Profiling of Substrate-Specificity and
Rational Design of Peptidomimetic Inhibitors
for 3C-Like Proteases of Coronaviruses

CHUCK, Chi Pang

A Thesis Submitted in Partiai Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy
in
Biochemistry (Medicine)

The Chinese University of Hong Kong
September 2010






Thesis/Assessment Committee

Professor SHAW Pang Chui (Chair)
Professor WAN Chi Cheong, David (Thesis Supervisor)
Professor WONG Kam Bo (Thesis Co-Supervisor)
Professor FONG Wing Ping (Committee Member)

Professor CHENG Yuen Kit (External Examiner)



Abstract

3C-like protease (3CL™) of severe acute respiratory syndrome-coronavirus
(SARS-CoV) is required for autoprocessing of the polyproteins la and lab, and is a
potential target for treating coronaviral infection. To obtain a thorough understanding
of its substrate preference, we created a substrate hbrary of 19 x 8 vanants by
performing saturation mutagenesis on the autocleavage sequence at P5 to P3°
positions. The substrate sequences were inserted between cyan and yellow
fluorescent proteins so that the cleavage rates were monttored by in vitro
fluorescence resonance energy transfer (FRET). The relative cleavage rate for
different substrate sequences was correlated with various structural properties.
P5 and P3 positions prefer residues with high f-sheet propensity; P4 prefers small
hydrophobic residues; P2 prefers hydrophobic residues without -branch. Gln is the
best residue at P1 position, but observable cleavage can be detected with His and Met
substitutions. P!’ position prefers small residues, while P2" and P3’ positions have
no strong preference on residue substitutions. Noteworthy, solvent exposed sites
such as P5, P3 and P3’ positions favour positively charged residues over negatively
charged one, suggesting that electrostatic interactions may play a role in catalysis.
A super-active substrate, which combined the preferred residues at PS to P1 positions,
was found to have 2.8 fold higher activity than the wild-type sequence.

Inhibition of SARS-CoV 3CL"™ proteolytic activity suppresses virion
replication and virus-induced cytopathic effects. Peptidomimetic inhibitors with
nitrile warheads, which inhibit Cys protease activity, have been applied for clinical
therapy. To investigate whether the nitrile group can target 3CL™, a series of nitrile-

based peptidomimetic inhibitors with various protective groups, peptide length and



peptide sequences were synthesized. Inhibitor potency in terms of 1Csp and K; values
was determined by FRET assay. Most of these nitrile-based inhibitors in micromolar
range can significantly reduce 3CL"™ activity. The most potent inhibitor is the
tetrapeptidomimetic inhibitor linked with carbobenzyloxy (cbz} group ‘cbz-AVLQ-

CN’ with ICso and K; values of 5.9 £ 0.6 uM and 0.62 £ 0.1t uM respectively.

Crystal structures of 3CL™-inhibitor complexes demonstrated that nitrile warhead
covalently bonded to Cys!45, while P1 — P4 residues interacted with 3CL™ as
substrate bound. The cbz group in ‘cbz-AVLQ-CN’ flipped into a cavity of
Glu166 — Proi68, providing an extra binding force to enhance inhibitor potency.
In conclusion, the nitrile-based peptidomimetic inhibitor with cbz group is
a convincing mode! for drug development.

Substrate specificities of various 3CL™ were further investigated by using
the substrate library of SARS-CoV 3CL™ . Among various viral strains, the proteases
of HCoV-NL63, HCoV-0OC43 and infectious bronchitis virus (IBV) were selected
from group I, ila and I} respectively for specificity profiling. Their proteolytic rates
against 19x 8 variants were obtained by FRET assay, and correlated with structural
properties of substituting residues. Like SARS-CoV 3CL™ in group l1b, these 3CL™™
consistently prefer small hydrophobic P4 residues, positively charged P3 residues,
hydrophobic P2 residues without B-branch, P1-Gin and small P1’ residues. These
proteases also tend to accommodate PS and P3' residues with positive charge, and
P2’ residues with small size. In contrast, their preferences on secondary structure are
divérse. Correlation was found between 1BV 3CL™ activity and B-sheet propensity
at P5 position, while no strong correlation with secondary structure propensities was
observed in HCoV-NL63 and HCoV-0OC43. Collectively, alt 3CL™ share universal

preferences on charge, side chain volume and hydrophobicity, but not secondary
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structure. Their relative activities against universal and specific super-active
substrates were elevated to 1.4 — 4.3, showing synergetic effects by combining
preferred residues. These substrates were examined by group [ HCoV-229E and

group lla HCoV-HKU! in parallel. Their activities were highly comparable to those

of other group members.
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Abbreviations

3CL 3C-like protease

BCoV bovine coronavirus

Boc tert-butyl carbamate

Cbz carbobenzyloxy

CFP cyan fluorescent protein

CoV coronavirus
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E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

FIPV feline infectious peritonitis virus
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Hise-SUMO poly-Histidine-small ubiquitin-related modifier
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IMAC immobilized metal ion affinity chromatography
Km' apparent K,

MES 2-(N-morpholino)ethanesulfonic acid

MHV mouse hepatitis virus

Miu 5-methylisourea

0D optical density

PEDV porcine epidemic diarrhea virus

PEG polyethylene glycol

PHEV porcine hemagglutinating encephalomyelitis virus
SARS severe acute respiratory syndrome

SD standard deviation

SDS-PAGE sodium dodecy! sulfate-polyacrylamide gel electrophoresis

TCEP tris(2-carboxyethyl)phosphine
TGEV transmissible gastroenteritis virus
WT wild-type

YFP yellow fluorescent protein
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Introduction

1.2 SARS-CoV 3CL"™

1.2.1 Proteolysis by Cys and His Dyad

The 3CLP™ is a Cys protease that cleaves peptide bond between Pl and Pi’
positions by Cysl45 and His4! dyad (Yang ¢r al., 2003). Substitution of either
Cysl45 or His4! to Ala resulted in loss of proteolytic activity (Chen er al., 2005b;
Huang et a/., 2004). During catalysis, Cys145 is at first ionized by donating H atom
to Hisdl, followed by bonding with Pl carbonyl group by nucleophlic attack
(Figure 1.2) (Solowiej er al., 2008). The P1 - P1’ peptide bond is then broken to
release C-terminal substrate. Afterwards, intermediate 1s deacylated by general base
catalytic mechanism that His41 accepts H atom from water molecule, and OH group

reacts with the Pl carbonyl group to release N-terminal substrate.
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Introduction

1.3.2 Drawbacks of Previous Studies

Chu et al. synthesized peptide substrates with single residue substitution at
cach of the P4, P3, P2, P17, P2" and P3’ positions (Chu ¢/ al.. 2006). The cleavage of
these peptide substrates by the 3CL™" was detected by mass spectrometry.
They showed that cleavage was detected only when Leu and Phe were present at
P2 position. Peptide substrates with acidic residucs at P1' position and with lle/Leu
at P2’ position were not cleavable. All substitutions at P4 and P3" positions resulted
in cleavable substrates. Their detection method can only detcrmine qualitatively
whether the peptide substrate 1s cleavable, but not the relative cleavage rate of
different substitutions. Goetz er al. profiled the specificity at P4 to Pl positions using
a fully degenerate library of tetrapeptides linked with fluorogenic groups at
the C-terminus (Goetz et af., 2007). Contradictory to common behief that P1 position
only takes Gln, they showed that the 3CL™ can cleave the peptide substrates
containing His at Pl position equally well. However, in their hands, peptde
substrates with Phe at P2 position have no observable cleavage, which is inconsistent
with the observation that Phe is naturally occurring at this position of
the autocleavage sequence of polyproteins. It 1s, therefore, unknown whether

the tetrapeptide is a good model for substrate specificity for the 3CL™.
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1.3.3 Comprehensive Specificity Profiling by Using the Protein-Based Substrate

