrate + Edans) — f (substrate)) / f (reference)
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Finally, the corrected initial velocity of the reaction was calculated as:
Veor = Vo, / (Detected%)

Kinetic parameters were calculated by fitting the corrected initial velocity
to the Michaelis-Menten equation: V = V.. < [S] / (K, + [S]) using
nonlinear least-squares regression analysis performed with the GraphPad

Prism 6.0 software (GraphPad).
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3 Results

3a Coronavirus part

3a.1 Recombinant production of SARS-CoV M

A considerable amount of His-tagged SARS-CoV M"* was obtained as
shown in Fig. 3a.1A. However, after the first round of purification
through the nickel column, the purity of the M"® was still not high, as
indicated by SDS-PAGE (Fig. 3a.1B). After cleaving off the His-tag and
further purification using a ion-exchange column, the purity was higher
than 95%, and the protein exhibited a molecular mass of ~33 kDa (Fig.
3a.1A and B).

A Ni-NTA column Ion-exchange column
i
|

B Ion-exchange column peak
Ni-NTA column peak ,;,, | kDa
116.0 116.0

66'2 ‘76.2

45.0 45.0

35:0 35.0

- - -
~25.0 25.0
18.4
~14.4 18.4

Fig. 3a.1 Purification of SARS-CoV MP"

(A) Purification of SARS-CoV M"° by Ni-NTA column (left) and ion-exchange
column (right), respectively.

(B) The chromatographic fractions from the Ni-NTA column (left) and ion-exchange
column (right) were analyzed by SDS-PAGE.
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3a.2 Recombinant production of HCoV-NL63 M""

As evident from the chromatographic curve and the SDS-PAGE (Fig.
3a.2A and B), the recombinant production of HCoV-NL63 M"° was at a
high level, and a main peak showed up in the diagram for the nickel
column. The further purification by the size-exclusion chromatography
achieved a protein with improved purity. However, there was
high-molecular-weight aggregation detected by SDS-PAGE. DLS
displayed a narrow size distribution at 5.26 + 0.04 nm indicating that the

protein was homogeneous in solution (Fig. 3a.2C).
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Fig. 3a.2 Recombinant production of HCoV-NL63 M

(A) Purification of HCoV-NL63 M by Ni-NTA column (left) and gel filtration
(right, Superdex™ 200) column, respectively.

(B) Chromatographic fractions from the Ni-NTA column (top) and gel filtration
(bottom) column were analyzed by SDS-PAGE.

(C) DLS analysis of purified HCoV-NL63 M"°. Left-side image: the hydrodynamic
radius is depicted on the x-axis, and time on the y-axis. Right-side image: the time is
depicted on the x-axis, and the hydrodynamic radius on the y-axis.
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3a.3 Crystallization and structure elucidation of HCoV-NL63 M

A crystallization hit was initially detected in the basic-screen plate using
the kit PEG Rx'™ 1 & 2 (primary condition: 0.2 M lithium sulfate
monohydrate, 0.1 M sodium citrate tribasic dihydrate pH 5.0, 30%
polyethylene glycol monomethyl ether 550). After optimization, crystals

suitable for diffraction were obtained from the drops (Fig. 3a.3A).

A

Fig. 3a.3 Crystals and structure of HCoV-NL63 M"™ (wt)

(A) Crystals of HCoV-NL63 M (wt) growing under optimized condition.

(B) Crystal structure of HCoV-NL63 M"° (wt). The protease is a homodimer, with
each monomer comprising three domains. The two protomers are represented in red
and green color, respectively. Catalytic residues are indicated by sticks.

(C) Superimposition of HCoV-NL63 and SARS-CoV M™ structures (Tan et al.,
2005; PDB entry 2BX4). The HCoV-NL63 M™ is shown in green, and SARS-CoV
MP™ in magenta. Amino-acid side-chains that affect the S2 pocket, and catalytic
dyad, are indicated by sticks.
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The crystal structure of the HCoV-NL63 M was determined at 1.75 A
resolution by molecular replacement, using the structure of HCoV-229E
MP™ (Anand et al., 2003; PDB entry 1P9S) as search model. The space
group was determined as C222;, with unit-cell parameters a = 131.13 A,
b=21443 A, c=116.83 A. There are three molecules in the asymmetric
unit, of which chain B and C form a homodimer, and chain A interacts
with a symmetry-related molecule A’ from another asymmetric unit.
Diffraction data statistics are listed in Table 3a.1, which will be presented
together with the data collected from variants of HCoV-NL63 M in part
3a.5.

The structure has a canonical chymotrypsin-like architecture, comprising
three domains (Fig. 3a.3B). Domains I (residues 11 to 99) and II (residues
100 to 180) are 6- and 7-stranded [-barrels, and together resemble
chymotrypsin. The catalytic dyad is located in the cleft between the two
domains. A long loop (181 to 200) connects domain II to the five-a-helix
domain III (201 to 303).The root mean square deviations (rmsd) of the
Ca atoms of each of the three chains from the structure of SARS-CoV
MP(Tan et al., 2005, PDB entry 2BX4) are 1.42 A, 1.29 A, and 1.34 A,
respectively. The oxyanion holes in the three chains are all in the
catalytically competent conformation, which 1s different from the
structure of SARS-CoV MP crystallized at pH 6.0, which has both the
active site and substrate-binding pocket collapsed in protomer B. The S1
subsite is conserved and similar to SARS-CoV M. However, there is a
considerable difference in the S2 pocket between the two structures.
Firstly, according to the sequence alignment, Met49 is absent in
HCoV-NL63 MP®, and the Gln in position 189 is replaced by Pro,
compared to SARS-CoV M" (Fig. 3a.4). Moreover, due to the presence
of proline in HCoV-NL63 MP™, the loop harboring P189 is closer to the
catalytic histidine compared to SARS-CoV M (Fig. 3a.3C).
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Fig. 3a.4 Multiple sequence alignment of the main protease of coronaviruses. The

major differences of residues in the S2 pocket are marked by the blue arrows. The

GenBank codes for the strains of the CoVs are: HCoV NL63: ABE97129.1; HCoV

229E: AGT21344.1; HKUS8: EU420139.1; TGEV: AJ271965.2; SARS CoV:

AGT21317.1; MERS CoV: AM003400.1; HKU4: EF065505.1; HKU9: ABN10910.1)
The figure was generated by using the programme ESPript (Gouet et al., 1999).

3a.4 Design of a lead a-ketoamide

Herein, a novel a-ketoamide was designed as a broad-spectrum inhibitor
of coronavirus M"“s and enterovirus 3C""“s. As the proteases targeted in
this study all specifically cleave the peptide bond following a
P1-glutamine residue (HCoV-NL63 M" uniquely also accepts P1 = His
at the Nsp13/Nspl4 cleavage site (Pyrc et al., 2007; Wang et al., 2016),
we decided to use a 5-membered ring (y-lactam) derivative of glutamine
(GlnLactam) as the P1 residue in this a-ketoamide lead compound. This
moiety has been found to be a good mimic of glutamine and enhance the
power of the inhibitors by up to 10-fold, most probably because

compared to the flexible glutamine side-chain, the more rigid lactam
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leads to a reduction of the loss of entropy upon binding to the target
protease (Dragovich et al., 1999; Tan et al., 2013).

The lead compound to be designed was 11a (DC401903, RHO1), which
carries a cinnamoyl N-cap in the P3 position, a benzyl group in P2, the
glutamine lactam (GlnLactam) in P1, and benzyl in P1' (Fig. 3a.5A). The
inhibitory activity of 11a was tested against SARS-CoV and HCoV-NL63
MP"s, which showed good activity against recombinant SARS-CoV M
(ICso = 1.95 uM), but was surprisingly completely inactive (ICso > 50 uM)
against HCoV-NL63 MP™. In addition, our lead Micheal acceptor
compound (SG8S, Tan et al., 2013; Fig. 3a.5B), also with a benzyl group
at the P2 position, was inactive against HCoV-NL63 M"™ as well.

A
Mg;

B

SRAT ”\*&w

Fig. 3a.5 Chemical structures of lead compounds 11a (A) and SG85 (B)

3a.5 Structure of HCoV NL63-M"" in complex with 11a and SG85

It is remarkable that I succeeded in obtaining crystal structures of
compounds 11a and SG85 in complex with the HCoV-NL63 M, even
though they have no inhibitory effect on the activity of the enzyme (ICs, >
50 uM), (Fig. 3a.6A and B). Apparently, the compounds are able to bind
to this M in the absence of peptide substrate, but cannot compete with
substrate for the binding site due to their low affinity. A similar

observation has been made in a previous study, where the crystal structure
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of a complex between the inactive Michael-acceptor compound SG74
and the EV-D68 3C"™ was determined (Tan et al., 2013; PDB entry
3ZV9).

The two complex structures of HCoV-NL63 MP with 11a and SG85
revealed that the P2-benzyl group could not fully enter the S2 pocket of
the enzyme because of the restricted size of this site (Fig.3a.6A and B).
According to the sequence alignment, and results revealed by the crystal
structure of HCoV-NL63 M free enzyme, the two major differences in
the S2 pocket (see above) could be responsible for the low inhibitory
activity (Fig. 3a.3C, and 3a.4). Therefore, a double mutant HCoV-NL63
MP® (+M49, P190Q) was generated, mimicking the S2 subsite in
SARS-CoV MP” to illustrate the mechanism.

3a.6 Kinetic parameters of the variants of HCoV-NL63 M

First, the kinetic parameters of HCoV-NL63 M wt and the (+M49,
P190Q) mutant with authentic N-termini were determined using the

FRET substrate Dabcyl-KTSAVLQ!SGFRKME(Edans)-NH,. The K

value for this substrate and the HCoV-NL63 M”°wt was determined as
40.25 + 4.98 uM and the k_ /K _ value as 43869.07 + 4554.24 M"s™.

cat

This K, value is in a reasonable range, which i1s typically between 10 and

50 uM. The k. /K value is almost two-fold higher than the one for
SARS-CoV MP® determined by a former colleague with the same
substrate and buffer conditions (Zhu et al., 2011). Since no saturation
state could be achieved for the HCoV-NL63 MP* (+M49, P190Q) mutant,
the apparent K., was calculated as 1279.64 + 110.79 M"-s™ to mimic the
ke./ K. Moreover, the inhibitory activity of the two leading compounds
against the HCoV-NL63 M"° (+M49, P190Q) mutant was dramatically
improved compared with the wt enzyme, namely 5.72 and 6.06 uM
respectively, for 11a and SG8S.
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Next, crystal structures of the HCoV-NL63 M™°  (+M49, P190Q) mutant
in complexes with the two lead compounds were determined, and the
details of the binding sites of the complex structures of the HCoV-NL63
MP® wtand mutant, as well as of the SARS-CoV M, were compared

(Fig. 32.6).
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Fig. 3a.6 Crystal structures of HCoV-NL63 M (+M49, P190Q)

(A, C, E, G) Fit of 11a (pink carbon atoms) to HCoV-NL63 M (wt) and (+M49,
P190Q) mutant (wheat surface), and SG85 (pink carbon atoms) to HCoV-NL63
HCoV-NL63 M (wt) and (+M49, P190Q) mutant (wheat surfaces) as revealed by
X-ray crystallography of the complexes. F, - F, difference density (contoured at 3c)
for 11a and SG85 are indicated in the substrate-binding site of the protease
(transparent surface).

(B, D, F, H) Detailed interactions of 11a and SG8S (pink carbon atoms) with target
proteases (green carbon atoms). Residues of the protease and inhibitors are indicted as
sticks. Hydrogen bonds are depicted as blue dashed lines. The side-chains of Q188,
and A143 in B, Q164 in D, and Q165 in F have been omitted for clarity.

3a.7 Comparison of structures of HCoV-NL63 wt and (+M49, P190Q)
in complex with 11a

The complex structures of HCoV-NL63 M wt and mutant with 11a are
in space group C222; with three molecules in the asymmetric unit, and C2
for the SARS-CoV M complex with one molecule in the asymmetric
unite. In the complex structure of HCoV-NL63 M" wt, 11a is bound to
all 3 chains, but only to chains A and C of the mutant complex structure.
The catalytic cysteine attacks the a-C of the a-keto warhead leading to a
thiohemiketal product (Fig.3a.6B and D).

3a.7.1 S1’ subsite

The phenylalanine P1’° residue mainly points to the bulk solvent although
with different orientation in the structures of SARS-CoV and
HCoV-NL63 wt MP®. In addition, it makes several hydrophobic
interactions with the protease. In both structures of HCoV-NL63 M wt
and mutant, the carbonyl accepts a H-bond from the N¢ of His41.

3a.7.2 S1 subsite

As mentioned in the Michael acceptor complex part (see below), the
lactam also donates two H-bonds to Glul66 Oel and Phel39 CO and the
oxygen accepts a H-bond from His163 Neg2. The main-chain amide
donates a H-bond to the GIn164 carbonyl group. However, compared to
the complex structure of Michael acceptor inhibitors, the a-keto oxygen

forms two more hydrogen bonds with the oxyanion-hole amides (Fig.3a.
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6B and D).

3a.7.3 S3 subsite

In both wt and mutant structures, continuous electron density could not be
observed for P3 except for some density for the benzene ring. The
orientation of the cinnamoyl P3 is similar between the wt and mutant in
HCoV-NL63 MP. The P3 is bound in the extended S3 pocket. The
remarkable difference is that the P3 main-chain carbonyl accepts a
H-bond from the amide of Glul67, but no such H-bond is formed in the
wt complex structure. Importantly, a similar H-bond exists in the complex
structure of SARS-CoV MP®. The reason for this difference will be
extensively discussed in the S2 subsite part (Fig. 3a.6B and D)

3a.8 Comparison of structures of HCoV-NL63 wt and (+M49, P190Q)
in complex with SG85

The complexes of HCoV-NL63 M wt and the (+M49, P190Q) mutant
with SG85 are in space group C222,, with three molecules in one
symmetric unit. Overall, the binding of the inhibitor to wt and mutant
HCoV-NL63 MP™ is similar, but there are important differences in detail.
In the complex structure of HCoV-NL63 M wt with SG85, continuous
electron density for SG85 can be observed in all three chains. However,
in the complex structure of mutant HCoV-NL63 MP, electron density
can only be found in the A and C chains. Continuous and clear electron
density can be found in the complex structure of SARS-CoV M (Zhu et
al., unpublished; PDB entry 3TNT). In all complex structures, the
continuous electron density between the Michael acceptor B-carbon and
Cys145 (144)-Sy indicates the formation of a thioether (Fig. 3a.6F and
H).

3a.8.1 S1’ subsite

In the HCoV-NL63 M"™ wt and SG85 complex structure (chains A and B),

the ester carbonyl group is oriented away from the oxyanion hole (amides
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of Glyl42 and Cysl44). In chain C, there is one possible 2.47-A
hydrogen bond with the amide of residue Glyl42. In the mutant, there
appear to be two hydrogen bonds (3.25 + 0.16 and 3.09 + 0.16 A)
accepted by the ester oxygen, from the amides of the oxyanion hole. The
same applies to the C chain, but both the C-O...H-N (Gly142/Cys144)
H-bonds are not ideal in terms of angles (Fig. 3a.6F and H). In the
SARS-CoV M and SG85 complex structure, the ester carbonyl accepts
one 2.72-A hydrogen bond from the amide of Glyl43 (Zhu et al.,
unpublished; PDB entry 3TNT).