Library

To de-lermin‘e a comprchensive-prefcr‘ence, we first selected a 12-residue
autocleavage sequence (TSAVLQSGFRKM) located at the 3CL™" N-terminus as
wild-type :(WT) substrate model. This sequence has been broadly apphed to
3CL" studies, because it is the most active among 11 known cleavage sites, and
these 12 residues covers all essential 'amino acids for protease-substrate interaction.
Next, saturation mutatgenesis was performed at P5 to P3’ positions n order to
generate a substrate library of 19x8 vanants. 20 substrates were included at each
position, so the satﬁple size 15 sufficient to deduce the positional preferences,
and thus the overall 3CL™ prefer‘encc. To measure the proteolytic rate on these
substrates, each autocleavage sequence was linked to cyan fluorescent protein (CFP)
and yellow fluorescent protein (YFP). Cleavage on substrate decreased in
ﬂuoresc;nce intensity at 530 nm emitted from YFP. Reaction rate could hence be
determined by monitoring fluorescence change. The fluorescent proteins were
excluded from the autoclcavage sequence; minih‘nizing undesirablc influence on
the proteolysis during protease-substrate interaction. In addition, change in
3CL™ termini may affect the protease activity as well as substrate specificity, hence

the 3CL™ was produced by factor Xa restriction at SGIEGR{SGFRKM so thal

protease with native termm was produced.
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1.4.3 Nitrile Warhead was Applied for Inhibition

The warhead plays an important role in potency of the overall inhibitor.
Nitrile group is an electrophile and a well-known warhead targeted active sites of
Cys proteases by formation of reversible covalent bond (Figure 1.6) (Brisson ef of.,
1986; Moon et al., 1986). This bioactive warhea;l has been broadly applied for
development of inhibitors and drugs against cathepsins-related diseases, such as
cancer, autoimmune disorders and osteoporosis (Black; Frnizler e¢r al). Thereby,
we aim at investigating whether nitrile-based peptidomimetic inhibitor can inhibit
SARS-CoV 3CL"™ activity, and is a good model for further drug development.
We produced a series of inhibitors with various protective groups, peptide length and
peptide sequences. Their inhibitor potency and binding affinity in terms of 1Cs, and
K; values respectively were determined by fluorescence resonance energy transfer
(FRET) assays. Potent inhibitors were soaked into 3CL™" crystals for structural
determination of protease-inhibitor complexes, which helped in investigating how

inhibitors target with the 3CL™ and structure-potency relationship.



Introduction

o) o) 0 y
Protective group —N N N N CmN s=—=— —C
TT TR T R
| P4 P3 P2 P1 $ T’
A A AT

S4 S3 s2 St
3CLpro

NH

Figure 1.6 — Proposed inhibition mechanism of nitrile-based peptidomimetic
inhibitor. Peptide of the inhibitor binds to substrate binding cleft of the 3CL™
(grey). Electrophilic nitrile group reacts with nucleophilic Cysl45 to form
a reversible covalent bond. Bonded Cys145 loses ability to attack substrate, leading
to protease inactivation. ‘Pl to P4’ represent side chains of residues at these positions,

while *S1 to S4° represent 3CL™ subsites.
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1.5 Substrate Specificity of 3CLP"™ of Various CoVs

1.5.1 Similarities among Various 3CL™

A number of CoVs have been discovered from human, farm animals and
domesticated pets. Based on 3CLP" sequences, they are classified into three major
groups (Figure 1.7) (Rota er ai., 2003). At least five strains of human-infected CoVs
have been found in group I and lI. SARS-CoV 3CL"™ (group !Ib) shared 40 - 50 %
of protein sequence similarity with other 3CL"™™,

3CL™ structures of HCoV-229E (group 1), transmissible gastroenteritis virus
(TGEV) (group 1), HCoV-OC43 {group lla), SARS-CoV (group llb) and IBV
(group IIf) have been solved, and are structurally comparabie (Anand er /., 2003,
Xue et al., 2008; Zhao et al., 2008). All of them are homodimer consisted of three
domains. Domain | and Il form substrate binding cleft, while domain Il s
responsible for dimerization. All 3CL™ consist of Cys and His dyad, indicating that
they share the common catalytic mechanism. Superimposing their structures showed
that main chains of their substrate binding clefts are highly similar (Figure 1.8).
Some of the residues within 6 A of SARS-CoV autocleavage sequence are conserved
(Figure 1.9). Moreover, high conservations at P2 to P1’ positions have been found
among cleavage sites of various 3CL™ (Figure 1.10) (Hegyi & Ziebuhr, 2002,
Kiemer ef al., 2004; Thiel er al., 2003). Gin is absolutely present at P1 position.

Leu and small residues are frequently found at P2 and P1° positions respectively.
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Figure 1.7 — 3CL"° were classified into three major groups. 3CL"™ sequences of
I3 of CoVs were aligned to obtain a phylogenetic tree. They were classified into
three major groups. The CoVs include feline infectious peritonitis virus (FIPV)
(GeneiD: 5075762), TGEV (GenelD: 1724654), HCoV-229E (GenelD: 918764),
porcine epidemic diarrhea virus (PEDV) (GenelD: 935181), HCoV-NL63
(GenelD: 2943501), porcine hemagglutinating encephalomyelitis virus (PHEV)
(GenelD: 3882095), bovine coronavirus (BCoV) (GenelD: 921688), HCoV-0C43
(GenelD: 5896646), HCoV-HKUI {GenelD: 3200429), mouse hepatitis virus
(MHV)-A59 (GenelD: 1489749), MHV-JHM (GenelD: 3283258), SARS-CoV and
IBV (GenelD: 1489740). The phylogenetic tree was created by computer programs
ClusterX 2.0 and PhyloDraw. Numbers in parenthesis indicate sequence identities

compared to SARS-CoV 3CLP™.
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1.5.2 Profiling of Universal and Specific Specificity among 3CL™"™

Previous studies were mainly focused on profiling of substrate specificity of
SARS-CoV 3CLP, while information about that of other CoVs was scarce.
Only substrate sequences of various CoVs have been compared (Hegyi & Ziebuhr,
2002; Thiel er al., 2003). We therefore aim at profiling of substrate specificity of
these 3CLP™, The high conservation at P2 to P!’ positions and structural similanities
of substrate binding clefts indicate that other 3CL™ is able to recognize and cleave
substrate sequence of SARS-CoV 3CL™. Comprehensive substrate specificity of
other 3CLP™ was hence profiled by using the substrate library created by saturation
mutatgenesis of autocleavage site at PS5 to P3’ positions of SARS-CoV 3CL™.

pro

There are a number of 3CLP™ with high protein sequence identities divided into
three major groups, so HCoV-NL63, HCoV-OC43, SARS-CoV and IBV were
selected as representatives of group I, Ha, Ilb and I respectively for
the investigation. Their relative activities against 19 x 8 substrate variants were
obtained by the FRET assay, and correlated to structural properties of substitating
residue.s. The specificity spectra demonstrated positional preferences of 3CL™ of
each group. Besides, universal preferences among various 3CLP" were determined
by comparing with their preferences, providing insight in development of 3CL™
inhibitor in broad-spectrum. Universal and specific super-active substrate sequences
were produced by combining preferred residues, and were examined by those four
CoVs as well as HCoV-229E (group 1) and HCoV-HKU'! (group ila). Results from

3CL™ of two additional HCoVs could verify consistency of 3CL™™ preferences in

the same group.

21
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Introduction

Objectives of the Study
To establish FRET assay for measuring 3CL™ aclivity on the protein-based
substrate (Chapter 3).

To profile comprchensive substrate specificity of SARS-CoV 3CLM™

at P5 to P3’ positions (Chapter 4).
To produce nitrile-based peptidomimetic inhibitors, examine their potency on

SARS-CoV 3CL™ and determine structures of 3CL™ -inhibitor complexes

{Chapter 5).

To investigate specificity ot 3CL™ in other groups {Chapter 6).

22



Materials and Methods

Chapter 2 — Materials and Methods

2.1 Materials

2.1.1 Reagents

Table 2.1 — Reagent components.