3a.8.2 S1 subsite

Similarly, the P1 lactam side chain of SG8S is specifically bound to the
S1 pocket. The lactam nitrogen donates H-bonds to Glul66 O¢l and
Phel139 CO, in both wt and mutant enzyme. The oxygen of the lactam
accepts an H-bond from His163 Ne2. The main-chain amide donates an
H-bond to the main-chain carbonyl of GInl64, again both in wt and
mutant enzyme. Furthermore, the main-chain amide of the SG85 donates
a H-bond to the GInl65 main-chain carbonyl (Fig. 3a.6F and H). In
SARS-CoV MP® the same interactions exist in both side-chain lactam
and main-chain amide (Zhu et al., unpublished; PDB entry 3TNT).

3a.8.3 S3 subsite

In both wt and mutant of HCoV-NL63 M as well as SARS-CoV M,
the P3 main-chain carbonyl and amide of SG8S interact with the Glul66
main chain via two H-bonds. However, the side-chain of the P3 residue
points out into the bulk solvent (Fig. 3a.7F and H).

3a.8.4 S4 subsite

In all the structures, the P4 binds mainly through hydrophobic interaction
to the extended pocket (Fig. 3a.7F and H).
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3a.9 The distinct S2 subsite

The hydrophobic S2 pocket of wt HCoV-NL63 M wt is comprised of
the residues His41, Ile51, Cys144, Ile165, GIn164, Asp187, Q188 (mc:
contribution from main chain only), and Prol89. The pocket in
SARS-CoV M™ is lined by His41, Met49, Cys145, His164, Metl65,
Asp187, Argl88 (mc: contribution from main chain only), and GIn189.
As mentioned above, there are two important differences in the S2 pocket
between HCoV-NL63 and SARS-CoV MP™s: Pro189 becomes GInl89,
and M49 is inserted in SARS-CoV (Fig. 3a.3C).

In the complex structure of 11a with SARS-CoV, GIn189 makes no direct
interaction with the P2-amide, but this is a water-mediated hydrogen
bond. However, in the HCoV-NL63 M wt complex structure, there is no
direct or indirect H-bond between 1la and Prol89 (Fig. 3a.6B). In
contrast, in the mutant complex structure, there is a 3.09 -A direct H-bond
between the GIn190 side-chain oxygen and the P2 main-chain amide of
11a (Fig. 3a.6D). Significantly, the H-bond between the GIn190 (189 in
SARS-CoV MP®) and the main-chain amide leads to a flip of the main
chain resulting in a nice H-bond between the P3 main-chain carbonyl and
the amide of Glul67. This extra hydrogen bond makes the inhibitor bind
more tightly with the enzyme in both the mutant HCoV-NL63 M and in
SARS-CoV MP®. Surprisingly, the P2 phenyl ring is rotated by 90 degree
in the SARS-CoV M complex structure with 11a, compared to the
orientation in the HCoV-NL63 M (wt) structure, where it is parallel to
the imidazole ring of His41. This is due to the high flexibility of the S2
pocket in SARS-CoV MP°. The interaction details of 1la with
SARS-CoV M will be discussed in part 3a.10 (Fig. 3a.6B and D).

In the structure of SARS-CoV MP™ with SG85, the main-chain amide of
the P2 residue makes a H-bond with the side-chain carbonyl of GIn189
(Zhu et al., unpublished; PDB entry 3TNT), but in case of HCoV-NL63
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MP™, this is not possible. In the mutant, the Pro is replaced by Gln, which
makes a decent hydrogen bond with the main-chain amide of the P2
residue, just like in SARS-CoV MP (Fig. 3a.6H). In the HCoV-NL63
free enzyme, the Pro189 ¢/y torsion angles are -65.1°/130.3° respectively,
while in the SG85 complex structure, they are adapted to -98.5°/46.5°,
which might be due to the phenyl group not being suitable for the S2
pocket and therefore leading to non-favorable torsion angles of Prol189
(Morris et al., 1992). Furthermore, the loop (residues: 43-48) became
more flexible with discontinuous density after insertion of Met49, which
enables the S2 subsite to accommodate the inhibitor more easily.

In general, the low inhibitory activity of the two different lead
compounds (SG85 and 11a) against HCoV-NL63 MP is mainly due to
the absence of Met49 and replacement of GIn189 by Pro.

Based on the difference of the S2 pocket between HCoV-NL63 and
SARS-CoV M, another a-ketoamide (11n) was designed with an
iso-butyl at the P2 position, which showed good inhibitory activity
against both proteases. Moreover, the complex structure was determined
with HCoV-NL63 MP™. The details will be described in part 3a.10.
Diffraction data collection and structure refinement of the variants of

HCoV-NL63 MP* are summarized in Table 3a.1.
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Table 3a.1 Crystallographic data and refinement statistics of variants of HCoV-NL63 M"" structures

Protease HCoV-NL63 M (wt) HCoV-NL63 M"" (+M49, P190Q)
Inhibitor Free enzyme 11a SG85 11a SG8S
Data collection statistics
X-ray source SLS X10SA BESSY 14.2 BESSY 14.2 BESSY 14.2 BESSY 14.2
Wavelength [A] 1.00001 0.9184 0.91841 0.91841 0.91841
Space group C222, C222, C222, C222, C222,
a=131.13, a=131.12, a=132.38, a=129.97, a=128.88,
Unit cell dimensions [A] b=214.43, b=211.04, b=211.63, b=213.70, b=215.02,
c=116.83 c=115.63 c=115.63 c=116.05 c=116.12
Number of protease molecules
per asymmeiric unit 3 3 3 3 3
Resolution range [A] * 111.87-1.75 48.00 - 2.95 48.38-3.50 48.53-2.20 49.91-2.10
(1.84-1.75) (3.11-2.95) (3.69-3.50) (2.32-2.20) (2.21-2.10)
) 1,126,056 910,716 709,986
Number of observations (165.650) 188,558 (28,512) 240,012 (35,007) (113.864) (103.251)
Number of unique reflections 164,852 (23,921) 33,470 (4,925) 21,555 (3,093) 81,901 (11,763) 93,922 (13,588)
Completeness [%] 100 (100) 98.1 (99.8) 100 (100) 99.9 (99.4) 99.9 (99.8)
Mean I/c (I) 13.5(2.4) 13.1 (3.0) 9.0(2.2) 22.8 (2.6) 22.4 (2.7)
Multiplicity 6.8 (7.0) 5.6 (5.8) 11.1 (11.3) 11.1 (9.7) 7.6 (7.6)
Rinerge [%0] b 0.071 (0.727) 0.112 (0.569) 0.253 (0.906) 0.090 (0.911) 0.066 (0.814)
Ryim [%0] 0.029 (0.259) 0.051 (0.259) 0.078 (0.278) 0.028 (0.300) 0.026 (0.315)
CCyp ¢ 0.999 (0.805) 0.994 (0.808) 0.992 (0.895) 0.999 (0.767) 0.999 (0.858)
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Protease HCoV-NL63 M (wt) HCoV-NL63 M’ (+M49, P190Q)
Inhibitor Free enzyme 11a SG85 11a SG85
Refinement statistics

Reryst /Rree "1%] 19.92/22.80 17.83/23.97 18.91/24.38 19.75/22.99 17.81/21.56
r.m.s.d in bond lengths (A) 0.0228 0.0140 0.0121 0.0196 0.0198
r.m.s.d in bond angles (°) 2.0858 1.9082 1.9049 2.0419 0.2156
?gf)rage B-factor for all atoms 34.08 56.20 78.02 46.17 48.76
Number of protein atoms 6886 6837 6819 6877 6870
Number of inhibitor atoms 0 126 141 84 94
Number of water molecules 678 280 71 368 436
Ramachandran plot

Preferred regions (%) 97.27 95.65 94.74 97.54 96.77
Allowed regions (%) 2.62 4.24 5.26 2.23 2.78
Outlier regions (%) 0.11 0.11 0.00 0.22 0.44

a The highest resolution shell is shown in parentheses.
b Rmerge = thl Z?:llli (hkl) - I(hkl)l/thl Z?:l Ii (hkl) (Arndt et al., 1968)

C Rpim = thl 4/ 1/(7’1 - 1) ?zllli (hkl) - I_(hkl)l/z:hkl Z?:l Ii (hkl) (WCiSS & Hilgenfeld, 1997)
d CCi21s the correlation coefficient determined by two random half data sets (Karplus & Diederichs, 2012).

e Reryst = XnwilFp (hkl) — F.(hkD)| /X pwil F, (hkD)|
f R was calculated for a test set of reflections (5%) omitted from the refinement.
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3a.10 SAR study on the a-ketoamides, with focus on the P2 group

The results on a-ketoamides in this thesis have been described in the following
manuscript: Lin, IDRA Zhang L.§, Kusov Y., Nian Y., Ma Q., Wang J., Leyssen P.,
Lanko K., Neyts J., de Wilde A., Snijder E. J., Liu H.*, Hilgenfeld R.* (2016)
Alpha-ketoamides as broad-spectrum inhibitors of coronavirus and enterovirus
replication.

The a-ketoamides were designed by Prof. Rolf Hilgenfeld and synthesized by Dr.
Daizong Lin. The inhibitory activity of the a-ketoamides against enterovirus 3C"™°
was determined together by me and Dr. Daizong Lin. The crystal structure of the
CVB3 3C"™ in complex with 11a (DC401903) was determined by Dr. Qingjun Ma. I
did the in-vitro inhibitory activity test of all the a-ketoamides against coronavirus

MP?s as well as crystallization and determination of the complex structures of
SARS-CoV MP* with 11a, and 11s, and HCoV-NL63 MP° with 11a, 11f, and 11n.

In this part, the efforts aimed at optimizing the substituents at the P2
positions of the a-ketoamides are described. As mentioned in part 3a.4,
the lead compound of the a-ketoamides series was 11a, which showed
good to mediocre activities against recombinant SARS-CoV M (ICs, =
1.95 uM; for all compounds, see Table 3a.2 for standard deviations),
CVB3 3C" (ICs5p = 6.6 uM), and EV-A71 3C" (ICso = 1.2 uM), and was
completely inactive (ICso > 50 uM) against HCoV-NL63 M.
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Table 3a.2 ICsy (uM) values of a-ketoamides against viral proteases.

Compound No. Formula EV-A71 3C™ CVB3 3CP™ SARS-CoV M™  HCoV-NL63 M
DC401903 (11a) QW%Z;)&@ 1.2240.12 6.56 +3.10 1.95 % 0.24 >50

O
DC401918 (11f) | ¢ Eﬁ >50 >50 >50 >50
DC401909 (11m)  Ch £ L F oy 232+ 121 8.69 = 1.28 >50 >50

Q.
DC401908 (1ln) 1 & £ (7 rry 13805407 3.82+1.21 0.33 £0.04 1.08 % 0.09
DC401910 (110) Tl & 2 [ rry 3242169 5.20+0.28 8.50 +3.71 >50

DzL11 (11p) 8.50 + 1.81 8.93 +2.39 10.68 + 7.34 17.37 £13.97
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Compound No. Formula EV-A71 3CP" CVB3 3CP" SARS-CoV M"™  HCoV-NL63 M"™
DzL09 (11q) _wr (3 >3() 15.38 +4.12 6.27 +2.87 11.50 + 5.05
DzL08 (11r) ©W¢ i e 1.69 + 0.47 0.95+0.15 0.71 +£0.36 12.27 +3.56
DzL10 (11s) Nsees 18.47 + 4.25 4.25 + 1.40 0.24 + 0.08 1.37+0.35
DzL14 (11t) R LR 10.81 +2.62 478 +1.13 1.44 + 0.40 3.43 +£2.45
DzL15 (11u) 4.73 + 0.94 1.93 +0.43 1.27£0.34 541+231

nd-not done
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Crystal structures of compound 11a (DC401903) in complex with
SARS-CoV M, HCoV-NL63 M, and CVB3 3C"™ demonstrate that
the a-keto-carbon is covalently linked to the active-site Cys (no. 145, 144,
and 147, resp.) of the protease (Fig. 3a.7A-C). The resulting
thiohemiketal is in the R configuration in the SARS-CoV and
HCoV-NL63 M™ but in the S configuration in the CVB3 3C™ complex.
The reason for this difference is that the oxygen atom of the thiohemiketal
accepts a hydrogen bond from the catalytic His40 in the CVB3 protease,
rather than from the main-chain amides of the oxyanion hole as in the

SARS-CoV and HCoV-NL63 enzymes (Fig. 3a.7A-C insets).
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Fig. 3a.7 Detailed interactions of peptidomimetic a-ketoamides (pink carbon
atoms) with target proteases (green carbon atoms). Hydrogen bonds are depicted
as black dashed lines. The inset at the top of the images shows the sterochemistry of
the thiohemiketal formed by the nucleophilic attack of the catalytic Cys residue onto
the a-keto group.

(A) Binding of 11a to SARS-CoV M". The thiohemiketal is in the R configuration,
with its oxygen accepting two hydrogen bonds from the oxyanion-hole amides of
Gly143 and Cysl45. The amide oxygen accepts an H-bond from His41l. The
side-chains of Ser144 and Argl188 have been omitted for clarity.

(B) The P2-benzyl substituent of 1la cannot fully enter the S2 pocket of the
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HCoV-NL63 MP®, which is much smaller and has less plasticity than the
corresponding pocket of SARS-CoV MP™ (cf. A). The benzyl therefore binds above
the pocket in the view shown here; this is probably the reason for the total inactivity
(ICsp > 50 uM) of compound 11a against HCoV-NL63 M. The small size of the
pocket is due to the replacement of the flexible GIn189 of the SARS-CoV MP™ by the
more rigid Pro189 in this enzyme. The stereochemistry of the thiohemiketal is R. The
side-chains of Ala143 and GIn188 have been omitted for clarity.

(C) Binding of 11a to the CVB3 3C"™. The stereochemistry of the thiohemiketal is S,
as the group accepts a hydrogen bonds from His41, whereas the amide keto group
accepts three H-bond from the oxyanion hole (residues 145 - 147). The side-chain of
GIn146 has been omitted for clarity.

(D) The crystal structure of 11f (DC401918) in complex with HCoV-NL63 M
shows that this short (inactive) compound lacking a P3 residue has its P2-Boc group
inserted into the S2 pocket of the protease. The stereochemistry of the thiohemiketal
is S. The side-chains of Alal43 and GIn188 have been omitted for clarity.

(E) In contrast to P2 = benzyl in 11a, the isobutyl group of 11n (DC401908) is small
and flexible enough to enter into the narrow S2 pocket of the HCoV-NL63 MP™. The
thiohemiketal is in the R configuration. The side-chains of Alal43 and GIn188 have
been omitted for clarity.

(F) In spite of its small size, the cyclopropylmethyl side-chain in the P2 position of
11s can tightly bind to the S2 subsite of the SARS-CoV M, as this pocket exhibits
pronounced plasticity due to the conformational flexibility of GIn189 (see also Fig.
3a.7). The stereochemistry of the thiohemiketal is S. The side-chains of Ser144 and
GIn188 have been omitted for clarity.