Reagents Components
1 % (w/v) agarose
1% (w/v) agarose Gel 0.1% (v/v) ethidium bromide
TAE buffer

45 % (v/v) EtOH
10 % (v/v) acetic acid
(.24 % (w/v) bromophenol blue
Coomassie blue 30 % (v/v) EtOH
destaining solution 10 % (v/v) acetic acid
0.25 % (w/v} bromophenol blue
6X DNA loading dye 0.25 % (w/v) xylene cyanol F¥
30 % (v/v) glycerol
10 g/L NaCl
10 g/L tryptone
5 g/L yeast extract
LB medium
LB plate 2%(w/v) agar
Mass spectrometry 75 mM NH.HCO;
destaining solution 40 % EtOH
|Omg/ml cinnamic acid
Matrix solution 0.1 % trifluoroacetic acid
50 % (v/v) acetonitriie
100 mM RbCl
50 mM MgCl;
30 mM potassium acetate
10 mM CaCl,
15 % (v/v) glycerol
Adjusted to pH 5.8
10mM 3-(N-morpholino) propanesulfonic acid
10 mM Rb(Cl
RF2 solution 75 mM CaCl,
15 % (v/v) glycerol
Adjusted to pH 6.8

Coomassie blue
staining solution

Luria-Broth (LB)
medium

RF1 solution

(P.T.O)

23
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2X SDS loading dye

12.5% or 15 %
SDS-polyacrylamide
running ge!

SDS-polyacrylamide
stacking gel

TAE buffer

Trypsin solution

50 mM Tris-HC! (pH 6.8)
100 mM DTT
2 % (w/v) SDS
0.1 % (w/v) bromophenol blue
5 % (v/v) glycerol
12.5 % / 15 % (w/v) of acrylamide/bisacryiamide (29:1)
375 mM Tris, pH 8.8
0.1 % (w/v) SDS
0.5 % (v/iv} TEMED
I mM of ammonium perfsulfate
5 % (w/v) of acrylamide/bisacrylamide (29:1)
125 mM Tris, pH 6.8
0.1 % (w/v) SDS
0.5 %(v/v) TEMED
1 mM of ammonium perfsulfate
40 mM Tns-HCI
20 mM acetic acid
| mM EDTA, pH 8.0
80 ng/uL trypsin
10 mM (NH4)2C03

24
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2.1.2 Nitrile-Based Peptidomimetic Inhibitors

Table 2.2 — Chemical structures of nitrile-based peptidomimetic inhibitors

All inhibitors were synthesized by Mr. Chao CHEN, Department of Chemisiry.

The Chinese University of Hong Kong.

Name Chemical structure

cbz-AVLQ-CN O\/ \)L \'/ \/ll\

miu-AVLQ-CN g u\/ﬁ\ W
?N)\H/N : N N\:)\N/\\
i H i H
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2.2  General Techniques

2.2.1 DNA Manipulation Techniques

22,11 Competent Cell Preparation
Escherichia coli (E. coli) strain DHSa was streaked on LB plate and

incubated at 37 “‘C overnight. Single colony was inoculated into 2.5 mlL of
LB medium and shaken at 37 "C overnight. The inoculum was transferred to 250mL
of LB medium and shaken at 37 C until mid-log phase. Cells were harvested and
chilled at 4 ' for 15 minutes in 100mL of RF1 solution. Harvesting and chilling

steps were repeated with substitution by 10mL of RF2 solution. Ahquots of

competent cells were stored at -80 C for future use. To prepare another strain BL21

(DE3) pLysS, extra 50 mg/L. chloramphenicol was added for LB plate and medium
for selection. After preparation, transformation of 1 pg standard plasmid pUC19 was

performed to verify that transformation efficiency was higher than 10’ colony-

forming unit / pg.

2.2.1.2 Transformation of Plasmids into Competent Cells

DH5a competent cells mixed with plasmid was stayed at 4 C for |0 minutes;
heat shocked at 42 “C for 2 minutes and stayed at 4 ‘C for another 5 minutes.
LB medium was added and shaken at 37 'C for 45 minutes for recovery. The cells

were spun down and spread to LB plate with 100 mg/L ampicillin, followed by

incubating at 37 °C ovemight. For transformation into BL21 (DE3) pLysS.

extra 50 mg/L chloramphenicol was added tor LB plate.

27
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2.2.1.3 Plasmid Preparation by Purification Kit

Plasmid preparation procedures referred to the protocol of “DNA-spin'™
Plasmid DNA Purfication Kit” (Catalog number: INTRON#17093). In brief,
plasmid was transformed into DH5a competent cells, followed by inoculating in

5 mL of LB medium and shaking at 37 C overnight. Cells were spun down and

resuspended in 250 pL of Resuspension buffer, followed by adding 250 pL of Lysis
buffer with mixing gently. After staying for 5 minutes, 350 puL of Neutralization
Buffer was added for bacterial protein precipitation. Precipitants were deposited by
centrifugation at 13,000 g for 10 minutes. Supematant was transferred into
DNA-spin column, followed by centrifugation at 13,000 g for 30 seconds.
The column was washed by 700 uL of Washing buffer B. Centrifugation step was
repeated for another 2 minutes to entirely remove solvents. Plasmid was eluted by

adding 50 pL of distilled water.

2.2.1.4 - DNA Quantification by Measuring OD s
Optical density at 260 nm (ODagg) was measured by UV spectrophotometer.

Distilled water was used as blank. The DNA concentration was calculated by

equation:

DNA concentration (ng / pL) = ODanox 50

ODayo was measured in parallel to determine DNA quality. Approximately 1.8 of

OD,/OD,, ratio revealed that bacterial protein and solvent were absent in the

sample.
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2.2.1.5  Agarose Gel Electrophoresis and DNA Extraction

DNA sample mixed with 6X DNA loading dye was loaded into well of | %
(w/v) agarose gel. 100 base pair ladder DNA marker was loaded in parallet as
reference. Electricity at voltage of 130 V was supplied for electrophoresis. DNA was
visualized under UV light illumination at wavelength of 340 nm.

Target DNA inside agarose gel was sliced and extracted by “DNA gel
extraction kit” (Catalog number: H-206). Each sliced gel of 0.2 g was dissolved in

500 ul. of Resuspension buffer at 70 °C, followed by transferring to the column and

centrifuging at 13,000 g for 30 seconds. The column was washed by 700 uL of
Washing buffer, and centrifuged for additional 2 minutes to completely ehminate

residuals. DNA was eluted by 30 uL of distilled water.

2.2.2 Protein Manipulation Techniques
2221  SDS-PAGE

Protein sample mixed with 2X SDS loading dye was heated at 100 ‘C for

5 minutes for denaturation. [t was then loaded into 12.5 % or 15 % sodium dodecyl
sulfate (SDS)-polyacrylamide gel with 0.75 mm thickness. 0.5 uL of low molecular
weight protein marker (Catalog number: 17-0446-01) was loaded in paralle! as
reference. Electricity at current of 60 mA was supplied for SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) until dye front reached bottom of the gel. The gel was
stained in SDS-PAGE staining solution, followed by destaining in SDS-PAGE

detaining solution, till apparent protein bands were visualized.
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2222 Protein Quantification by Measuring OD

Extinction coefficients of 3CL™ at 280 nm were determined by submitting
protein sequence to “ProtParam™ (Table 2.3} (Wilkins et al., 1999). The coefficient
of protein-based substrate at 430 nm was experimentally determtned by using
gel-filtration purified WT substrate. The coefficient of Dabcyl in peptide-based
substrate was 15,100 cm” M. OD was measured by Beckman Coulter DUS00
spectrophotometer or NanoDrop spectrophotometer. Sample buffer was used

as blank. The protein concentration was calculated by equation:

Protein Concentration (M) = OD / Extinction coefficient {em' M

Table 2.3 — Extinction coefficients of 3CL?™ and substrates.

OD at wavelength  Extinction coefficient

Protein (nm) (cm' M)
SARS-CoV 3CLP" 280 33,265
HCoV-NL63 3CLP* 280 39,880
HCoV-0C43 3CLP™ 280 42,860
IBV 3CLP® 280 49,390
HCoV-229E 3CL"® 280 43,890
HCoV-HKUI 3CL" 280 45,840
Protein-based substrate 280 49,280
Protein-based substrate 430 26,370
DABCYL (Peptide-bﬁséd substrate) 472 15,100
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2.3 Profiling of Substrate Specificity of 3CL""
2.3.1 Production of 3CL""

2.3.1.1 Plasmid Construction

DNA fragment encoding SARS-CoV 3CLM (GENE ID: 1489680) was
amplified by polymerase chain reaction based on SARS-CoV strain CUHK-Sul0
sequence (GenBank AY282752) (Tsui ef al., 2003), while those encoding 3CL" of
HCoV-NL63 (GENE ID: 294350!), HCoV-OC43 (gblAAXB5666.1|), IBV
(GENE ID: 1489740), HCoV-229E (GENE I[D: 918764) and HCoV-HKU!I
(GENE ID: 3200429) were purchased from Mr. Gene Lid. (Appendix 2.1 — 2.6).

3CL™ coding sequences of SARS-CoV and IBV were treated by restriction
enzymes Saci and Xhol and cloned into fusion-protein expression vector pET3a, so
that 3CL™ were tagged with poly-Histidine-maltose binding protein (His,-MBP) at
N-terminus. Factor Xa cleavage sequence was inserted between the 3CLP" and tag
for subsequent removal of the tag by factor Xa digestion.

3CL™ coding sequences of HCoV-NL63, HCoV-229E, HCoV-OC43,
HCoV—HKUl were restricted by Agel and Ncol and ligated into fusion-protein
expression vector pRSETA to produce recombinant 3CLP® tagged with
poly-Histidine-small ubiquitin-related modifier (Hise-SUMO) (GENE 1D: 7341) at

N-terminus.
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2312 Expression and Purification

Expression of SARS-CoV 3CLM in BL21(DE3)pLysS was induced by
adding 0.4 mM isopropy! B-D-1-thiogalactopyranoside during mid-log phase, while
those of other CoVs were induced by 0.1 mM isopropy! B-D-1-thiogalactopyranoside.

SARS-CoV 3CLP™ was expressed at 37 °C for 4 hours, while others were expressed

at 25 °C overnight.

For substrate specificity profiling of SARS-CoV 3CL™, the recombinant
protein was released by sonication in buffer A (20 mM Tris, 20 mM NaCl, pH 7.8)
with 10mM imidazole. Soluble fraction was subjected to immobilized metal ion
affinity chromatography (IMAC) column and the recombinant protein was eluted by
buffer A with a gradient of 10 — 300 mM imidazole. The Hise-MBP tag was removed
by factor Xa digestion in 20 mM Tris, 50 mM NaCl, 2 mM CaCl,, pH 7.4 at room
temperature overnight, and by IMAC. The 3CL" was purified by G75 size exclusion
column and stored in buffer A. Elution profile showed that the protease was dimeric
in solution. ODagy was measured for protein quantification.

For substrate specificity profiling of various CoV 3CL"™, the proteins were
purified and stored in buffer B (20 mM Tns, 150 mM NaCl, ImM
tris(2-carboxyethyl)phosphine (TCEP), pH 7.8). Hise-SUMO tag was removed by

SUMO protease. Other purification steps were same as procedures mentioned above.
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2.3.2 Production of Protein-Based Substrate Library
2.3.2.1  Plasmid Construction

Fusion protein plasmid pET3a encoding the recombinant WT substrate
(Hise-CFP-TSAVLQSGFRKM-YFP), which consisted of 12-residue autocleavage
sequence inserted between CFP and YFP, was constructed (Appendix 2.7).

The plasmid was mutated by overlapping PCR and quikchange for producing
substrate variants. For overlapping PCR, forward primers included DNA fragments
encoding mutated autocleavage sequences at 5 overhang, so the resulting products
had both DNA sequences of the mutated autocleavage sequences and YFP
(Appendix 2.8 — 2.9). The BamH]! and Kpnl treated products were subcloned into the
fusion protein vector. For quikchange, primer sequences were designed with aid of
*“Tm calculator” (http://www stratagene.com/gpcr/tmcalc.aspx) (Appendix 2.10).

Amplified plasmids were restricted by Dpnl and transformed into DH5a.

2.3.2.2  Expression and Purification
The substrates were expressed by supply of 0.1 mM isopropyl

B-D-1-thiogalactopyranoside and shaking at 22 "C overnight. They were purified by

IMAC and dialyzed in buffer A or B. ODy43; was measured for determining substrate

concentration.
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2.3.3 Determining SARS-CoV 3CL"P™ Activity
2.3.3.1  FRET Assay

For substrate specificity profiling of SARS-CoV, 35 uM of the recombinant
substrate was rapidly mixed with 1 — 4 pM of 3CL™ in 96-well black Optiplate.
Cleavage of the substrate was performed in buffer A was monitored by FRET using
EnVision 2101 Multilabel Reader. The reaction mixture was excited by light passing
though a 430 nm filter (bandwidth at § nm), while the intensity of emitted
fluorescence passing though a 530 nm filter (bandwidth at 10 nm) was recorded in
every 30 seconds. For Cys variants, 2.5 mM TCEP was added for preventing
disulphide bond formation. The assay for each substrate was performed in tniplicate.
Substrate variants with relative activities of < 0.3 and < 0.1 were further examined by
2 -8 puM and 4 - 16 uM of 3CL™. Super-active substrate variants were examined by
1 -1.75 uM of 3CL"™.

Substrate specificity profiling of various CoV 3CL™ were determined by
using. 0.5 uM, 1 uM, 2 uM and | pM of 3CL"™ of HCoV-NL63, HCoV-0C43,
SARS-CoV and IBV respectively. Activity on universal and specific super-active
substrates was determined by 0.2 - 0.5 pM, 0.1 - 0.25 puM, 0.2 - 0.5 pM,
0.2-05uM,04-1 pM and 0.4 - | uM of 3CLP® of HCoV-NL63, HCoV-229E,
HCoV-0C43, HCoV-HKUI, SARS-CoV and [BV respectively. Cleavage was

performed in buffer B.
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2.3.3.2 Determining Specific Activitv and Relative Activity
Observed rate constant, kqbs, was obtained by fitting the emitted fluorescence

at 530 nm to single exponential decay equation:

FS-P x e('kubsx t) + Fp

where Fsp is fluorescence intensity difference between substrate and product, t is
time in terms of minutes and Fp is fluorescence intensity of product. The fitting
process was performed by computer program “KaleidaGraph 4.0”. Graph of kb
against 3CLP™® concentration was plotted. Specific activity, ken/[3CL"], on the
substrate was determined by measuring slope of the graph.

Average of specific activity on substrate variant, Ayag, was normalized

against average of specific activity on WT substrate, Awr, to obtain the relative

activity:

. . A
Relative activity = —2&

wT

Relative standard deviation (SD) was determined by equation:

Relative SD = Avar x J(SD\’AR ) o+ (SD“-T )

wT A\'AR A wT

where SDvar and SDwy are SD of substrate variant and WT substrate respectively.
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2.3.3.3  N-terminal Sequencing

Proteins in SDS-polyacrylamide gel without staining were transferred to
polyvinylidene fluoride membrane by supply of electricity at voltage of 20 V for
30 minutes. The membrane was stained by coomassic bluc staining solution for
5 minutes, and destamned by distilled water until visuahizing protein band. Target
bands on the membrane were sliced and sequenced by Precise Peptide Sequencing
System 492, which was operated by Ms. Doris Ho, Department of Biochemisiry,

The Chinese Umiversity of Hong Kong.