The crystal structures of SARS-CoV M, HCoV-NL63 M, and CVB3
3C" in complex with 11a (DC401903) revealed a fundamental difference
between the S2 pockets of the coronavirus proteases and the enterovirus
proteases: The cavities are covered by a "lid" in the former but are open to
one side in the latter (Fig. 3a.8B-D). In SARS-CoV MP™, the lid is formed
by the 3, helix 46 - 51 and in HCoV-NL63 M™ by the loop 43-48.
Residues from the lid, in particular Met49 in the case of SARS-CoV M,
can thus make hydrophobic interactions with the P2 substitutent of the
inhibitor, whereas such interaction is missing in the enterovirus 3C""s. In
addition to the lid (43-48), the S2 pocket is lined by the "back-wall"
(main-chain atoms of residues 186 and 188 and Cf3 atom of Asp187), the
side-walls (GIn189, His41), as well as the "floor" (Met165) in SARS-CoV
MP®, In HCoV-NL63 M, the corresponding structural elements are

main-chain atoms of residues 187 and 188 as well as the CB atom of
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Asp187 (back-wall), Pro189 and His41 (side-walls), and Ile165 (floor).
Finally, in CVB3 3C", Arg39, Asn69, and Glu71 form the back-wall,
residues 127-132 and His40 form the side-walls, and Val 162 constitutes
the floor.

In addition, the S2 pocket is of different size in the various proteases. The
SARS-CoV enzyme features the largest S2 pocket, with a volume of 252
A’ embraced by the residues (GIn189, His41) defining the side-walls of the
pocket in the ligand-free enzyme, as calculated by using Chimera
(Pettersen et al., 2004), followed by the CVB3 3C"™ S2 pocket with about
180 A® (space between Thr130 and His40). The HCoV-NL63 M has by
far the smallest S2 pocket of the three enzymes, with a free space of only
45 A’ between Pro189 and His41, according to Chimera.

In agreement with these observations, a good fit is observed between the
P2 benzyl group and the S2 subsite of the SARS-CoV MP™ as well as of the
CVB3 3C™ (Fig. 3a.7A and C). In contrast, the crystal structure of the
complex between 11a and HCoV-NL63 MP™, against which the compound
1s inactive, demonstrates that the P2-benzyl group cannot fully enter the S2
pocket of the enzyme because of the restricted size of this site (Fig. 3a.7B).
Thus, the properties of the target proteases with respect to the S2 pocket
were defined at this point as "small" and "covered by a lid" for
HCoV-NL63 M, "large" and "covered" for SARS-CoV MP™, and "large"
and "open" for CVB3 3CP™. Through comparison with crystal structures of
other proteases of the same virus genus (HCoV-229E M"™ for
alphacoronaviruses (Anand et al., 2003; PDB entry 1P9S); HKU4 M"™ for
betacoronaviruses (Ma, Xiao et al., unpublished; PDB entry 2YNA); and
EV-A71 3CP™ for enteroviruses (Lu et al., 2011; PDB entry 3SGK), it was
ensured that the conclusions drawn from the template structures were valid

for other family members as well.
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Fig. 3a.8 Fit of compound 11a (pink carbon atoms) to the target proteases (wheat
surfaces) as revealed by X-ray crystallography of the complexes.

(A) F, - F, difference density (contoured at 3c) for 11a in the substrate-binding site of
the SARS-CoV MP™ (transparent surface). Selected side-chains of the protease are
shown with green carbon atoms. (B) Another view of 11a in the substrate- binding site
of the SARS-CoV M. Note the "lid" formed by residue M49 and its neighbors
above the S2 pocket.

(C) 11a in the substrate-binding site of HCoV-NL63 M™°. Because of the restricted
size of the S2 pocket, the P2 benzyl group of the compound cannot enter deeply into
this site. Note that the S2 pocket is also covered by a "lid" centered around T47.

(D) 11a in the substrate-binding site of the CVB3 3C™. The S2 site is large and not
covered by a "lid".
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To explore the sensitivity of the S2 pocket towards a polar substituent in
the para position of the benzyl group, compound 11m (DC401909) was
synthesized carrying a 4-fluorobenzyl group in P2. This substitution
abolished almost all activity against the SARS-CoV M" (ICso > 50 uM),
and the compound proved inactive against HCoV-NL63 M as well,
whereas 1Csy values were 2.3 uM against the EV-A71 3C" and 8.7 uM
against CVB3 3C" . From this, it was concluded that the introduction of
the polar fluorine atom is not compatible with the geometry of the S2
pocket of SARS-CoV MP, whereas the fluorine can accept a hydrogen
bond from Arg39 in EV-A71 3C™ (Lu et al., 2011) and probably also
CVB3 3C". In SARS-CoV M"™, however, the carbonyl groups of residues
186 and 188 might lead to a repulsion of the fluorinated benzyl group.

As the P2-benzyl group of 11a was apparently too large to fit into the S2
pocket of the HCoV-NL63 M, it was replaced by isobutyl in 11n
(DC401908). This resulted in improved activities against SARS-CoV MP™
(ICso = 0.33 uM) and in a very good activity against HCoV-NL63 M™
(ICso = 1.08 uM, compare with the inactive 11a). For EV-A71 3C™,
however, the activity decreased to ICso = 13.8 uM, different from CVB3
3CM, where ICsy was 3.8 uM. The interpretation of this result is that the
smaller P2-isobutyl substituent of 11n can still interact with the "lid" (in
particular, Met49) of the SARS-CoV MP™ S2 site, but is unable to reach the
"back-wall" of the EV-A71 3C"™ pocket and thus, in the absence of a "lid",
cannot generate sufficient enthalpy of binding. We will see from examples
to follow that this trend persists among all inhibitors with a smaller P2
substituent: Even though the SARS-CoV M S2 pocket has a larger
volume than that of the enterovirus 3C"°, the enzyme can be efficiently
inhibited by compounds carrying a small P2 residue that makes

hydrophobic interactions with the lid (Met49) and floor (Met165) residues.
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I managed to obtain crystals of 11n (DC401908) in complex with the M
of HCoV NL63 and found the P2 isobutyl group to be well-embedded in
the S2 pocket (Fig. 3a.7E). This is not only a consequence of the smaller
size of the isobutyl group compared to the benzyl group, but also of its
larger conformational flexibility, which allows a better fit to the binding
site.

When we replaced the P2-isobutyl residue of 11n (DC401908) by n-butyl
in 110 (DC401910), the activities were as follows: 1Csy = 8.5 uM for
SARS-CoV M™, totally inactive (ICso > 50 uM) against HCoV-NL63 M™™,
ICsp = 3.2 uM for EV-A71 3C™, and 5.2 uM for CVB3 3C". The
decreased activity in case of SARS-CoV MP" and the total inactivity
against HCoV-NL63 M indicate that the n-butyl chain is too long for the
S2 pocket of these proteases, whereas the slight improvement against
EV-A71 3C" and CVB3 3CP° is probably a consequence of the extra
space that is available to long and flexible substituents because of the lack
of a lid covering the enterovirus 3C™ pocket.

As the n-butyl substituent in P2 of 110 was obviously too long, we next
synthesized a derivative with the shorter propargyl (ethinylmethyl) as the
P2 residue (compound 11p (DZL11)). This led to very mediocre activities
against all tested proteases. Using cyclopropyl as the P2 residue
(compound 11q, DZL09), the ICs, values were even higher against most of
the proteases tested. Obviously, the P2 side-chain requires a methylene
group in the B-position in order to provide the necessary flexibility for the
substituent to be embedded in the S2 pocket.

Having realized that in addition to size, flexibility of the P2 substituent
may be an important factor influencing inhibitory activity, we introduced
flexibility into the phenyl ring of 11a by reducing it. The cyclohexylmethyl
derivative 11r (DZL08) exhibited ICs, = 0.7 uM against SARS-CoV M"™,
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12.3 uM against HCoV-NL63 M, 1.7 uM against EV-A71 3C", and 0.9
uM against CVB3 3CP™. Thus, the replacement of the phenyl group by the
cyclohexyl group led to a significant improvement of the inhibitory
activity against the recombinant SARS-CoV M and to a dramatic
improvement in case of CVB3 3CP°. Even for the HCoV-NL63 M,
against which 11a was completely inactive, greatly improved albeit still
weak activity was observed (Table 3a.2).

At this point, we decided to systematically vary the size of the ring system
in P2. The next substituent to be tried was cyclopropylmethyl (compound
11s (DZL10), which showed good activities against SARS-CoV M (ICs,
= 0.24 uM) and HCoV-NL63 M (1.4 uM), but poor values against
EV-A71 3C™ (ICso = 18.5 uM) and CVB3 3C" (ICso = 4.3 uM) (Table
3a.2).

I next analyzed the crystal structure of the complex between SARS-CoV
MP® and compound 11s (DZL10) (Fig. 3a.7F). The cyclopropylmethyl
substituent was found to be incorporated deeply into the S2 pocket, making
hydrophobic interactions with Met49 (the lid), Met165 (the floor), and the
CB of Aspl87 (the back-wall). In spite of the small size of the P2
substituent, this is possible because the S2 pocket of SARS-CoV M is
flexible enough to "shrink" and enclose the P2 moiety tightly. This
plasticity 1s expressed in a conformational change of residue GIn189, both
in the main chain and in the side-chain. The main-chain conformational
change is connected with a flip of the peptide between GIn189 and Thr190.
The ¢l torsion angle of this side-chain changes from roughly
antiperiplanar (ap) to (-)-synclinal (-sc). The conformational variability of
GIn189 has been noted before, both in Molecular Dynamics simulations
(Tan et al., 2005) and in other crystal structures (Zhu et al., 2011). As a

consequence of these changes, the side-chain oxygen of GIn189 can accept
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a 2.54-A hydrogen bond from the main-chain NH moiety of the P2 residue
(Fig. 3a.9).

Affinity of 11s (DZL10) for the S2 pocket of HCoV-NL63 M is good
because of an almost ideal match of size and not requiring conformational
changes, which this enzyme would not be able to undergo because of the
replacement of the flexible GIn189 by the more rigid Pro. On the other
hand, docking of the same compound into the crystal structure of the
CVB3 3CP™ revealed that the cyclopropylmethyl moiety was probably
unable to generate sufficient Free Energy of binding because of the missing
lid and the large size of the S2 pocket in the enterovirus 3C", thereby

explaining the poor inhibitory activity of 11s against these targets.
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Fig. 3a.9 A pronounced plasticity of the S2 pocket of SARS-CoV M"™ is revealed
by a comparison of the geometry of the subsite in the complexes with 1la
(DC401903; P2 = benzyl; inhibitor cyan, protein green) and 11s (DZL10; P2 =
cyclopropylmethyl; inhibitor red, protein pink). The main differences here concern
the main chain around GInl189 as well as the side-chain of this flexible residue,
conformational change of which allows the S2 pocket to "shrink" and adapt to the
small size of the P2-substituent in 11s. This change also enables the formation of a
hydrogen bond between the main-chain amide of the P2 residue and the side-chain
oxygen of 11s. The side-chains of Argl88 and Thr190 as well as the P1' substituents
of the inhibitors have been omitted for clarity.

We next introduced cyclobutylmethyl in the P2 position (compound 11t,
DZL14) and obtained the following results: ICsy = 1.4 uM for
SARS-CoV M, 3.4 uM for HCoV-NL63 M™, 10.8 uM for EV-A71
3C™, and 4.8 uM for CVB3 3CP (Table 3a.2). Obviously, this
substituent was still a bit too small for the enterovirus proteases, so as the
next step, we tested P2 = cyclopentylmethyl (compound 11u, DZL15).
This turned out to be the most interesting compound so far with respect to
broad-spectrum activity, i.e. acceptable ICs, values against all tested
enzymes: 1.3 uM against SARS-CoV M™, 5.4 uM against HCoV-NL63
MP®, 4.7 uM against EV-A71 3C", and 1.9 uM against CVB3 3CP"
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(Table 3a.2).

11u (DZL15) appeared so far the best compromise compound, yet for
each of the individual viral enzymes, the following compounds proved
superior: P2 = cyclopropylmethyl (compound 11s, DZL10) for
SARS-CoV MP, P2 = isobutyl (compound 11n (DC401908) and P2 =
cyclopropylmethyl (11s, DZL10) for HCoV-NL63 M™, 11a (DC401903)
and 11r (DZL08) for EV-A71 3C"™, and 11r (DZLO08) for CVB3 3C™.
However, if we relax the condition that the universal inhibitor should
show good activity against HCoV-NL63 M, then the best compound is
11r (DZLO08, P2 = cyclohexylmethyl), with submicromolar ICs, values
against CVB3 3C" and SARS-CoV M", and ICs, = 1.7 uM against
EV-A71 3C"™ (Table 3a.2).

Diffraction data collection and structure refinement of the complex struc-

tures are summarized in Table 3a.3.
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Table 3a.3 Crystallographic data and refinement statistics of viral proteases in complex with a-ketoamides

Protease SARS-CoV MP" HCoV-NL63 MP™
Compound 11a (RHO1) 11s (DZL10) 11n (DC401908) 11f (DC401918)
Data collection statistics
X-Ray source SLS X10SA DESY P11 BESSY 14.2 BESSY 14.2
Wavelength 1.0000 0.9919 0.9184 0.9184
C2 C2
S . C222 222
pace group (cell choice 1) (cell choice 3, 1121) : :
a=108.2, a=53.50, a=133.86, a=133.65,
Unit cell dimensions [A] b=82.28, b=81.87, b=211.33, b=211.29,
c=53.44 ¢=109.03 c=118.32 c=118.26
. . . o a=1v=90, a=1v=90, Ca_ . A
Unit cell dimensions [°] B=103.95 B=104.05 a=B=y=90 a=B=y=90
Number of protease molecules
. 1 1 3 3
per asymmetric unit
Resolution range[A] 64.77 - 1.62 43.83 —2.20 48.24 —2.30 44.28 —2.35
& (1.71 - 1.62) (2.32 -2.20) (2.42 - 2.30) (2.48 —2.35)
Number of observations 386,723 (56,621) 74,079 (10,007) 37,2476 (54,396) 301,104 (37,670)
Number of unique reflections 56,530 (8,160) 22,847 (3,241) 74,507 (10,793) 68,423 (9,796)
Completeness [%] 98.2 (97.4) 98.4 (96.5) 99.9 (100.0) 98.2(97.2)
Mean I/ (I) 24.5 (3.4) 13.1 (3.9) 20.4 (3.3) 11.5(3.0)
Multiplicity 6.8 (7.0) 3.2(3.1) 5.0 (5.0) 4.4 (3.8)
Rinerge [70] 0.034 (0.490) 0.053 (0.289) 0.060 (0.536) 0.076 (0.458)
Rpim [%] 0.014 (0.198) 0.034 (0.197) 0.030 (0.262) 0.038 (0.250)
CCip 1.000 (0.960) 0.997 (0.930) 0.999 (0.896) 0.996 (0.873)
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Protease SARS-CoV MP" HCoV-NL63 MP™
Compound 11a (RHO1) 11s (DZL10) 11n (DC401908) 11f (DC401918)
Refinement statistics

r.m.s.d in bond lengths (A) 0.0279 0.0194 0.0196 0.0190
r.m.s.d in bond angles (°) 2.5065 2.0662 2.0503 2.0480
fgf)rage B-factor for all atoms 33.979 39.731 51.924 44.608
Number of protein atoms 2395 2379 6807 6797
Number of inhibitor atoms 42 39 117 84
Number of water molecules 398 143 531 259
Ramachandran plot

Preferred regions (%) 97.99 96.32 97.20 97.08
Allowed regions (%) 2.01 3.34 2.58 2.58
Outlier regions (%) 0.00 0.33 0.22 0.34
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3a.11 Inhibitory activity of aldehydes against SARS-CoV M™"

The aldehydes were designed by the group of Prof. Hong Liu (Shanghai Institute of
Materia Medica, Chinese Academy of Sciences, SIMM), and were synthesized by
Hailong Liu, who worked in Prof. Hong Liu’s group, and Prof. Rolf Hilgenfeld’s
group later (Institute of Biochemistry, University of Liibeck).