2.3.34 Mass spectrometry

Target bands in SDS-polyacrylamide gel werc isolated and sliced into small
pieces. Samples were destained by shaking in 1 mL of coomassie blue destaining
solution until colourless. After washing by nano-pure water, they were incubated two

times in 100 puL of 200 mM NH,HCQO; for 10 minutes, followed by 100 pL of

acetonitrile for 5 minutes. The dried gel slices were immersed in 10 puL of trypsin

solution on ice for 30 minutes. 10 mM (NH,),CO, was added until the slices were
just covered, followed by incubation at 30 °C overnight for trypsin digestion. 2 pL of

supernatant was transferred to Matrix-Assisted Laser Desorption lonisation sample
plate. 0.5 pbL of matrix solution was added for crystallization. The samples were
subject to ABI 4700 MALDI-ToF-ToF Tandem mass spectrometry system, which
was operated by Mr. Denis Ip, Department of Biochemistry, The Chinese University

of Hong Kong. Results were analyzed and exported by computer program “GPS

explorer”
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2.3.4 Correlating with Structural Properties of Substituting Residues

The relative activity was correlated with scales for structural properties of
substituting residues, including side chain volume, hydrophobicity, and a-helix and
B-sheet propensities (Appendix 2.11) (Chou & Fasman, 1978; Kyte & Doolittle,

1982; Lee et al., 2008). Coefficients and p-values of the correlations were obtained.

37



Matertals and Methads

2.4 Development of Peptidomimetic Inhibitors

2.4.1 Determining Inhibitor Potency
2411 ICsg Determination

Inhibitors at various concentrations were pre-mixed with 3CL™, followed by
determining the specific activities by FRET assay. These specific activities were
normalized against that of 3CL™ without inhibitor to determine relative activity.
Graph of relative activity against inhibitor concentration in log scale was plotted.
{Cso was obtained by fitting four parameter logistic equation:

1
. ([lnhibilor] )S‘”"“
ICs0

Relative activity =

2412 K, Determination

Peptide-based substrate, DABCYL-KTSAVLQSGFRKME-EDANS, with
> 95 % of purity was synthesized by GL. Biochem (Shanghai) Ltd. Its concentration
was determined by measuring ODg7;. 25 — 50 uM of the peptide-based substrate was
rapidly mixed with 1 pM of the 3CL™ in 96-well black Optiplate. The reaction
condition was 20mM Tris, 20mM NaCl, 2.5 % (v/v) dimethyl sulfoxide (DMSOQ),
pH 7.8. Cleavage was monitored by FRET using EnVision 2101 Multilabe! Reader.
The reaction mixture was excited by light passing though 340 nm filter (bandwidth at
60 nm), white the intensity of emitted fluorescence passing though 486 nm filter
(bandwidth at 10 nm) was recorded in every 30 seconds. The assay for each substrate
was performed in tnplicate.

kons Was obtained by fitting the emitted fluorescence at 486 nm to single

exponential decay equation. Reaction rate was determined by multiplying ke, by
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substrate concentration. K,, was then obtained by fitting kinctic from graph of
reaction rate against substrate concentration by the Michaclis-Menten equation:

k . x[Substrate]
(Substrate] + K |

Reaction Rate =

where k¢, and K, are catalytic constant and substrate concentration at half-maximal

velocity respectively.

2413 K, Determination

FRET assay was performed by using the 3CL™ pre-mixed with 1 - 5 uM of
"cbz-AVLQ-CN". 7 — 35 uM of ‘'muu-AVLQ-CN’, 10 - 50 uM of "boc-AVLQ-CN’
and 2 — 10 pM of *cbz-TSAVLQ-CN’, to determine apparent K, (K., } under cach of
inhibttor concentrations. Graph of K,," against inhibitor concentration was plotted to
yield a straight line. K, was determined by rearranged equation:

4 [Inhibitor}

Kln' :KI‘II x(

)

m

K - }(Kl“ » [Inhihilor] + Km
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exposure time were adjusted to approximately 1.8 2.5 and 8 - 10 minutes

respectively, depending on crystal quality.

2423 Data Processing, Molecular Replacement and Structure Reftnement
Structures of SARS-3CL™ -inhibitor complexes were built by molecular
replacement with computer program “python-based hierarchical environment for
integrated xtallography™ using SARS-CoV 3CL™ (PDB ID: 1WOF) as the search
model (Adams et al.; Yang et af., 2005). The restrained refinement was performed by
computer programs ‘“coot” and “PHENIX" (Emsley & Cowtan, 2004).

The stereochemistry was examined by web tool “MolProbity™ (Davis ¢r of., 2007).
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3.2 Production of SARS-CoV 3CLP™ and Protein-Based

WT Substrate

A plasmid encoding the recombinant SARS-CoV 3CL™ tagged with
His;-MBP tag at N-terminus was constructed (Figure 3.2). The recombinant protease
was expressed in BL21 (DE3) pLysS at 37 'C for four hours and purified by IMAC.
The Hise,-MBP tag was removed by factor Xa digestion and by IMAC. The protease
was further purified by size exclusion chromatography. The final purity was higher
than 90 % (Figure 3.3). Elution profile of size exclusion chromatography showed
that the 3CL"™ was dimeric in solution (Figure 3.4), indicating that the protease was
in native conformation.

The protein-based WT substrate, Hise-CFP-TSAVLQSGFRKM-YFP,

was expressed in BL21 (DE3) pLysS at 22 'C overnight and purified by IMAC.

The purity was higher than 80 % (Figure 3.5).
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3.3 Cleavage of the Substrate by 3CL""

3.3.1 Cleavage at Peptide Bond between PI and P1’ Positions

To determine whether the substrate was cleavable by the 3CL", they were
mixed and stayed at room temperature for one hour. The substrate of 58 kDa was
cleaved into two fragments of 28 and 30 kDa (Figure 3.6). N-terminal sequencing
results showed that the five residues at N-terminus of the 28 kDa fragment were
SGFRK, verifying that the protease can specifically clecave the substrate at peptide

bond between Pl and P1° positions (Figure 3.7).
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3.3.2 Decrease in FRET Efficiency

To examine whether cleavage of the substrate cause decrease in FRET
efficiency, the substrate mixed with the 3CL™ was excited by light at 430 nm and

emitted fluorescence at 530 nm was monitored for cvery 30 scconds.

A time-dependent decrease in the fluorescence intensity was observed (Figure 3.8),

indicating that the cleavage rate can be determined by FRET.









FRET Assay Estabhshment
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Figure 3.9 - Determining k.., and specific activity. (A) The protem-based
substrate cleaved by 1 — 16 pM of SARS-CoV 3CL™ led to decrease in fluorescence
at 330 nm. k., was obtained by fitting data to sigle exponential decay equation.
(B) The plot of kgh, against [3CL™] yielded a straight hine. The specific activity.

Kon/[ 3ICL"?). was determined by slope of the line.
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3.5.2 Determining Substrate Concentration by measuring ODyy

An alternative method to obtain the substrate concentration was 0Dy
measurement. Light at 430 nm is absorbed by CFP of the protein-based substrate.
Extinction coefficient of CFP at ODy3p 1s expenimentally determined by the substrate
with high purity and known concentration. The substrate with high purity was
obtained by purification by size exclusion chromatography, and the punty was
improved to > 90 % (Figure 3.11). ODy3 and ODagy, of the substrate with high punity
were measured, followed by multiplying ratio of ODs::ODaxg by the coefficient at

280 nm, to determine the coei’ﬁciem at 430 nm, which was 27.500 M cm’!

(Figure 3.12).
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Figure 3.12 — Determining extinction coefficient of the substrate at 430 am.
(A) OD4s3 and ODagy of the highly pure substrate were measured. (B) Ratio of
ODa430:0D2s0 was determined by measuring fractions 7 - 11. The ratio of 0.560 was
multiplied by the coefficient at 280 nm, 49,280 M"' cm’', to obtain the coefficient at

430 nm, which was 27,500 M"' em™'.
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P3" positions preferred positively charged substitutions, as the protease activity on
the Arg/Lys-substituting variants was consistently higher than that of the Asp/Glu-
substituting variants. The difference was the largest at P3 position, where positively
charged substitutions resulted in 12-fold higher proteolytic activity. P5 and P3’
variants with positive charges were also 3-fold higher in activity. The preference on
charged residues indicated that electrostatic interaction, which is long-range in nature,
may play a role in the 3CLM™ catalysis. One of the possibilities is tha; the positive
charges stabilize transition state of thcatalysis. [t is expected that the carboxylate
group at Pl residue will be converted to an oxyanion during the formation of
the transition state. Presence of positive charges near the active site
may electrostatically stabilize the oxyanion and thus promote catalysis.
Another possibility is a direct electrostatic interaction between positively charged
residues of substrate and negatively charged residues of 3CLP™. There is a Glul66

located at substrate binding cleft that can interact with P3 residue. This may explain

why P3 position has the strongest preference for positively charged residues.
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Table 4.1 — SARS-CoV 3CLP™ relative activity on the substrate varianis.