3a.11.1 P1 substituent
As the SARS-CoV MP® specifically recognizes glutamine at the P1

position, a 5-membered ring (y-lactam) derivative of glutamine was
selected as the P1 residue in all the aldehydes presented here. The
advantage of this moiety has been described in the a-ketoamides part.
3a.11.2 P2 substituent

As described in the a-ketoamide part, the SARS-CoV MP™ posseses
alarge, “covered”, and flexible S2 pocket, so the phenyl group could be
properly accommodated in this subsite. Having learned from the a-keto-
amides that proper length of the P2 is an important factor influencing
inhibitory activity, we introduced the benzyl group at the P2 position in
most of the aldehydes, except for DC401937 with an isobutyl.
DC401937 exhibited an 1Csy (0.32 uM; Table 3a.4) similar to
compounds with the benzyl group at P2 position. In addition, the
main-chain peptide bond at the P2 position was replaced by a C-C bond
in two of the aldehydes (DC401933 and DC401934), both of which lost
inhibitory activity against the SARS-CoV M (ICs, > 25 uM, Table
3a.4).
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Table 3a.4 ICs, of aldehydes against SARS-CoV M"™

Compound No. Formula ICs0 (uM)
DC401921 e 740 +1.18
DC401922 NeOE ﬂN? 0.75+0.21
DC401923 hess 0.03+0.012
DC401924 A 0.70 £0.17
DC401925 PY 0.05+0.017

SaRaaE
DC401926 A ¢LEJ 0.10+0.15
DC401927 <Z]©Yn A, 0.60 + 0.31
DC401928 A as EJ 0.035+0.009
DC401929 #Iﬁ JLNEJ 0.20 +0.18
NI v g E\PhH |
DC401930 @AINU? 0.45 = 0.24
DC401931 F @Y A, 1.05 +0.33
DC401932 ,N'”;Wn A, 1.10 £ 0.27
DC401933 @*W E >25
N | H ° 5\th !
DC401934 1Y 1 EJ >25
DC401937 SN N 0.32+0.03
Y
DC401941 S & >100



Compound No. Formula 1Cso (nM)
ErCN . Ox N
DC401950 AL 0.78 +0.12
DC401951 SSUB N 0.56 = 0.21
DC401952 S P 1.69 +0.96
DC401953 S, 4.64+1.75
Lo o \© ‘
DC401954 e ﬂ? 113 +0.36
o
DC401955 LR, 5.40 +2.88
o, N
DC401956 HNQ(N\,?LEJ 2,62+ 0.61
DC401957 G L 421+1.36
DC401958 QGW\)L | 0.111 + 0.002
DC401964 LA, 0.79 + 0.08
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3a.11.3 P3 substituent

A series of tripeptide aldehydes with various heterocyclic-carbonyl
groups at the P3 position showed sub-micromolear inhibitory activity
against SARS-CoV M" (Table 3a.4), i.e. 6-chloro-2H-chromene-3-car-
bonyl (DC401922, ICso = 0.75 uM), 1H-indole-2-carbonyl (DC401924,
ICso = 0.70 uM), 3a, 7a-dihydrobenzo[d][1,3]dioxole-5-carbonyl (DC-
401927, 1Cso = 0.60 uM), cinnamoyl (DC401937, ICsy = 0.32 uM), 6-b-
romoimidazo[ 1,2-a]pyridine-2-carbonyl (DC401950, ICso = 0.78 uM),
2,3-dihydrobenzo[b][1,4]dioxine-6-carbonyl (DC401951, 1Cs, = 0.56
uM), 1H-benzo[d]imidazole-2-carbonyl (DC401958, 1Csy = 0.11 uM),
1 H-indole-5-carbonyl (DC401964, 1C;5, = 0.79 uM). Compounds with P3
= 3-fluoropyridine-3-carbonyl (DC401931, ICso = 1.05 uM), 1-methyl-1-
H-pyrazole-4-carbonyl (DC401932, ICsy = 1.10 uM), benzo[b]thiophene-
2-carbonyl (DC401952, ICsy = 1.69 uM), 2,3-dihydrobenzo[b][1,4]-
dioxine-5-carbonyl (DC401953, 1Cs, = 4.64 uM), quinoxaline-2-carbonyl
(DC401954, 1C5y = 1.13 uM), = benzofuran-2-carbonyl (DC401955, 1C;,
= 5.40 uM), 1H-indazole-3-carbonyl (DC401956, 1C;, = 2.62 uM), qui-
noxaline-6-carbonyl (DC401957, ICsy = 4.21 uM) showed micromolar-
range 1Cs, against SARS-CoV M. Compared to previous pentapepti- de
aldehyde inhibitors (Zhu et al., 2011), the aldehydes presented herein
showed superior inhibitory activity against SARS-CoV MP® Since no
apparent SAR could be deduced with respect to the P3 group, I
speculated that specificity of the P3 group is overruled by the highly
electrophilic character of the aldehyde warhead.

3a.11.4 P4 substituent

A number of tetrapeptide aldehydes with isobutyl as P3 group, and
different heterocyclic-carbonyl moieties at the P4 position, were tested
against SARS-CoV MP® (Table 3a.4). Three of them showed excellent
activity, with the P4 = 5-methylisoxazole-3-carbonyl (DC401923, 1C;, =
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0.03 uM), benzo[d][1,3]dioxole-5-carbonyl (DC401925, ICs5, = 0.05 uM),
and benzyl acetate (DC401928, 1Csy = 0.035 uM), respectively. P4 = 1 H-
indole-2-carbonyl (DC401926, ICs, = 0.10 uM), 1-methyl-1H-pyra- zole-
4-carbonyl (DC401929, ICsy = 0.20 uM), 5-fluoropyrid ine-3-carbonyl
(DC401930, 1C5y = 0.45 uM) showed submicromolar activity. Only one
compound (DC401921) with a 6-chloro-2H-chrom- ene-3-carbonyl at the
P4 position showed less potent activity (ICso =7.40 uM).

3a.12 Crystal structures of SARS-CoV MP in complex with
DC401923 and DC401954

The crystal structures of SARS-CoV M" in complex with DC401923
and DC401954 were determined at 1.70 and 1.85 A, respectively. The
warhead of both aldehydes forms a hemithioacetal (S configuration) with
the Cys145 of the catalytic dyad of the protease (Fig. 3a.10A and B,
insets). The hydroxyl group of the thiohemiacetal accepts two hydrogen
bonds from the amides of Cys145 and Gly143 in the oxyanion hole. The
canonical 5-membered ring (y-lactam) derivative of glutamine
(GInLactam) always shares a similar binding mode involving three
hydrogen bonds with His163, Glu166, and Phel140 of the main protease.
The main-chain amide of the P1 residue donates a hydrogen bond to the
carbonyl of His164 in the M"°. The P2 phenyl group from both of the
aldehydes neatly accommodates in the S2 pocket, mediated by
hydrophobic interactions with Ca, CB, and carbonyl carbon of Asp187, Ca
and the carbonyl carbon of Argl88, Ca of GInl89, as well as the
side-chains of Met49 and Met165 (Fig. 3a.10).
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S A

Fig. 3a.10 Crystal structures of SARS-CoV MP™ in complex with aldehyde
compounds. Fit of compound aldehydes (pink carbon atoms) to the SARS-CoV M™
(wheat surfaces) as revealed by X-ray crystallography of the complexes. F, - F.
difference density (contoured at 3c) for aldehydes in the substrate-binding site of the
SARS-CoV MP® (transparent surface). Detailed interactions of aldehydes (pink
carbon atoms) with SARS-CoV MP™ (cyan carbon atoms) are indicated as sticks and
lines, respectively. Hydrogen bonds are depicted as black dashed lines. The inset at
the top of the images shows the sterochemistry of the hemithioacetal formed by the
nucleophilc attack of the catalytic Cys residue onto the aldehyde group.

(A) Crystal structure of SARS-CoV M in complex with with DC401923.

(B) Crystal structure of SARS-CoV MP™ in complex with DC401954.
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In the complex structure with DC401954, the P3 quinoxaline donates two
hydrogen bonds to the side-chain of GIn189, and the main-chain carbonyl
of Glul163. Moreover, the main chain carbonyl of the P3 residue accepts a
hydrogen bond from the main-chain amide of Glul66. In the complex
structure with DC401923, the P3 side-chain orients itself towards the
bulk solvent. The main-chain carbonyl accepts a H-bond from the
main-chain amide of Glul66, and the main-chain amide of the P3 moiety
donates a hydrogen bonds to the main-chain carbonyl of Glul66. The
carbonyl of the P4 group accepts a hydrogen bond from GIn189. The P4
side-chain deeply penetrates into the S4 pocket formed by Metl65,
Leul67, Phel85, and GInl192. In particular, the tetrapeptidic aldehyde has
more hydrophobic interaction from the P4 moiety with the protease,
compared to the tripeptidic aldehyde, which might result in a better
inhibitory activity. Remarkably, the side-chain of GIn189, involved in a
hydrogen bond with the main-chain amide of the P2 moiety in both of the
Michael acceptor SG85 (Zhu et al., unpublished; PDB entry 3TNT) and
the a-ketoamide compound 11s (DZL10, Fig 3a.7F) complexes, interacts
with the P3 residue in both of the complex structures with aldehydes
(DC401923 and DC401954), demonstrating that the S2 pocket in
SARS-CoV MP® is highly flexible. The binding details of the two
aldehydes with SARS-CoV MP"™ are indicated in Fig 3a.10.

Diffraction data collection and structure refinement of SARS-CoV M in

complex with aldehydes are summarized in Table 3a.5.
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Table 3a.5 Crystallographic data collection and refinement statistics of
SARS-CoV M""” in complex with aldehydes

Protease SARS-CoV MP"
Inhibitor DC401923 DC401954
Data collection statistics
X-Ray source BESSY 14.2 BESSY 14.2
Wavelength 0.91841 0.91841
Space group C2. .C2
(cell choice 1) (cell choice 3, 1121)
a=108.71, a=>53.31
Unit cell dimensions [A] b=281.22, b=281.42,
c=53.27 c=108.41
. . . o a=7=90 a=vy=90
Unit cell dimensions [°] B=104.12 B = 103.90

Number of protease
molecules

per asymmetric unit
Resolution range [A]

Number of observations
Number of unique
reflections

Completeness [%]

Mean I/o (I)

Multiplicity

Rimerge [%0]

Rpim [%0]

CCin

Refinement statistics
Reryst /Réree [%0]

r.m.s.d in bond lengths (A)
r.m.s.d in bond angles (°)
Average B-factor for all
atoms (Az)

Number of protein atoms
Number of inhibitor atoms
Number of water molecules
Ramachandran plot
Preferred regions (%)
Allowed regions (%)

Outlier regions (%)

1

43.58-1.70 (1.79-1.70)
200,167 (29,897)

49,135 (7,169)

99.5 (99.8)

13.4 (2.2)
4.1 (4.2)
0.052 (0.560)
0.029 (0.314)
0.999 (0.920)

22.5/26.94
0.0426
3.35

16.30

2381
41
171

96.36
3.64
0.00

1

43.67-1.85 (1.95-1.85)
145,328 (21,191)

38,168 (5,520)

99.5 (99.1)

18.8 (2.3)
3.8 (3.8)
0.035 (0.576)
0.041 (0.339)
0.999 (0.872)

20.72/25.04
0.0213
2.09

44.44

2384
34
208

97.01
2.99
0.00
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3b Flavivirus part

3b.1 DENV NS2B-NS3

3b.1.1 Recombinant production of stable DENV2 NS2B-NS3""
Initially, the purification of DENV NS2B-NS3” was performed
according to the protocol reported by D’Arcy et al. (2006). The DENV2
NS2B-NS3P was purified under the optimal buffer condition described
in this publication (50 mM NaCl, 20 mM Tris pH 8.5, 5% (v/v) glycerol).
However, the cleavage activity of the DENV protease is high under this
condition, leading to considerable autolysis during the purification
procedure (Fig. 3b.1A). Leung et al. (2001) studied the effect of ionic
strength, glycerol and pH on the enzymatic activity of the DENV2
NS2B-NS3”, and found that low pH (pH < 7), high ionic strength
(concentration of NaCl > 300 mM), and no glycerol could tremendously
decrease the enzymatic activity of the DENV2 NS2B-NS3™. Thus, a
series of buffers including different glycerol concentrations, 1onic
strength, glycerol, and pH range was tested, from which the buffer
consisting of 20 mM Bis-Tris, 500 mM NaCl, pH 6.3 was selected for the
purification of DENV2 NS2B-NS3"°. Under this buffer condition, the
enzymatic activity was low and the protein was not denatured.

As shown in Fig. 3b.1B-F, after two steps of purification by Ni-NTA
column and size-exclusion chromatography, high-purity (>95%) and
stable DENV NS2B-NS3"™ could be obtained. Afterwards, the protein
was adapted to the buffer optimized for the enzymatic assay (20 mM
Tis-HCI, 20% glycerol, 1 mM CHAPS, pH 8.5), and the kinetic
parameters were determined against the standard substrate Bz-Nle-Lys-
Arg-Arg-AMC for DENV protease, with a k../K,, value (33,000 = 10,000
s'M™) similar to results from the literature (Erbel et al., 2006), with a K,

value of 147.10 + 36.73 puM. Crystallization was set up by using the
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high-purity DENV2 NS2B-NS3"°. Optimized crystals were observed in
the drop with 0.1 M MES, 50% PEG 200, pH 6.0. The crystals are shown
in Fig. 3b.1G.

3b.1.2 Structure elucidation of DENV2 NS2B-NS3""

The structure was determined by the molecular replacement method with
the structure of DENV2 NS2B-NS3"* as search model (Erbel et al., 2006;
PDB entry 2FOM) at 1.75 A, in space group C222;, and with one
molecule per asymmetric unit. The structure indicated that the NS3
domain adopted a chymotrypsin-like fold with two B-barrels, each
including six P-strands, and the catalytic triad (Ser135-His51-Asp75)
located at the cleft between the two B-barrels. The first B-strand (residue
51-57) of NS2B, participating in the first B-barrel of the NS3”° domain, is
important for the stabilization of the NS3"° fold. The residual part of
NS2B does not wrap around the NS3, and is not involved in forming the
substrate-binding site; this is characteristic of the “open” conformation
(Fig. 3b.1H). The r.m.s. deviation between this structure and the reported
DENV2 NS2B-NS3P° (Erbel et al., 2006; PDB entry 2FOM) is 0.56 A
(for main-chain atoms). Diffraction data collection and final model
refinement statistics are summarized in Table 3b.1, and will be presented

together with the WNV NS2B-NS3"* structure in part 3b.2.

108



AkDa B Ni-NTA column D Gel filtration
116.00 Auto lysis Hie <0

66.2) - Ly
45.0/ B

35.0 - BE
———_E= ‘ \‘

25.0-

1840 =

— ‘ |

144

C kDa

‘Aé’;?”- Ni-NTA column peak

45.0
350/ e

25.0«
18.4

14480 __ L.