‘ND’ stands for non-detectable cleavage.

Position at the aulocleavage scquence {WT residuc)

Residue PS5(Ser) P4(Ala) P3(Val) P2(Lcw)y PI{GIn) P1'(Ser) P2°(Gly) P3'(Phe)
K 1.30+0.19 ND 0.91+0.09 ND ND 0.03£0.01 0.80=0.05 0.9420.13
R 1.36+0.08 ND 1.07£0.13 ND ND 0.0740.01 (0.79:£0.05 1.1010.03
H 1.30+0.11 ND 0.43+0.03 ND 0.26+0.02 0.22+0.02 0.62+0.06 0.8420.07
D 0.37+£0.02 ND 1.04+0.01 ND ND ND 0.28:0.02 0.2610.02
E 0.55+0.04 ND 0.13+0.01 ND ND ND 023+£0.02 0.42+0.04
N 1.0120.06 0.11x0.01 0.39:0.03 ND ND 0.15+0.01 0.60+0.05 0.62:0.02
Q 0.66+0.04 ND 041£0.04 ND 1.00£0.08 0.03£0.00 0.81+0.06 0.59+0.05
P 1.06£0.05 0.49£0.03 ND 0.03x0.00 ND ND ND 0.43:0.02
F 1.62+0.06 0.04+£0.00 0.40:0.04 0.42+0.05 ND 0.11x0.01 0.66+0.04 1.00=0.03
W 1L E740.22 0.20+0.02 0.32+0.02 ND ND 0.08+0.01 0.40:0.03 0.61+0.02
Y 1.25+0.09 ND 0.30+0.02 ND ND 0.10+£0.01 0.64+0.03 0.85+0.06
T 1.52+0.09 0.77+0.09 0.48+0.02 ND ND 0.4520.04 0.7140.12 0.82:0.02
S 1.00+£0.05 0.51+0.04 0.411£0.02 ND ND 1.00£0.08 1.29x0.12 0.72+0.07
q 1.30+0.27 1.32:0.24 0.60+0.12 0.1840.04 ND 097:0.18 0.6910.12 083019
G 1.03+0.04 0.24+0.02 0.11+0.01 ND ND 0.78+0.08 1.00+0.05 0.35+0.0)
A [.00+0.05 1.00£0.08 0.2620.01 0.06+0.01 ND 0.99+0.06 1.05+0.19 0.5640.03
\Y 1.920.0? 1.30£0.15 1.00+0.04 0.09:0.0] ND 0.06+0.01 0.67+0.06 0.70+0.03
I 1.35£0.09 0.53:0.03 0.84:0.07 0.13x0.01 ND ND 0.37:0.06 0.81£0.08
L 1.30+0.08 0.10+£0.01 045008 1.00=0.08 ND 0.08+0.01 0.4440.04 0.641+0.02
M 1.3720.14 0.1520.01 0.57:0.06 0.68x0.06 0.10x0.01 0.27+0.02 0.56+0.02 0.61+0.04
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4.2 Correlation between 3CL"™ Activity and Structural

Properties of Substituting Residues

To find out the preferred propertics of substituting residues, 3CL™ activity
was correlated with scales for side c‘huin volume (Lee ef af.. 2008), hydrophobicity
(Kyte & Doolittle, 1982), and a-hehx and f3-sheet propensities '(('huu & Fasman,
1978) (Appendix 2.12). The correlation coethicients (r) and p-values were shown 1n

tables 6.2, Significant correlations with p-value < 0.01 were observed i a few cases.
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Figure 4.4 — PS5 position preferred residucs with high B-sheet propensity and
hydrophobicity. The reclative activity against P5 variants correlated with (A) B-Sheet

propensity (r = 0.71 1, p < 0.001) and (B) hydrophobicity (r = 0.573, p = 0.008).
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4.3.2 P4 Position Prefers Small Hydrophobic Residues

The best substitutions were Cys and Val, with relative activity of 1.32 + 0.24
and 1.30 + 0.15, respectively (Figure 4.2). The relative activity correlated with
hydrophobicity (r = 0.587, p = 0.006) (Table 4.2), yet the data were not well fitted to
the trend line (Figure 4.5A). In most of the active vanants, side chain volumes of
P4 residues were < 80 A' (Figure 4.5B). The correlation was more evident (r = 0.942,
p < 0.001) when large vanants were excluded from the analysis (Figure 4.5C).
From the crystal structure of 3CLP-substrate complex, the side chain of P4 is
completely buried inside a small hydrophobic pocket {Xue ef al., 2008). Our data
suggest that for those residues that are small enough to fit into the binding pocket,
the relative activity is directly proportional to the hydrophobicity of the substituting
residues. No observable cleavage was detected for charged residues (Arg, Asp, Glu
and Lys), probably due to the high desolvation penalty for burial of charges inside

the hydrophobic pocket.
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Figure 4.5 — P4 position preferred small hydrophobic residues. (A) A significant
correlation was observed for hydrophobicity (r = 0.587, p = 0.008), but data were
deviated from the trend line. (B) P4 residues of active variants were almost < 80 A’
in side chain volume {C) The correlation was improved (r = 0.942, p < 0.001) when

only residues with side chain volumes of < 80 A® (Ala, Asn, Asp, Cys, Glu. Gly, Pro,

Ser, Thr and Val) were included.
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4.3.3 P3 Position Prefers Residues with High fi-sheet Propensity

The relative activity for P3 variants comrelated well with {i-sheet propensity
{r=0.510, p=0.022) (Table 4.1). As discusscd above, P3 position favors positively
charged residues over negatively charged one (Figure 4.2). After exciuding
the charged residues, we found that the 3CL™ activity was directly proportional to

B-sheet propensity of the substituting residues (r = 0.729, p = 0.001) (Figure 4.6).
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4.3.4 P2 Position Prefers Hydrophobic Residues without f-Branch

Detectable cleavage was only obscrved for hydrophobic substitutions
at P2 position (Figure 4.7). When all 20 residues were included 1n the correlation
analysis, the relative activity was found to corrclate with hydrophobicity (r = 0.590,
p = 0.006) (Table 4.2). The most favored residue at P2 position was Leu (1.00 ¢
0.08), followed by Met (0.68 + 0.06) and Phe (0.42 £ 0.05). On the other hand,
B-branched residues like e (0.13 £ 0.01) and Val (0.09 + 0.01) were less preferred,
although their hydrophobicity 1s similar to that of Leu. Taken together, our results

suggest that P2 position prefers hydrophobic residues without 3-branch.
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Figure 4.7 — P2 position preferred hydrophobic residues without B-branch.
Only variants with hydrophobic residues (Ala, Cys, Ile, Leu, Met. Phe, and Val) at

P2 position were cleavable.
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4.3.5 Pl Position Tolerates His and Met

The substrate was cleavable when Pl position was a Gln, His or Met
(Figure 4.2). Other substitutions were not cleavable. The most favorable residuc was
Gln, which is an invariant residuc at Pl position of the 3CL™ substrate sequences.
Substitution to His or Met resulted in rfcduccd‘r relative activities of 0.26 + 0.02 and
0.10 % 0.01, respectively. OQur observation that P1-His was cleavable 1s consistent
with another study by Goetz et «l. based on tetrapeptide substrates (Goetz ef di.
2007). However, in their cases, the activity of Pi-His substrate was even higher than
that of the WT sequence of P1-GIn. In the crystal structure of 3CLF-substrate
complex, the Og, and Ne; atoms of P1-GIn form hydrogen-bonds to Neo atom of
His163 and backbone carbonyl group of Pheld0. respectively (Figure 4.8).
We modeled how 3CL™ recognizes PI-His using SWISS-PDBViewer (Guex &
Peitsch, 1997). In the modeled structure, although P1-His can fit into substrate
binding pocket without steric hindrance, it 1s no longer in an optimal position to form
hydrogen bonds with Hisl63 and Phel140 (Figure 4). Instead, the Ne; atom of P1-His
position can form a hydrogen bond with the amide group of Asnl42. From this point
of view, substitution of His at Pl position should wcaken the enzyme-substrate
interaction, which justified our observation that the PI-His 1s a poorer substrate than
P1-Gln.