Ean F kDa

116.0 Gel filtration 116.0 Gefl filtration
96.2 Monomer peak 66.2 Dimer peak
45.0 45.0
35.0 S 35.0
25.0 25.0 G
18.4 18.4
144 14.4 «

Fig. 3b.1 Purification, crystals, and structure of DENV2 NS2B-NS3P"

(A) Autolysis of DENV2 NS2B-NS3"™ during purification in the buffer 50 mM NaCl,
20 mM Tris pH 8.5, 5%(v/v) glycerol revealed by SDS-PAGE. Similar to the result in
Leung et al (2001), the free DENV2 NS2B-NS3 protease migrates more slowly
than expected from its molecular mass (~26 kD), probably due to the pronounced
non-spherical shape of the protease in the open conformation.

(B and C) Purification of DENV2 NS2B-NS3” using a Ni-NTA column; the
corresponding chromatographic fractions were analyzed by SDS-PAGE.

(D) Purification of DENV2 NS2B-NS3P by gel filtration (Superdex™ 75); two

peaks corresponding to the monomer and dimer were detected.

(E and F) The chromatographic fractions corresponding to the monomer and dimer
peak were analyzed by SDS-PAGE, indicating high purity and non-autolysis of the
DENV2 NS2B-NS3” during purification in the buffer 20 mM Bis-Tris, 500 mM
NacCl, pH 6.3.

(G) Crystals of DENV2 NS2B-NS3"° grown under optimized condition.

(H) Crystal structure of DENV2 NS2B-NS3”°. The protease is in the open
conformation as the NS2B (red color) is not wrapping around the NS3 (green color).
The Glys-Ser-Glyy linker between NS2B and NS3 is not defined by electron density.
Catalytic residues are indicated by sticks.
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3b.2 Structure elucidation of WNV NS2B-NS3P with a boronic-acid
inhibitor (cn-716)

This portion of the work will be published in the following manuscript: Nitsche C.,
Zhang L., Weigel F. L., Schilz J., Graf D., Bartenschlager R., Hilgenfeld R., Klein C.
D. (2016) Peptide-boronic acid inhibitors of flaviviral proteases.

The ¢n-716 was synthesized by Dr. Christoph Nitsche and the in vitro inhibitory
activity of the en-716 against WNV NS2B-NS3"° was also determined by colleagues
from Prof. Dr. Christian D. Klein’s group. The crystallization work of WNV
NS2B-NS3” with ¢n-716 was performed by Jonas Schilz, who did his bachelor
thesis in the institute of biochemistry under my supervision in the summer semester,
2015. I determined the complex structure of WNV NS2B-NS3” with ¢n-716.

The capped dipeptide boronic-acid compound ¢n-716 (Fig. 3b.2A) was
shown to covalently and reversibly bind the NS3 protease. The boron
atom of this compound is covalently linked to the side-chain Oy of the
catalytic Ser135. It was found that this compound possesses a good in-
vitro inhibitory activity against the WNV NS2B-NS3"°, with ICs5o = 0.105
uM and K; =0.082 uM.
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Fig. 3b.2 Crystal structure of WNV NS2B-NS3"™ in complex with cn-716

(A) Chemical formula of ¢n-716.

(B) The Fo-Fc difference density contoured at 3.0 ¢ is shown for e¢n-716, calculated
from a full dataset collected by rotating the crystal by 360°. No continuous electron
density could be identified for the boron-carbon bond.

(C) Overall structure of the WNV NS2B-NS3P protease in complex with ¢n-716,
(PDB entry SIDK). A distinctive feature of the closed (active) form of the enzyme as
found here is that the NS2B chain (red) is wrapped around the NS3 protease domain
(green). The Gly4-Ser-Gly, linker between NS2B and NS3 is not defined by electron
density. Chain termini are labeled N*, C* for NS2B and N, C for NS3. Colors of
inhibitor atoms: C, magenta; N, blue; O, dark red, B, yellow. Active-site residues are
dark blue and labeled.

(D) Compound ¢n-716 in the substrate-binding site of WNV NS2B-NS3"™ protease.
The F,-F. difference density, calculated from the final coordinates with the inhibitor
omitted and contoured at 4o, is shown as blue grid. Residues of the NS2B chain are
indicated by an asterisk (*). H-bonds are shown as dashed lines. Upper right inset:
The tetrahedral boronate; Ser135 in green, boron in yellow, oxygens and carbons of
the glycerol moiety in red, Fo-Fc difference density as blue grid. Lower left inset:
Structure of the glycerol boronate bound to Ser135.
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The crystals were obtained from cocrystallization attempts of WNV
NS2B-NS3” with en-716. The complex structure of WNV NS2B-NS3P*
with en-716 was determined at 1.50 A resolution, in space group P2,2,2,
with three molecules per asymmetric unit. Initially, the images for a 360-
degree rotation of the crystal were processed and scaled for the
determination of the structure. During the refinement, continuous F,-F.
difference density was not visible at 3.0 o level for the covalent bond
between the Ca of the P1 residue and the boron atom in all three chains in
one asymmetric unit (Fig. 3b.2B). In the PhD thesis of Dr. Cynthia
Nichole Fuhrmann (2005, University of California, San Francisco, USA),
it was described that the Ser195-boron adduct between a-lytic protease
and a peptidyl boronic acid compound adopted alternate conformations as
a result of radiation damage at the high X-ray dosage necessary to
achieve ultra-high resolution. Herein, I propose that the lack of F,-F,
difference density between the Ca of the P1 group and the boron atom
might be a direct result of X-ray irradiation, which stimulated the
breakage of the boron-carbon bond within the inhibitor. Therefore, the
images for the first 90 degrees were processed separately and scaled for
determination of the structure, and clear and continuous F,-F. different
density emerged immediately even at the 4o level (Fig. 3b.2D).
Remarkably, the B factors obtained by using the 90-degree rotation data
set for both boron and P1-Ca (Boron: 17.77 + 0.89, P1-Ca: 16.75 + 0.16;
average and standard deviations calculated from the three copies of the
complex in the asymmetric unit) are about 30% lower than those obtained
by using the 360-degree data set (Boron: 25.56 + 0.64, P1-Ca: 23.30 +
0.62).

The crystal structure of en-716 in complex with the WNV NS2B-NS3P*

protease revealed the enzyme in the closed (active) conformation, with

112



the NS2B chain wrapped around the NS3 domain (Fig. 3b.2C; PDB entry
5IDK). The backbone of the inhibitor forms only two hydrogen bonds to
the protease (P1 NH...Gly151 O, P3 O...Gly153 NH), whereas the P1 and
P2 side-chains and the benzoyl cap are neatly accommodated in the
corresponding subsites of the enzyme (Fig. 3b.2D). The terminal NH,
group of the P2 side-chain is involved in hydrogen bonds with the
main-chain oxygen of Asp82* and with Asn84* 061, both from the
NS2B polypeptide chain. These interactions presumably contribute to the
stabilization of the closed form of the complex. Remarkably, the phenyl
group of the P2 residue interacts with the imidazole of the catalytic His51
through n-w stacking (Fig. 3b.2D distance ~3.5 A). The Ne atom of the P1
guanidinium group is involved in a 2.97 + 0.08 A hydrogen bond with the
carbonyl oxygen of Tyr130, and the Nn2 donates a "charged" hydrogen
bond to Aspl29 081 (2.97 = 0.22 A; average and standard deviation
calculated from the 3 monomers of the complex in the asymmetric unit of
the crystal). Interestingly, the Nn1 forms a 3.18 + 0.11 A hydrogen bond
with the carbonyl oxygen of the inhibitor’s P2 residue, drawing the P1
guanidinium group close to the main chain of the compound. Moreover,
there may be a weak (parallel) interaction between the guanidinium group
and the phenyl group of Tyr161 (Fig. 3b.2D).

The boron atom forms a 1.59 + 0.01 A covalent bond with Oy of the
active-site Ser135 (Fig. 3b.2D, upper right inset). During refinement,
additional positive F,-F. density emerged near the two hydroxyl groups of
the boronic acid and was unambiguously assigned to a cyclic double ester
formed between the boronic acid and atoms Ol and O2 of glycerol,
leading to the formation of a 5-membered ring (Fig. 3b.2D, lower left
inset). Boronic acids tend to form esters with aliphatic diols, especially if

5- or 6-membered rings can be formed (Tirker, 2006), and glycerol was
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present in my enzyme preparation during purification, crystallization, and
cryo-protection of crystals.

Negatively charged and chiral, the tetrahedral boronate unit is a close
mimic of the transition state of peptide hydrolysis. The cyclic-ester
oxygens (Ol and O2) accept hydrogen bonds from the amide of Gly133
(2.85 £ 0.05 A; part of the oxyanion hole) and the Ng&2 of His51 (2.67
0.04 A), respectively. The five-membered ring occupies the S1” site, but
the hydroxyl group (O3 of glycerol) is oriented towards bulk solvent (Fig.
3b.2D). Diffraction data collection and final model refinement statistics

are summarized in Table 3b.1.

114



Table 3b.1 Crystallographic data collection and refinement statistics of
structures of DENV2 NS2B-NS3" free enzyme, and WNV NS2B-NS3 P in
complex with cn-716

WNYV NS2B-NS3* with

Protease DENV2 NS2B-NS3P*
cn-716
Data collection statistics
X-ray source DESY P11 DESY P11
Wavelength [A] 0.9919 0.9919
Space group C2224 P2:2:2,
a=61.07, a=36.42,
Unit cell dimensions [A] b=61.35, b =96.96,
c=113.8 c=187.86
Number of complex molecules ! 3

per asymmetric unit

Resolution range [A]
Number of observations

Number of unique reflections
Completeness [%]

Mean I/o(I)

Multiplicity

Rinerge [%0]

Rypim [%0]

C(jl/2

Refinement statistics

Reryst Reree [70]

r.m.s. deviation in bond lengths (A)
r.m.s. deviation in bond angles (°)
Average B-factor for all atoms (A?)
Number of protein atoms

Number of inhibitor atoms
Number of water atoms
Ramachandran plot

Residues in preferred regions (%)
Residues in additionally allowed
regions (%)

Residues in outlier regions (%)

43.28 -1.75 (1.79-1.75)

135,230 (6,493)
21,796 (1,129)

99.7 (95.8)

20.7 (2.1)
6.2 (5.8)
0.048 (0.751)
0.031 (0.502)
0.999 (0.619)

18.21/22.96
0.0191
1.9492
31.31
1487
0
88

98.39
1.61

0.00

46.94 - 1.50 (1.58 - 1.50)
350,519 (51,736)
105,999 (15,393)

98.6 (99.3)

15.6 (2.5)
3.3 (3.4)
0.045 (0.557)
0.028 (0.344)
0.999 (0.749)

15.92/18.58
0.0252
2.3429
21.04
4711
111
637

96.42
341

0.17
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3b.3 ZIKV NS2B-NS3"" part 1

This portion of the work has been published in part: Lei J., Hansen G., Nitsche C.,
Klein C. D., Zhang L., Hilgenfeld R. (2016) Crystal structure of Zika virus
NS2B-NS3P protease in complex with a boronate inhibitor. Science 353, 503-505.

3b.3.1 Recombinant production of ZIKV NS2B-NS3""

A gene construct coding for residues 49-95 of ZIKV NS2B, linked via a
Gly,-Ser-Gly, sequence to the N-terminal part of ZIKV NS3 (1-170;
GenBank accession number KU729217.2) was expressed in E. coli. As
shown in Fig 3b.3A, the recombinant protein bound the nickel column.
The purity of the protein was analyzed by SDS-PAGE (Fig. 3b.3B). After
digestion of the Hisq tag by thrombin, a second-round purification was
performed by ion-exchange chromatography (Fig 3b.3A), and the purity
is shown in Fig 3b.3B. Finally, the protein was loaded onto a
size-exclusion chromatography column for a third-round purification. The
chromatography (Fig 3b.3A and B) revealed that the preparation was a
mixture of monomer and disulfide-linked dimer (here designated

“SS-dimer”), and - to a lesser extent - higher oligomers.
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Fig. 3b.3 Purification of ZIKV NS2B-NS3""

(A) Purification of ZIKV NS2B-NS3" by using Ni-NTA chromatography,
jon-exchange chromatography, and gel filtration (Superdex™ 75). The profile of the
gel filtration indicates that the ZIKV NS2B-NS3"° is a mixture of monomer and
homodimer in a solution without reductant.

(B) The corresponding chromatographic fractions were analyzed by SDS-PAGE. The
upper band is in the position for the disulfide-bonded homodimer, and the lower band
corresponds to the monomer. Similar to other flavivirus free NS2B-NS3" proteases
(Leung et al., 2001), the free ZIKV protease migrates more slowly than expected from
the molecular weight (~24 kD).

3b.3.2 Inhibitory activity of cn-716 against ZIKV NS2B-NS3°
(monomer)

The inhibitory activity of ¢n-716 against ZIKV NS2B-NS3P (wt,
monomer) was determined in the buffer with glycerol (20%, v/v) and
reductant (1 mM TCEP). I determined the in-vitro activity of cn-716
against the ZIKV NS2B-NS3"° wt. Boronic acids tend to form esters with

diols and triols, especially if 5- or 6-membered rings can be formed
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(Tiirker, 2006). The complex structure (Lei et al., 2016; see 3b.2) reveals
that the boronic-acid moiety forms a cyclic diester (six-membered ring)
with glycerol, which was continuously present in our enzyme preparation
during purification and crystallization, as well as cryoprotection of
crystals (Lei et al., 2016; PDB entry SLCO; Fig. 3b.4 A). Thus, I speculate
that it was a dipeptide boronate instead of the free boronic acid, which
reversibly bound to the ZIKV NS2B-NS3" with ICso = 0.25 + 0.02 uM
and K; = 0.040 £ 0.006 uM (Fig. 3b.4A and B). In the absence of glycerol,
the 1Cs, for the boronic acid inhibitor was nearly unchanged (0.20 + 0.02
uM; Fig. 3b.4C). We note that through ester formation with larger, more
hydrophobic diols or triols, a prodrug might be obtained that will traverse

the cellular membrane more readily than free boronic-acid derivatives.
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Fig. 3b.4 ICs9 and K; curves of cn-716 against ZIKV NS2B-NS3"™,

(A) ICso plot of en-716 against ZIKV NS2B-NS3™ wt (monomer) in 10 mM
Tris-HCl, 20% glycerol (v/v), | mM CHAPS, 1 mM TCEP, pH 8.5.

(B) K; plot of en-716 against ZIKV NS2B-NS3” wt (monomer) in the same buffer.
The Lineweaver-Burk plot reveals cn-716 as a competitive inhibitor.

(C) ICsp plot of en-716 against ZIKV NS2B-NS3” wt (monomer) in the buffer
lacking of glycerol.

[S]: substrate concentration (uLM); v: initial reaction rate (uWM/min). The curves were
generated using the GraphPad Prism 6.0 software (GraphPad).

3b.3.3 Kinetic parameters of variants of ZIKV NS2B-NS3*"°

The SS-dimer and the monomer obtained by reduction with TCEP, as
well as the Cys80Ser/Cys143Ser mutant of ZIKV NS2B-NS3°, were
hyper-active against the standard flavivirus protease substrate
Bz-Nle-Lys-Lys-Arg-AMC, with a low K, and a k./K,, more than
20-times higher than for the WNV enzyme (Table 3b.2).
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Table 3b.2 Kinetic parameters of variants of ZIKV NS2B-NS3"", in comparison
to a similar WNV NS2B-NS3"" construct.

Protease Keat (s7) Kn (pM) Keat/Km (s'TM™)
ZIKV NS2B-NS3"

Monomer (wt) 446+1.0 183+1.6 2,440,444 + 215,000
SS-dimer (wt) 28.5+0.6 59+0.5 4,850,000 £ 429,000
Cys80Ser/Cys143Ser 28.8+0.5 5.1+0.5 5,620,000 £+ 546,000
Asp83*Asn (monomer) 385+14 353+42 1,091,000 £+ 136,000
WNYV NS2B-NS3™

wt (my preparation) 8.7+0.1 77.4+3.6 112,000 + 5000
wt (Erbel et al., 2006) -- -- 37,000 £ 7000
DENV2 NS2B-NS3P"

wt (Erbel et al., 2006) -- -- 30,000 £ 7000

Data are for the cleavage of the flavivirus protease substrate Bz-Nle-Lys-Lys-Arg-
AMC. “Monomer (wt)” (See Material and Method part on ‘recombinant production
and purification of ZIKV NS2B-NS3" for details, including definition of “wt”) and
“SS-dimer” indicate enzyme preparations corresponding to the monomer (in the
presence of TCEP) and the SS-dimer fraction from gel permeation chromatography.
The kinetic parameters for the ZIKV protease with Asp83* replaced by Asn are also
included. “WNV NS2B-NS3” (wt)” is our recombinant preparation of the WNV
protease. For comparison, the k../Kp, values for WNV and DENV-2 NS2B-NS3 and
with the substrate Bz-Nle-Lys-Arg-Arg-AMC reported in Erbel et al. (2006) are given.
(Dashed line indicates not reported). All values in this table are obtained at pH 8.5.

Most probably protonated, the amino group of the 4-aminomethyl-phen-
ylalanyl residue in the P2 position forms a salt-bridge with Asp83* of the
NS2B polypeptide (Lei et al., 2016; PDB entry 5LCO; Fig. 3b.5) In
addition, according to the sequence alignment, Asp83* is Asn in WNV
and Ser or Thr in DENV 1-4 NS2B-NS3"™ (Fig. 3b.6), i.e., unable to
form an ion-pair interaction with the P2 residue of the inhibitor or the
substrate, Bz-Nle-Lys-Lys-Arg-AMC. Therefore, Asp83* might account
for the low K,, and super-high activity of the ZIKV NS2B-NS3"°. We
therefore produced the Asp83*Asn variant of ZIKV NS2B-NS3 and
determined the kinetic parameters. The Asp83*Asn mutation leads to a
~2-fold increase of K,, and a reduction of k../K,, by 55%, compared to
the wt enzyme (Table 3b.2). The Asp residue in this position provides an

at least partial explanation for the significantly lower K,, and hence, the
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much higher k.,/K,, of ZIKV protease compared to the WNV and DENV
enzymes (Table 3b.2).

D75

K54 %

Y161 D129

Fig. 3b.5 Crystal structure of ZIKV NS2B-NS3” in complex with cn-716.
Detailed interactions of ¢n-716 with ZIKV NS2B-NS3”, Residues of the protease
and inhibitor are indicted as sticks. Hydrogen bonds are depicted as blue dashed
lines. Residues from NS2B are marked with an asterisk (*). The inhibitor (cn-716) is
indicated in magenta, NS3 in green, NS2B in cyan, and Lys54 from the other
molecule in the “tight dimer” is represented in yellow.
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Fig. 3b.6 Multiple sequence alignment of the NS2B/NS3 proteases of ZIKV,
WNYV as well as DENV 1-4. Residues at position 83 of NS2B that are involved in
inhibitor binding are indicated by the blue triangle. The GenBank codes for the
flavivirus strains shown here are as follow: ZIKV: KU729217.2; WNV: P06935.2;
DENV1: P33478.1; DENV2: P29990.1; DENV3: P27915.1; DENV4: P09866.2. The
figure was generated with the program ESPript (Gouet et al., 1999).
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3b4 ZIKV NS2B-NS3" part 2: characterization of cleavage
properties of NS2B-NS3"™ with FRET substrates

This part of the work has been described in the following manuscript: Zhang L., Giil
Y., Hilgenfeld R. Zika virus NS2B-NS3 protease is a hyperactive enzyme, to be
submitted (2016).

In order to investigate the cleavage properties of the ZIKV NS2B-NS3P™
against the native or putative cleavage sites in the polyprotein, 9 FRET
substrates carrying a Dabcyl quencher and an Edans donor pair spanning
from the P4 to the P4’ sites (Dabcyl-KXX(K/R)R | XXXX-Edans-NH,,
X represents any amino acid) were ordered from Biosyntan (Biosyntan
GmbH). Among the 9 FRET substrates, five were designed according to
the putative cleavage sites in the polyprotein precursor (capsid,
NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NSS5), and the other
four corresponded to the cleavage site of furin at prM/M, as well as the
putative cleavage site inside the NS3 protease, the putative cleavage site
between the NS3 protease and helicase, and the flavivirus protease
cleavage site in the signalling protein STING.

3b.4.1 Inner-filter-effect correction

The inner-filter effect is the phenomenon that the measured relative
fluorescence units (RFU) are not proportional to the concentration of the
substrate due to the high quencher density (Lakowicz, 1983). At high
concentration of substrate, the quencher group may absorb the
fluorescence signal emitted from the neighboring free fluorescent group.
In this study, I used the method reported by Liu et al. (1999) for
correction of the inner-filter effect.

The inner-filter corrections of the FRET substrate 8 (NS4B/NS5) is
shown as an example in Table 3b.3. The absorbed RFU of the free Edans
was measured at different concentrations of each substrate applied for

determination of the kinetic parameters. Data in Table 3b.3 indicate that
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the inner-filter effect is small at low concentration of the substrate (2.5-5
uM), as the RFU of 5 uM free Edans was only reduced by less than 10%.
However, the effect can be very large at a higher substrate concentration,
e. g. the fluorescence signal of the free Edans was absorbed to an extent
of around 70% when the substrate was at 160 pM. Different
concentrations of substrate were tested using the Michaelis-Menten
equation for the calculation of the K,, and k. parameters. Results in
Table 3b.4 show that the non-corrected K, and k., value were 1.18 uM
and 8.62 min’', respectively. However, the K, and k., values corrected
for the inner-filter effect were 31.06 uM and 6.07 min™', respectively.
The non-corrected ke/Kim (2279.4 s'M™) was decreased by to 30%
compared to the corrected value (3257.1 s'M™). Therefore, the inner-
filter effect led to an earlier saturation state in the enzymatic assay,

resulting in a smaller value of the enzymatic parameters K., and k.
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Table 3b.3 Inner-filter effect correction

Substrate s (SsEd b 1% Vo Veorr.

cone. (UM) ) (S+Edans) Af etected% (UM/min) (UM/min)
160 35169 36743 1574 33.82 1.79 529
80 23252 25610 2358 50.66 2.05 4.05
40 14217 17222 3005 64.56 2.58 3.99
20 8058 11856 3798 81.60 2.19 2.69
10 4231 8152 3921 84.23 137 1.63
5 2263 6473 4210 90.44 0.42 0.47
25 1383 5693 4310 92.60 0.014 0.015

4655

0 241 4396 £ (freo b dans 100 - -

Substrate sequence: Dabcyl-K VKRR | GGGTE(Edans)-NH;, (NS4B/NS5)
Inner filter effect correction formula: Detected% = Af/ f(free Edans)
Veorr. = Vo / Detected%

Table 3b.4 Influence of the inner-filter effect on the Kinetic parameters of the ZIKV NS2B-NS3""-catalyzed cleavage of FRET substrate
corresponding to the NS4B/NSS5 cleavage site.

Cleavage site Kear (min™) K (UM) Keat/Km (s'M™) Sequence
NS4B/NSS5 (corrected)™* 6.07 +0.36 31.06 = 5.095 3257.1 £ 568.1 Dabcyl-KPLRR | GALLE(Edans)-NH;
NS4B/NS5

(non-corrected)# 1.18+0.11 8.62+3.24 2279.4 +883.41 Dabcyl-KPLRR | GALLE(Edans)-NH;

* The inner-filter correction was applied for the calculation of the kinetic parameters.
# The inner-filter correction was not applied for the calculation of the kinetic parameters.
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3b.4.2 Characterization of the Kkinetic parameters with different
substrates

The kinetic parameters were screened with 9 substrates, and the results
are shown in Table 3b.5 and Fig. 3b.7. The order of the turn-over value
(kcat) of substrates corresponding to the presumable cleavage sites in the
polyprotein precursor is NS2A/NS2B (11.29 min™") > NS3/NS4A (8.63
min) > NS4B/NS5 (6.07 min™) =~ NS2B/NS3 (6.04 min™") > capsid (3.16
min™"). On the other side, the K,, value varies differently from the order of
Kea: NS2A/NS2B (81.84 uM) > NS3/NS4A (37.09 uM) > NS2B/NS3
(32.10 uM) = NS4B/NS5 (31.06 uM) > capsid (19.89 uM). Four out of
five presumable cleavage sites possess the Gly-Lys-Arg and one
(NS4B-NS5) has a Lys-Arg-Arg motif for the P3-P1 sequence, and
similar to proteases of other flaviviruses (YFV, WNV, and DENV; Li et
al., 2005; Rice et al., 1985; Wengler et al., 1991), dibasic residues at the
P1-P2 sites. Although there are slight differences of the K, between the
NS2B/NS3, NS3/NS4A, and NS4B/NSS sites, the values are comparable.
However, the K, of NS2A/NS2B is around 2.5 times higher than the
former; this might be due to the replacement of the small hydrophobic
amino acid (Gly, Ala, or Val) by a Trp at the P2’ site, which might reduce
the binding affinity. A basic amino acid (Lys) at the P4 position of the
capsid substrate is unique compared to the other native substrates, and
results in a much smaller K,;, and a higher binding affinity even overcome
the possible reducing of the binding affinity due to the Asp at the P2’ site.
Comprehensively considering K, and k., the protease cleaves the
NS3/NS4A substrate most efficiently (k../K,, = 3878.0 s'lM'l), followed
by NS4B/NS5 (Ke./ Ky = 3257.0 s'lM'l). The processing efficiency of the
other three presumable substrates (capsid, NS2B/NS3, and NS2A/NS2B)
is lower than the two former ones, and varies slightly with the k../K,

value being 2647.9, 2421.5, and 2299.2 s'M™, respectively (Table 3b.5,
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and Fig. 3b.7).
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Table 3b.5 Kinetic parameters of ZIKV NS2B-NS3” (wt, monomer) against FRET substrates derived from cleavage sites in the

polyprotein.
Keat/Km or K,
Cleavage site Keae (min™) K (M) y (s'll\(/}l:l) pp Percentage Sequence
Capsid 3.16 £0.16 19.89 + 3.09 2647.9+432.6 68.28% Dabcyl-KKKRR | GADTE(Edans)-NH;
prM/M (Furin) 8.79 £ 0.50 38.97+5.82 3759.3 £ 600.8 96.94% Dabcyl-KRSRR | AVTLE(Edans)-NH;
NS2A/NS2B 11.29 £ 0.43 81.84 £7.94 2299.2 +239.6 59.29% Dabcyl-KSGKR | SWPPE(Edans)-NH;
NS2B/NS3 6.04 £0.24 32.10+4.64 2421.5+383.3 62.44% Dabcyl-KTGKR | SGALE(Edans)-NH;
Intra-NS3™ - - 742+ 12.1% 1.91% Dabeyl-KMTRR | LLGSE(Edans)-NH,
NS3
(Protease/Helicase) 0 0 0 0% Dabcyl-KQGRR | EEETE(Edans)-NH;
NS3/NS4A 8.63 £0.40 37.09 +£4.59 3878.0+512.0 100%%* Dabcyl-KAGKR | GAAFE(Edans)-NH;
NS4B/NS5 6.07 £0.36 31.06 £5.10 3257.1 £ 568.1 83.99% Dabcyl-KVKRR | GGGTE(Edans)-NH;
STING 1.00£0.11 33.22+9.82 501.7 £ 158.2 12.94% Dabcyl-KPLRR | GALLE(Edans)-NH,
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Fig. 3b.7 Comparison of cleavage site preferences between ZIKV, WNYV, and
DENV2 NS2B-NS3

The cleavage efficiency of ZIKV NS2B-NS3" turned out to be very different from
results on WNV and DENV2 NS2B-NS3" published by Shiryaev et al. (2007). The
most efficient ZIKV NS2B-NS3™ cleavage site is that between NS3 and NS4A,
followed by NS4B/NS5, and NS2B/NS3. There is no cleavage of the octapeptide
corresonding to the linker between the NS3 protease and the NS3 helicase, in
contrast to what Shiryaev et al. reported for the DENV2 enzyme. Moreover, the
ZIKV NS2B-NS3”® could efficietly process the octapeptide corresponding to a
potential cleavage site in the signaling protein STING.

The histograms of cleavage efficiency of WNV and DENV2 NS2B-NS3"° were
prepared based on the values reported by Shiryaev et al (2007).

(A) The efficiency of the cleavage (%) of ZIKV NS2B-NS3P against the substrates
corresonding to presumable cleavage sites in ZIKV polyprotein. The ke./Kn value
determined from the substrate with the cleavage site between NS3/NS4A is defined as
100%.

(B) The efficiency of the cleavage (%) of WNV NS2B-NS3"° against the substrates
corresonding to cleavage sites in the WNV polyprotein. The percentage values are
reported by Shiryaev et al. (2007).

(C) The efficiency of the cleavage (%) of DENV2 NS2B-NS3" against the substrates
corresonding to cleavage sites in DENV2 polyprotein. The percentage values are
reported by Shiryaev et al. (2007).

It is known that furin is involved in the cleavage of the prM/M in the
polyprotein precursor (Stadler et al., 1997, Zheng et al., 2010).
Surprisingly, K, (38.97 uM) and k., (8.79) values for the prM/M
substrate were similar to NS3/NS4A, and in particular, the high k../K.,
(3759 s'M™") value indicated that the furin substrate could be well
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recognized and efficiently cleaved by the ZIKV NS2B-NS3"°. However,
according to the results published by Shiryaev et al. (2007), both WNV
and DENV protease could cleave the furin substrate only with a
considerably lower rate (Fig .3b.7A-C).

One putative cleavage site inside the NS3”° (MTRR* | L**LGS) was also
investigated, for which the K,,, (74.2 s'M™") was calculated as an
approximation to the k.,/K,, parameter, as the cleavage efficiency was
relatively low. Apparently, the sensitivity of this substrate is quite low
compared to other substrates mentioned above, but a concentration
accumulation effect could lead to serious autolysis when a high enzyme
concentration was used for crystallization. Therefore, a mutant clone
(Arg29Gly) was always employed to prevent autolysis, resulting in the
successful crystallization of the ZIKV NS2B-NS3”° in complex with a
boronate inhibitor (Lei et al., 2016).