On the other hand, we also modeled Met at Pl position (Figure 4.8). The
structure indicated that PI-Met can fit to the pocket. yet cannot interact with other
residue by hydrogen bonding. So the activity on Pl-Met substrate was lower than

that on P1-Gln and P1-His.
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4.3.6 PI’ Position Prefers Small Residues

The relative activity of P1’ vanants negatively correlated with the side chain
volume (r = -0.660, p = 0.002), suggesting that P1’ position preferred small residues
(Table 4.2). Ser (1.00 £ 0.08), Ala (0.99 + 0.06), Cys (0.97 + 0.18), and Gly
(0.78 + 0.08) at P1' position were apparently higher in acuwvity (Frgure 4.2).
Substitutions with residues larger than Cys resulted in dramatic decreases in

the relative activity (Figﬁre 4.9). Taken together, P1" position prefers small residucs

with side chain volumes less than 50 A®.
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4.3.7 P2’ Position Tends to Prefer Small Residues

No significant correlation was found at P2’ position (Table 4.2). However,
it was noted that small residues such as Gly {1.00 £ 0.05), Ala (1.05 + 0.19) and Ser

(1.29 £ 0.12) tend to have higher relative activity than thc other large residues

at P2’ position (Figure 4.10).
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Figure 4.10 - P2’ position tended to prefer small residues. The relative activity on

variants with Ala, Gly and Scr at P2" position was lmgher than that on others.
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4.4 Combining Preferred Residues Generated ‘Super-

Active’ Substrate Sequences

Substitutions to Phe, Thr and Val at P5 position and to Val at P4 position
resulted in significant increases in 3CL™ activity (Figure 4.2 and table 4.1). Also,
P3 position favors positively charged residues. To test if a ‘super-active’ substrate
sequence can be generated by combining the best substitutions at these positions,
three varitants with double-substitution (FVVLQ|SGF, TVVLQJSGF and
VVVLQ|SGF) and three varants with tnple-substitution (FVRLQ|SGF,
TVRLQ|SGF and VVRLQ|SGF) were created. The relative activity of 3CL™
against these substrate sequences was determined (Figure 4.11). In general,
the relative activity was further increased by introduction of more favorable
substitutions. Triple substitution resulted in the best substrate sequence,
TVRLQ|SGF, with a relative activity of 2.84 = 0.25. Noteworthy, docking
simulation by Phakthanakanok er al. ranked TVKLQJAGF and TVRLQ]AGF
as the sequences with the lowest docking energy for 3CL" -substrate interaction

(Phakthanakanok et al., 2009).
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4.5 Summary

SARS-CoV 3CLP™ activity against the substrate library of 19x8 variants was
examined by FRET assay. The activity was correlated to structural properties of
substituting residues to determine the specificity at PS5 to P3’ positions (Table 4.3).
P5 position prefers residues with high B-sheet propensity, and also tends to
accommodate hydrophobic residues and positively charged residues. P4 position
prefers small hydrophobic residues, and A4V is the most preferred variant.
P3 position clearly prefers residues with positive charge and high B-sheet propensity.
P2 position only tolerates hydrophobic residues without B-branch. The 3CLP"
activity against variants with P2-Leu is the highest. Pl position absolutely prefers
Gln. Variants with P1-His and P1-Met are cleavable in a low rate. PI" position only
tolerates small residues. Any P1’ variants with side chain of > 50 A* lead to dramatic
decrease in activity. P2’ and P3’ positions tend to accept small and positively
charged residues respectively, but these preferences arc not obvious as those at other
positions. A series of super-active substrates were generated by combining preferred
residues at PS5 to Pl positions. The combinations generally increase the protease
activity. The most active substrate with sequence 'TVRLQ' has 2.8 fold higher

activity than the WT sequence.
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activity was investigated. Concentration of DMSO was inversely proportional to
the activity, so reaction condition of the FRET assay for 1Cs, detcrmination was
standardized to 2.5 % (v/v) DMSO (Figure 5.1). ICsy was obtained by fiting kinetic

to sigmoidal dose-response equation:

!
T Slope
I+ ([ll‘lhl?ll()r])
l( S

Relative acivity =

The 1Csq values of ‘cbz-AVLQ-CN’, 'miu-AVLQ-CN’ and “boc-AVLQ-CN’ were
59 + 0.6 pM, 45 & 3 pM, and 59 + 3 uM respectively (Figure 5.2). All of
the examined nitrile-based inhibitors could inhibit 3CL"™ activity in micromolar
range, showing that nitrile group 1s an effective warhead against the protease.
In addition, the inhibitor with cbz group was morc potent than others, suggesting
cbz group can enhance inhibitor potency.

K, values of these nitrilc-based peptidomimetic inhibitors were measured,
in order 1o investigate how tightly these inhibitors bind to 3CL"™. First, K,, value of
1 uM of SARS-CoV 3CLM against 12-residue autocleavage sequence was obtaimed
by FRET assay using various concentration of peptide-based substrate linked
DABCYL/EDANS fluorescent quenching pair (DABCYL-KTSAVLQ|SGFRKME-
EDANS) (Figure 5.3). The peptide-based substrate, having higher solubility than the
protein-based one, 1s more appropriate for K, determination. The peptide-based
substrate tended to precipitate in concentration higher than 150 uM, thus 25 - 150
uM of the peptide-based substrate was used. Cleavage of the peptide by 3CL™
separated the fluorophore EDANS from the quencher DABCYL, and resuited in
increases in fluorescence at 486 nm (Figure 5.3). Reaction rates (kon*substrate
concentration) were determined by monitoring increase in the fluorescence intensity.

A graph of reaction rate againsl substrate concentration was plotied and kinetic was
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fitted by Michaelis-Menten equation to obtain K,, value, which was 194 + 9 uM
(Figure 5.4).

Next, Ky’ values of 3CL"™ pre-incubated with 1 — 5 uM of 'cbz-AVLQ-CN’,
7 - 35 uM of ‘miu-AVLQ-CN’ and 10 - 50 uM of ‘boc-AVLQ-CN' were
determined (Figure 5.5). Graphs of K, verse inhibitor concentrations were plotied to
yield straight lines and thus K, values (Figure 5.6). The K, values of ‘cbz-AVLQ-CN’,
miu-AVLQ-CN and boc-AVLQ-CN were 0.62 £ 041 pM, 7.0 £ 0.7 uM and
11.4 = |.1 uM respectively, demonstrating these mitrile-based inhibitors can bind
tightly 10 the 3CL™. The K, value of inhibitor with cbz was consistently lower than
that with miu and boc, showing that presence of cbz group leads to a high binding

affinity towards the 3CL™.
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Table 5.1 - Chemical structures, 1Csy and K; values of ‘cbz-AVLQ-CN’,
‘miu-AVLQ-CN’ and ‘boc-AVLQ-CN’.

Chemical structure ICsp (M) K, {uM)

cbz-AVLQ-CN o NH,

59+0.6 0621011

o i H o
miu-AVLQ-CN o NH,
" 0 y 0 45+ 3 70107
O\N/ N\/“\N . N\.)l\u
boc-AVLQ-CN

0. _NH,
' o o 591%5 114411
H H
o N\)LN N\)kﬂ
T i H i H Ny
: s \'/

92
























Peptidomimetic Inhibitors Targeting SARS-CoV 3CLM™

Table 5.2 — Chemical structure, ICso and K; values of ‘cbz-TSAVLQ-CN’.