To investigate whether the flexible linker region between the protease and
helicase domains in the NS3 protein is cleavable, a substrate
corresponding to the putative cleavage site (QGRR'’|E'"'EET), was
tested. Results demonstrated that this putative cleavage site could not be
recognized by the NS2B-NS3" at all. This might be due to the presence
of three consecutive Glu residues at the P1’-P3’ sites, which are not
comparable with the preference of ZIKV NS2B-NS3” for small,
hydrophilic amino acids at the P1’° and P2’ sites. This is in agreement with
the cleavage efficiency of the putative junction between protease-helicase
by the WNV NS2B-NS3"; in contrast, the DENV2 NS2B-NS3" could
digest the substrate corresponding to this junction efficiently (Fig.
3b.7A-C; Shiryaev et al., 2007).

According to my previous result, the catalytic activity of the ZIKV
NS2B-NS3P against the Bz-Nle-Lys-Lys-Arg-AMC was 20-fold higher
than that of the WNV NS2B-NS37°. I also tested the kinetic parameters
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of the two proteases by using the substrate with the prime-side residues,
derived from the cleavage site between ZIKV NS2B/NS3 in the
polyprotein precursor. Similarly, the ZIKV NS2B-NS3" exhibited a
higher ke, than its WNV part (6.04 vs 0.24 min™), a smaller K, (32.10 vs
46.45 uM), and a 5.5-fold higher ke /K. (2421.5 vs 442.8 s'M™).
Although the difference of the cleavage efficiency between ZIKV and
WNV NS2B-NS3™ against the FRET substrate with the NS2B/NS3
cleavage site is not as large as in the case of the AMC substrate, the ZIKV
protease is still superior to the WNV protease. As described in part 3b.3.3,
Asp83* might account for the low K;, and high activity. Therefore, the
catalytic activity of ZIKV NS2B-NS3"* (Asp83*Asn) mutant against the
FRET substrate with the NS2B/NS3 cleavage site was determined. The
Asp83*Asn mutant leads to a slight increase of the K,,, and an about
2-fold decrease of the ke (3.90 min™), and an approximately 1.4-fold
decrease of the k../K, (1749.7 s! M'l). Thus, the obvious decrease of the
cleavage efficiency of the Asp83* Asn mutant against the AMC and FRET
(NS2B/NS3) substrates revealed that Asp83* at S2 partially afforded the
superior activity of the ZIKV NS2B-NS3"* (Table 3b.6).

Moreover, the catalytic activities of WNV NS2B-NS3"° against the
FRET substrates derived from its own cleavage sites (NS2B/NS3,
NS3/NS4A, NS4B/NS5) in the polyprotein were determined. Results
revealed that the catalytic activity of WNV NS2B-NS3" were much
lower on average than ZIKV NS2B-NS3 (Table 3b.7).
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Table 3b.6 Kinetic parameters of variants of ZIKV NS2B-NS3"" protease, in comparison to a similar WNV NS2B-NS3"" construct.

Protease Keat (min'l) K (pM) Keat/Km (s'lM'l) Percentage
ZIKV NS2B-NS3P (wt) 6.04 +0.24 32.10 £ 4.64 2421.5+383.3 100%
ZIKV NS2B-NS3P° (D83*N) 3.90+0.27 37.12£5.47 1749.73 + 285.02 72.25%
WNV NS2B-NS3P* 0.24 +£0.02 46.45 + 8.87 442.8 £+ 94.8 18.29%

Data are for the cleavage of the FRET substrate designed from the cleavage site between NS2B/NS3: Dabcyl-KTGKR | SGALE(Edans)-NH,. The
kinetic parameters for the ZIKV protease with Asp83* replaced by Asn are also included. “WNV NS2B-NS3”® (wt)” is my recombinant
preparation of the WNV protease. For comparison, the kinetic parameters for WNV NS2B-NS3" were also determined with the same ZIKV
NS2B-NS3P substrate. All values in this table are obtained at pH 8.5.

Table 3b.7 Kinetic parameters of WNV NS2B-NS3”" against FRET substrates derived from cleavage sites in its polyprotein and STING.

Cleavage site Keat (min'l) Ky (M) Keat/ Km (s'lM'l) Percentage Sequence
NS2B/NS3 0.71 £0.04 9.37+1.91 1264.81 +265.36 52.23% Dabcyl-KYTKR | GGVLE(Edans)-NH;
NS3/NS4A 0.38 £0.02 72.04 £9.91 87.15+13.23 2.25% Dabcyl-KSGKR | SQIGE(Edans)-NH;
NS4B/NS5 1.24 £0.08 20.92 +3.95 989.48 +196.23 30.38% Dabcyl-KGLKR | GGAKE(Edans)-NH,
STING 0.20£0.02 61.19 £10.47 55.54 £10.39 11.07% Dabcyl-KPLRR | GALLE(Edans)-NH,

The percentage value was calculated as follows: the ke,t/K,, value of the WNV NS2B-NS3”° was divided by the ke t/K, value of ZIKV
NS2B-NS3"* against the corresponding FRET substrate.
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It has been shown that DENV2 NS2B/NS3” could counteract the type-I
interferon production via cleavage of the stimulator of interferon genes
(STING) in human monocyte- derived dendritic cells (MDDCs)
(Aguirre et al., 2012). In order to verify our speculation on the protlytic
activity of ZIKV NS2B-NS3™ against STING, a FRET substrate
corresponding to the putative cleavage site in STING of the ZIKV
NS2B-NS3" (Dabcyl-KPLRR | GALLE(Edans)-NH,) was ordered from
Biosyntan (Biosyntan GmbH). The ZIKV NS2B-NS3" could efficient-
ly cleave the substrate with K, = 33.22 + 9.82 uM, and k../K,, = 501.7
+ 158.2 s'M' (Table 3b.5). However, the catalytic activity of WNV
NS2B-NS3P against this substrate is much lower compared to ZIKV
NS2B-NS3”° (K., = 61.19 + 10.47 uM, keo/Kin = 55.54 + 10.39 s'M;
Table 3b.7). The efficient cleavage of the substrate derived from STING
suggests the possibility that ZIKV NS2B/NS3"* digests STING in vivo.
In addition, as ZIKV has also been shown to permissively infect human
DCs (Hamel et al., 2015), I deduce that the super-high activity of the
ZIKV NS2B-NS3" could lead to more efficient cleavage of STING,
thereby enhancing the suppression of the host innate immune response

compared to WNV.
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4 Discussion

4.1 Coronavirus part

All coronaviruses require the proteolytic activity of the Nsp5 protease
(also known as M™ or 3CL") to process the polyprotein during viral
replication, which makes the M an attractive drug target. As the
coronavirus M"s have a similar fold to the enterovirus 3C proteases,
they are also called 3CL". The M s resemble the chymotrypsin-like
fold of the enteroviral 3C"°, except for an additional a-helical domain that
is involved in the dimerization of the protease. Compounds active against
the MP"s have the potency to show good activities against the 3C™.

In this thesis, the free enzyme crystal structure of HCoV-NL63 M was
determined. This revealed an overall fold similar to SARS-CoV M, but
with significant differences in the S2 pocket. As a Met is missing at
position 49, and GIn was replaced by Pro at position 189 in HCoV-NL63
MP™, a more rigid S2 pocket resulted. Thus, the two lead compounds 11a
and SG85 were inactive against HCoV-NL63 M. Remarkably, the
structures of HCoV-NL63 MP® in complex with 11a and SG85 were
determined in spite of the poor inhibitory activities, revealing that the
large P2 benzyl group of the two compounds could not be properly
accommodated in the rigid S2 pocket. Therefore, an HCoV-NL63 M
mutant (+M49, P189Q) was designed to generate a SARS-CoV M"*-like
pocket. The inhibitory activities of both compounds against this mutant
were improved, and the P2 group was neatly accommodated in the S2
pocket according to the complex structures.

One of the lead compounds tested against the M of HCoV NL63 was
a-ketoamide compound 11a. Some a-ketoamides have been successfully
developed into drugs, e.g. telaprivir and boceprivir for the treatment of
HCYV infection. These compounds are peptidomimetic inhibitors of the

HCV NS3/NS4 serine protease (Lin et al., 2006; Romano et al., 2012;
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Venkatraman et al., 2006). However, the a-ketoamides were only
occasionally described as inhibitors for viral cysteine proteases.

A single capped dipeptidyl a-ketoamide (GC-375; Table 4a.l) was
reported by Kim et al. (2012), which showed one-digit micromolar 1Cs,
values against several corona- and picornavirus proteases. In addition,
this compound also showed micromolar-range ECs, values in cell culture
against coronaviruses (TGEV, HCoV 229E, FIPV, MHV, and BCV), but
poor activity against enterovirus A71 (EV-A71). Further, a number of
capped dipeptidyl o-ketoamides were reported as inhibitors of the
norovirus 3CLP"* (Mandadapu et al., 2012). These inhibitors carry a P1
S5-membered y-lactam and P2-isobutyl in most cases, and a Cbz group as
cap. These authors optimized the P1’ substituent. Most of the inhibitors
showed micromolar-range activities with both ICsy and ECs, values
against the 3CL"  and a norovirus replicon (representative compound 6d
in Table 4a.1). However, there was not any data on the inhibitory activity
against coronaviruses reported in this publication.

Another single capped tripeptidyl a-ketoamide (compound 6; Table 4a.1)
among a series of aldehydes was described by Prior et al. (2013), which
exhibited 1Cs, values in the 3-digit nanomolar range against SARS-CoV
MP* and HRV 3C"™, as well as ECsy values of 0.5 uM against HCoV
229E and 0.03 uM against HRV18 in cell culture. However, no further
optimization nor toxicity studies were performed or mentioned.

Zeng et al. (2016) reported a series of a-ketoamides against the EV-A71
3CP™°. They mainly focused on the structure-activity relationship (SAR)
investigation of the P1’° substituent. They found small alkyl groups to be
superior to larger ones. Furthermore, they also replaced the 5-membered
y-lactam by a 6-membered o6-lactam, which led to 2-3 times higher
activities (representative compounds 8a and 8f in Table 4a.1). At the same

time, Kim et al. (2016) reported another five a-ketoamides with P1’° as
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cyclopropyl, P1 also 5-membered y-lactam, P2 as Leu, Phe, or cyclohexyl
alanine (Cha), and Cbz or Cbz-Cl as P3 group (representative compound
10 in Table 4a.1). These inhibitors showed submicromolar activity against
EV-D68 and two HRV strains. However, no data were reported against
coronaviruses. Considering the limited data available on a-ketoamides in
previous publications, it is of interest to produce broad-spectrum
a-ketoamides, and evaluate the SAR against both coronavirus and
enterovirus proteases.

Hence, 1 describe here the structure-based design and assessment of
dipeptide a-ketoamides not only targeting the main proteases of alpha- or
betacoronaviruses, but also the 3C proteases of enteroviruses. The
canonical GlnLactam (y-lactam) was chosen as P1 substitutent, benzyl in
P1', and a cinnamoyl N-cap in the P3 position. Optimization focused on
the P2 site.

Remarkably, according to the complex structures of a-ketoamides with
SARS-CoV and HCoV-NL63 M s as well as CVB3 3C"°, the a-keto
oxygen and the amide oxygen of the warhead (-CO-CO-NH-) accept two
hydrogen bonds from the target protease, whereas other warheads such as
Michael acceptors (-CH=CH-CO-) and aldehydes (-CH=O) have only
one such acceptor. As a consequence, the o-ketoamide warhead is
sterically more versatile than Michael acceptors and aldehydes.
Alternatively, the amide oxygen of the a-ketoamide warhead could accept
a hydrogen bond from either the catalytic His side-chain or the
main-chain amides of the oxyanion hole, and vice versa for the a-keto
oxygen. Depending on the exact interaction, the stereochemistry at the
thiohemiketal C atom would be different. A similar difference in case of
aldehyde inhibitors was observed previously, where the single hydroxyl

group of the thiohemiacetal could interact either with the oxyanion hole
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or the catalytic His side-chain through hydrogen bonds (Zhu et al., 2011),
resulting in a different stereochemistry of the thiohemiacetal carbon. Both
o-ketoamides and aldehydes react reversibly with the catalytic
nucleophile of proteases, whereas Michael acceptors form irreversible
adducts. A big advantage of a-ketoamides over Michael acceptors and
aldehydes is that they can probe the primed specificity subsites beyond
S1° via easy extension of the inhibitor, although this has so far rarely been

explored (e.g., Qian et al., 2008, in case of calpain).
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Table 4a.1 Structure, inhibitory activities, and toxicities of representative a-ketoamides

ICs5o (nM inst ECso (uM inst
Compound No. Formula 50 (kM) agains s0(r . ) agains CCso (nM)
protease virus
- 4.66 +0.19 0.2+ 0.1 (TGEV)
0. gQL o nd
Kimetal,2012 [ J J [ & 0.25+0.1 (229B)
’ © \( 07 Nu 1.55+0.10 (TGEV)
PY 4.5+ 0.4 MHV
6d @\/ u 9
Mandadapu et al., Oﬁgw\)\ﬁ ° 2.1 (Norovirus) 0.8 (Norovirus) nd
2012 TN
0.61 0.2 (SARS-CoV)
C do6
Pri omlz 0111n2013 4.2 £2.4 (Norovirus) nd
rioret al. 2.6 = 1.5 (Norovirus)
8 o w9
e S AN A 0 8.75+1.65 (EV-A71)  6.45+1.78 (EV-A71)  >100 (RD cells)
Zeng et al., 2016 wo oy ow

T
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Compound No.

ICs0 (nM) against

Formula
protease

ECs (uM) against

virus CCs (M)

8f
Zeng et al., 2016

Compound 10
Kim et al., 2016

©A)L J\')?Jk J:i;) 1.34 £ 0.33 (EV-AT71)

(o} NH

0.022 + 0.05 (EV-D68)
o8 T“ .

0.02 +0.01 (HRV14)

1.66 £ 0.45 (EV-A71)  >100 (RD cells)

0.04 + 0.02 (EV-D68)
0.08+0.01 (HRVIB) >100 (WI-38 cells)

0.07 £0.01 (HRV51)

nd- not done
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Crystal structures of HCoV NL63 (as representative of the alphacorona-
virus proteases) and SARS-CoV (beta-CoV) M™s as well as the 3C™™ of
Coxsackievirus B3 (enterovirus proteases) in complex with the early lead
compound 11a indicated fundamental different shapes of the S2 pockets
in these enzymes. In the SARS-CoV M, the S2 subsite is a deep
hydrophobic pocket that is truly three-dimensional in shape. It consists of
the "walls" formed by the polypeptide main chain around residues 186 -
188 as well as by the side-chains of His41 (of the catalytic dyad) and
GIn189, as well as the "floor" formed by Metl65 and the "lid" by
residues 45 - 51, in particular Met49. The two methionine residues of the
“lid” and “floor” are involved in important hydrophobic interactions with
the P2 substituents of inhibitors. It was described by my former
colleagues Zhu et al. (2011) that an aspartic-acid residue in P2 could
make polar interactions with the sulfur atoms of these methionines in the
SARS-CoV M. As the pocket features a pronounced plasticity, P2
substituents such as isobutyl (from Leu), which are too small to fill the
pocket entirely, can still generate sufficient binding enthalpy. Accordingly,
the S2 pocket of SARS-CoV M’ is the most tolerant among the three
enzymes investigated here, in terms of versatility of the P2-substituents
accepted.

On the other hand, in the S2 pocket of the HCoV-NL63 M, GIn189 is
replaced by proline, resulting in a significant loss of flexibility and a
smaller entrance for the inhibitor, because the proline is not as flexible as
the side-chain of GIn189 to adjust its conformation according to the steric
requirements of the P2 group. In addition, lack of Met49 reduces the
possibility of hydrophobic interaction of the protease with the P2
substituent. As a consequence, the large P2-benzyl substituent cannot
enter the pocket, whereas the smaller and more flexible isobutyl group of

P2-Leu can.
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Finally, the S2 pocket in the 3C"s of EV-A71 and CVB3 lacks a lid, and
is open towards the top, thereby offering fewer interaction points for P2
substituent of inhibitors. Therefore, the latter must be large enough to
reach the "back-wall" of the pocket (formed by Arg39, Asn69, Glu71) in
order to create sufficient binding energy. Hence, large aromatic
substituents such as benzyl are favored by the enterovirus 3C"“s.

In the series of a-ketoamides presented in this thesis, different chemical
groups with respect to the length, flexibility, and size were systematically
investigated at the P2 position based on the features of the S2 pockets in
both corona- and enterovirus proteases. When a fluoro substituent was
introduced in the para position of the benzyl group of the lead compound,
11a, it showed good activity against the enterovirus 3C™°s but complete
inactivity against the coronavirus M"“s. This is easily explained on the

Ps. the fluorine can

basis of the crystal structures: in the enterovirus 3C
accept a hydrogen bond from Arg39 (Lu et al., 2013), whereas in the
coronavirus MP°s, there would be electrostatic repulsion from the
main-chain carbonyls of residues 186 and 188. In agreement with this,
rupintrivir (which has P2 = p-fluorobenzyl) is a good inhibitor of the
enteroviral 3C"s (Binford et al., 2005), but not of the coronaviral main
proteases, as it was predicted by Hilgenfeld back in 2003 (Anand et al.,
2003).

So far, the best-compromise compound 11u (P2 = cyclopentylmethyl) has
satisfactory broad-spectrum activity against all proteases tested, as it can
fulfill different requirements of the S2 pockets (HCoV-NL63 MP: small
and covered, SARS-CoV MP™: large and covered, and CVB3 3C"™: large
and open). However, if the demand for equipotency against
alphacoronaviruses, betacoronaviruses, and enteroviruses is relaxed, and

the alphacoronaviruses are omitted from the list, the best inhibitor is 11r

(DZLO08; P2 = cyclohexylmethyl), which exhibits very good inhibitory
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activity against both SARS-CoV M and enterovirus 3C™°. Moreover,
the performance of several a-ketoamides in the SARS-CoV, EV-A71, and
CVB3 replicons was tested by Dr. Yuri Kusov, who detected micro- or
submicromolar-range activities for some of them. The data for the
anticorona- and enterovirus activities (obtained by our collaborators in
Prof. Eric J. Snijder’s, and Prof. Johan Neyts’s groups) in cell culture for
some o-ketoamides correlate well with the inhibitory power of the
compound against recombinant proteases in vitro as well as in
replicon-based assays (Lin, Zhang et al., to be submitted).

In addition to the systematic study of a-ketoamides, the inhibitory
activities of a series of aldehydes (these compounds were designed and
synthesized by the group of Prof. Hong Liu, Shanghai) against
SARS-CoV M™ were studied. The GIlnLactam (y-lactam) was chosen as
P1 subsite. In most of the aldehydes, the P2 subsite was a benzyl group
except for DC401937 with an iso-butyl at the P2 position, because the S2
pocket in SARS-CoV M is flexible enough to accommodate either a
large group e.g. phenyl, or a small group such as iso-butyl. Different
heterocyclic groups were designed and tested at the P3 position.
Compound DC401937 exhibits the same inhibitory potency against
SARS-CoV MP” as the a-ketoamide (11n) with identical chemical groups
at the P1-P3 position. However, no obvious SAR could be detected
against SARS-CoV M, as 90% of the aldehydes showed micro- or
submicromolar ICs, values against SARS-CoV MP®. Even serine or
aspartic-acid residues could be properly accommodated in the
hydrophobic S2 pocket, as indicated by crystal structures of SARS-CoV
MP?in complex with two aldehydes determined by Zhu et al (2011).
These results demonstrated that the highly electrophilic aldehyde

warhead could overcome the stringent specificity at the P1 and P2
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positions of the substrate or inhibitor. This might also explain the strong
inhibitory activities of most tested aldehydes regardless the different
heterocyclic groups at the P3 positions.

In two of the complex structures of SARS-CoV M™ with aldehydes, the
hydroxyl groups of the thiohemiacetal interact with the oxyanion hole via
hydrogen bonds, and the stereochemistry of the thiohemiacetal carbons
are both in the S configuration. In addition, the fundamental difference
between the structures of SARS-CoV MP™ in complex with a-ketoamides
and aldehydes is that residue GIn189 forms a hydrogen bond with the
carbonyl of the P4 (DC401954) or the main-chain amide of the P3
(DC401923) substituent. In the complex structure with a-ketoamide 11a,
the S2 pocket was expanded by the large benzyl group, so that Gln189
has no direct interaction with the cinnamonyl group. However, in the
aldehyde complex structures, the quinoxaline at P3 or the carbonyl of P4
offered possible interaction points for GIn189.

Moreover, several aldehydes showed submicromolar-range ECs, values in
the SARS-CoV replicon (performed by my colleague Dr. Yuri Kusov) and
virus-infected cell culture (tested in Prof. Eric J. Snijder’s group).
Surprisingly, the two aldehydes tested are not toxic in different cell line
experiments, which constitutes a deviation from the dogma that

aldehydes are highly toxic.
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4.2 Flavivirus part

Though the crystal structure of DENV2 NS2B-NS3” had previously
been determined, the challenge of preparing high-purity and stable
recombinant protease is still a major issue due to the autolysis of the
enzyme (D'Arcy et al., 2005). In this thesis, a method for preparation of
highly pure and stable DENV2 NS2B-NS3™ was developed and the
catalytic activity against the substrate (Bz-Nle-Lys-Arg-Arg-AMC) of the
purified DENV2 NS2B-NS3"* was found to be similar as values reported
by Noble et al. (2012). This method will be used for further studies: e.g.
in-vitro activities of inhibitors against this target protease, and
crystallization with compounds.

In this thesis, the structure of WNV NS2B-NS3 protease in complex with
a dipeptide-boronate inhibitor (cn-716) was determined. This is the
highest-resolution structure of a flavivirus protease with a small-molecule
drug-like inhibitor, and offers a good model for us and others to optimize
the binding affinity and selectivity of flaviviral protease inhibitors.
Analysis of the binding details of the inhibitor with the protease provided
hints for further optimization. First of all, several backbone atoms of the
compound are not engaged in interaction with the protease. Therefore,
these groups could be replaced to reduce the peptidic nature and increase
the stability of the inhibitor. In particular, a replacement could be made
for the P2 main-chain amide by a methylene group or a similar moiety to
promote the drug-like character of the compound. Secondly, a hydrogen
bond between the P2 main-chain carbonyl and the P1 side-chain indicates
the possibility for ring closure to generate a cyclic boronic acid inhibitor.
In addition, further modifications in the P2 and P3 regions could offer
additional specific interactions with side-chains and possibly with
backbone atoms of the target protease. It would be highly attractive to

generate additional interactions between the backbone of protease and the
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inhibitor, because this is expected to reduce the drug-resistance potential,
and produce broad-spectrum inhibitors against different flaviviruses.
Moreover, the S-membered ester formed by the boronic-acid warhead and
glycerol manifests that inhibitors can be extended towards the prime-sites
of the substrate-binding cleft, which so far remain completely
unexploited. The boronate prodrugs could be obtained via ester formation
with  larger, more hydrophobic diols or triols, and the
membrane-traversing ability could also be increased compared to free
boronic-acid derivatives.

When comparing the complex structure of ZIKV NS2B-NS3P with the
same compound (Lei et al., 2016, PDB entry 5LCO0), the two structures
are overall similar, in the closed conformation, and the inhibitor is
similarly oriented in the active sites. However, the monomeric WNV
protease structure shows no evidence for the formation of a “tight dimer”,
indicating a different potential of protease assembly.

In addition, the inhibitory activities of this boronic acid compound were
also tested against ZIKV NS2B-NS3" in absence of glycerol, from
where the boronic-acid compound shows almost the same ICs, value as
the glycerol-modified boronate variant. This implies that the modification
of the warhead by hydrophobic diols or triols would not reduce the
inhibitory activity, whereas the selectivity and membrane-traversing
ability are expected to be improved.

Compared to WNV NS2B-NS3°, ZIKV NS2B-NS3" exhibits super-
high (~21 fold) catalytic activity towards the canonical substrate
Bz-Nle-Lys-Lys-Arg-AMC, and also superior (~5.5-fold) activity against
the FRET substrate Dabcyl-KTGKR |SGAL-E(Edans)-NH,. The
aspartic-acid residue at position 83 in NS2B partially explained the
significantly higher activity, as it is able to form an ion-pair with the

positively charged residue in P2, while the Asn or Ser in WNV and
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DENV are unable to do so. The D83*N mutant indeed shows a
processing ability against both substrates that is reduced by 55% and
about 30%, respectively.

Further, the tight dimer in the ZIKV NS2B-NS3"° structure (Lei et al.,
2016; PDB entry SLCO) might be relevant for the substrate binding in a
positively cooperative manner. Binding of the substrate to one molecule
in the homodimer might result in a lower energy barrier of the other
monomer for taking up the next substrate, leading to enhancement of the
subsequent binding (Freiburger et al., 2011).

Interestingly, ZIKV NS2B-NS3"° exhibits significant cleavage activity
against the substrate Dabcyl-KPLRR | GALLE(Edans)-NH,, correspond-
ing to the cleavage site of flavivirus proteases in the STING protein. It
has been shown that DENV2 NS2B/NS3 could counteract the type-I
interferon production via cleavage of STING in human monocyte-
derived dendritic cells (Aguirre et al., 2012). As human DCs can also be
permissively infected by ZIKV (Hamel et al., 2015), I speculate that
efficient cleavage of STING by ZIKV NS2B/NS3P® could also occur in
human DCs, thereby resulting in an enhanced suppression of the host
innate immunity compared to other flaviviruses.

In this thesis, a screen of the catalytic activity of ZIKV NS2B-NS3™
against multiple FRET substrates corresponding to the native or putative
cleavage sites in the polyprotein was performed. All the substrates carry
an Arg at the the P1 position, which is identical with the result recently
reported by Gruba et al. (2016) that Arg is the only preferred residue at
the P1 position. Similarly, native cleavage sites in the WNV polyprotein
have Arg at P1 position, whereas Lys occurs as P1 residue in several
cleavage sites in the DENV polyprotein, i.e. NS2A/NS2B in DENVI1,
NS3/NS4A in DENV2-4, capsid in DENV3 (Table 1b.2). This is
consistent with the data reported by Li et al. (2005) for the preference of
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Arg/Lys at the P1 site. Gruba et al. demonstrated that Lys is more
preferred than Arg at the P2 position; indeed, the substrate corresponding
to the cleavage site between NS3/NS4A (Dabcyl-KAGKR|GAAFE-
(Edans)-NH,) shows the highest k.,/K,, value according to the results
shown in Table 3b.5, and Lys appears more often than Arg in the ZIKV
polyprotein cleavage sites (Table 1b.2). Importantly, the cleavage activity
of ZIKV against Bz-Nle-Lys-Lys-Arg-AMC is certainly higher than when
P2-Lys is replaced by Arg (kinetic parameters were determined by
Yasmin Giil, details will be described in her Master thesis). For DENV,
the preference was observed to follow the order Arg > Thr > GIn/Asn/Lys
by Li et al. (2005), while in WNV, a Lys-Lys combination is preferred at
the P3-P2 sites, and the Lys-Arg pattern is also accepted (Ang et al.,
2014). According to Gruba et al. (2016), ZIKV protease has a very strong
requirement for Lys at the P3 position; however, a substrate with Gly at
P3 shows the highest activity in this work, and P3-Gly occurs more often
than Lys or Arg in the cleavage sites in the ZIKV polyprotein. DENV and
WNV NS3 proteases also prefer Lys more than others at the P3 position
(L1 et al., 2005; Ang et al., 2014). Certainly, other amino acids, such as:
Arg, Asn, or Thr were accordingly acceptable at P3 position in the three
enzymes (Ang et al., 2014; Gruba et al., 2016; Li et al., 2005; Table 1b.2).
The most intense signal 1s found for Val at the P4 postion by Gruba et al.
(2016). A wide range of amino acids (Lys, Ser, Thr, Ala, Val) is used at
the P4 position in native cleavage sites in the ZIKV polyprotein, which
means that there is no strong preference at the P4 position in the cleavage
site in the polyprotein. Li et al., (2005) found that the preference of
DENYV protease was in the order of Nle > Leu > Lys > Xaa. Certainly, the
super- high catalytic activity against the substrate Bz-Nle-Lys-Lys-
Arg-AMC proves that ZIKV NS2B-NS3"° can also perfectly recognize

Nle at the P4 site. In addition, among the cleavage sites in the polyprotein
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of WNV and DENV 1-4, various amino acids were identified at P4,
suggesting that the low specificity at the P4 position would not have
played a critical role for substrate binding.

The prime site of the ZIKV NS2B/NS3P was not systematically studied
yet. However, the preference of the P1’ site can be easily deduced from
the cleavage sites in the polyprotein (Table 1b.2), as small residues such
as Gly, Ser are intensively preferred. This also applies to the WNV and
DENYV cleavage sites. For the P2’ position, most cases have Gly or Ala,
but large amino acids (Trp, cleavage sites between NS2A/NS2B in ZIKV,
WNV, DENVI-4; GIln in cleavage sites between NS3/NS4A, and
NS4A/2K in WNV; Table 1b.2) occasionally occur at this site. Moreover,
the FRET substrate with a Trp at the P2’ site, designed based on the
cleavage site between NS2A/NS2B in ZIKV, exhibits similar k./K,,
values as those with small residues (capsid, NS2B/NS3). In the ZIKV
polyprotein cleavage sites, most of the amino acids at the P3’ position are
Gly or Ala, except for an Asp occupying the position in Capsid. On the
other hand, the preference at the P3’ position is not restrained in both
WNV and DENV according to the cleavage sites in polyproteins (Table
1b.2). There is no apparent specificity at the P4’ postion in ZIKV, WNV,
and DENV, which means that the contribution of amino acids beyond P4’
might be negligible. Furthermore, Li et al. (2005) described that the
prime-site substrate specificity was for small and polar amino acids in P1°
and P3’, whereas the P2’ and P4’ substrate positions showed minimal
activity when compared with P1’ and P3’ sites. Niyomrattanakit et al
(2006) also demonstrated that small unbranched amino acid (Ser, Ala or
Gly) residues are preferred at the P1° position.

The kinetic parameters of ZIKV NS2B-NS3"° against the multiple
substrates derived from native and putative cleavage sites in the

polyprotein, presented in this thesis constitute a big deviation to results
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determined for WNV and DENV2 NS2B-NS3"° by Shiryaev et al. (2007).
In their results, the cleavage activity was extraordinarily low against
several substrates designed from the native cleavage sites (NS3/NA4A in
WNV and DENV2, NS4B/NS5 in DENV2), which might due to the
distinct analytic method used by these authors. However, the respective
results in this thesis agree better with those reported by Khumthong et al.
(2003) than Shiryaev et al. (2007).

Taken together, a basis for further enzymatic tests, and substrate based

drug design against ZIKV was achieved by this part of work.
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