Chemical structure ICsq (uM) K, {(uM)

cbz-TSAVLQ-CN

Oy _NH,
oH
@\/ . © . © , © 7.7+09 54+0.5
: \)LJ:[\)J\ P
T i H ; H i H =
o/‘\ \[/
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| [ —o—chz-TSAVLQ-CN
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Figure 5.7 — Lengthening inhibitor had no improvement on 1Csy value. 2.5 - 160
uM of cbz-TSAVLQ-CN was pre-mixed with 3 uM of SARS-CoV 3CL™,
followed by determining relative activity by FRET assay. Curve was fitied by

sigmoidal dose-response equation to obtain 1Cso value, which was 7.7 + 0.9 pM.

101






Peptidomimetic tnhibitors Targeting SARS-CoV 3CL™

600}
—~ 400}
p
2
T £
4

2004

~®-Cb7-TSAVLQ-CN
ol— . . . .

0 2 4 6 8 10
[Inhibitor] (uM)

Figure 5.9 — K, value of ‘cbz-TSAVLQ-CN’. Plot of K,," values against inhibitor
concentration yielded straight lines. K, value was obtained by y-intercept (K,,)
divided by slope of the hne (K./K;). K, value of ‘cbz-TSAVLQ-CN’ was

54+ 0.5 uM.
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Table 5.3 — Comparison of K; values of nitrile group and other warheads.

Ki values of tetrapeptidomimetic inhibitors with diverse warheads (highlighted) were

showed (Regnier et al., 2009; Yang er ol., 2005). Inhibitors with nitnle warhead were

more potent than those with trifluoromethylketone and a,-unsaturated csters

Chemical structures K, (uM) References
H H .
O\,o n\rﬁ\ \,[",u\i 062+0.11 Our work
Y N " :
Lu ] Q e
135+ 32 (Regnier et al., 2009)
70107 Our work
10.7+£1.0 (Yang et al., 2005)
}‘ 90+08 {(Yang er al., 2005)
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5.4 Structure Determination of 3CL"-Inhibitor Complexes

5.4.1 Structures of 3CL?"°-Inhibitor Complexes are Comparable

To understand the inhibitory mechanism of nitrile-based peptidomimetic
inhibitors against the 3CL™, inhibitors ‘cbz-AVLQ-CN’, ‘miu-AVLQ-CN’,
‘boc-AVLQ-CN’ and ‘cbz-TSAVLQ-CN’” were soaked into crystals of SARS-CoV
3CLP. Structures of 3CL™-inhibitor complexes at 1.95 - 2.5 A resolutions were
solved by X-ray diffraction and molecular replacement (Table 5.4). All soaked
inhibitors were present in the substratc binding clefis of two protomers,
and the nitrile groups werc covalently bonded with Cysl14S {(Figure 5.10). F,-F. maps
showed that interaction between all of their Pt - P4 residues and 3CL™ was similar
to 3CLP™-substrate complex (Xue er al., 2008). The maps also indicated positions of
cbz and boc linked tetrapeptidomimetic inhibitors, but not that of miu in
‘miu-AVLQ-CN’ and ‘cbz-TS’ in *cbz-TSAVLQ-CN".

Superimposition of 3CL" -inhibitor complexes showed that positions of
their nitrile group and Cys145 were almost identical (Figure 5.11). Conformations of
Pl — P3 residues among these inhibitors were highly similar, while that of
P4 residues were slightly varied. In the meantime, 3CL™ structures bound with
different inhibitors were highly comparable. All of these 3CLP™ were homodimer
consisted of 3 domains, and no major structural change was found. When structure of
3CL"™ in apo form was further superimposed and compared, loops of Thrd5 — Glud7
in 3CLM -inhibitor complexes tended to be far from the inhibitors, and loops of
Argl188 — Alal91 in the complexes were closer to inhibitors. The structural change
suggested that the inhibitors repel the loops of Thr45 — Glu47 and attract the loops of

Argl88 - Ala 191.
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Table 5.4 - Crystallographic data and refinement statistics. All crystais were

produced by using 2.5 mg/mi of SARS-CoV 3CL™ in 100 mM MES, pH 6.0, 8.5 %

(w/v) PEG6000, 10 % (v/v) glycerol, | mM EDTA and | mM DTT at 16 C.

Numbers in parenthesis indicate data of highest resolution shells. Ramachandran plot

analysis was checked by using MolProbity (Davis et af., 2007).

Native cbz- boc- tmiu- chbe-
{No inhibitor) AVLQ-CN  AVLQ-CN  AVLQ-CN TSAVLQ-CN
Diftraction dala
Wavelength (A ) 1.54 1.54 1.54 1.54 | 54
Resolution limit (A) 2728 220 27.20 195 34010 220 2461 195 2961 2.50
(232 2200 (206 195 (232 2200 (206 195 (264 2500
Space group P2, P2, P2, P2, 2,
Unit-cell constants
a{A) 52.43 5227 5232 5232 5210
b{(A) 96.74 96.40 97.10 96.49 96.43
c (A) 67.72 61.70 6741 67.64 67.69
a (™) 490.00 90.00 $0.00 91 {0 9{) (0}
B () 192,73 103.26 10317 103.30 103 48
¥ (%) 90.00 50.00 90 .00 90.00 90.00
Total no. of reflections 120610 178306 121516 169495 T97IRT
(1 7160) (24820} (17360) (23699) {11394)
No. of unigue reflections 33503 47614 33359 46922 22586
{4859) {6946) {4R44) (6695) (3258)
Multiplicity 16(3.5) 36(3.6) 36 (3.6) J6{35 15(13.%)
Comp_lclencss (%) 100.0(100.0)  100.0 {100.0) 1060.0 (100.0y 986 {96 8) 99.9{100.00
Rm {%) 0.119(0.380) 0.089(0.223) 0.109(0.382) 0081 (0.314) (09K (0.305)
l/o 6.6(2.9 13.2(3.6) 123(2.2) 13.2 (3.0 85134
Structure refinement
Rk 0.1872 0. 1845 01818 01877 (0.1883
R free 0.2252 0.2188 0.2316 0.2270 02347
rmsd frons ideal values
Bond length (A) 0.006 0.008 0.005 0.005 0.005
Bond angle () 0.963 1.232 0.933 1.057 | 018
Ramachandran plot analysis
In preferred regions (%) 96.85 9518 95 85 96.34 93.20
In allowed regions (%) 2.82 449 3199 13 .14
In disallowed regions (%) 0.33 0.33 0.17 033 0.66
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5.4.2 Nitrile Group Covalently Bonded with Cysl45

The nitrile group has been proven to inactivate 3CL™ activity. To investigate
whether the inhibitory mechanism on 3CL" resemblcs that on other Cys proteases,
structure of nitrile-Cys145 was studied. In 3CL" -complex, C atom of the nitrile
group was covalently bonded with the thiol group of Cys145 and in .s‘p2 hybridization
(Figure 5.12). N atom of the nitrile group was hydrogen-bonded with amide group of
Cys145. Og, atom of P1-Gln was hydrogen bonded with Ne: atom of His163 in both
protomer A and B. However, Ne» atoms in protomer A and B bonded to side chain
of Glul66 and carbony! group of Phel40 respectively. P1 backbone amide group was
hydrogen bonded to Hisl64. By comparing with structure of 3CL"-substrate
complex, positiens of N atom of nitrile group and O atom of Pl -carbonyl group were
comparable, but only the carbonyl group could interact with amide groups of both of
Gly143 and Cys145. Other interactions between 3CL" and P1-Gln were consistent.

As the nitrile group is structurally comparable to carbonyl group of P1-Gln,
the 3CL"-inhibitor mimics acyl-intermediate that the carbonyl group was bonded
with Cys145 (Figure 5.13). Interaction between the inhibitor and 3CL™ is similar to

that in acyl-intermediate, suggesting the nitrile-based inhibitor can bind to 3CL™

as substrate binds.
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P2 NH P2 O
R N R N
0 P1 Cys145 o) P1 Cys145
3CL™-inhibitor complex Acyl-intermediate
Figure 5.13 - 3CL"™ -inhibitor complexes mimicked acyl-intermediate.

Nitrile group of inhibitors covalently bonded to Cys145, mimicking Pl-carbonyl

group 1n acyl-intermediate,
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5.4.3 [Interaction between Pl — P4 Residues of the Inhibitors and Substrate

Binding Cleft

Besides the warhead, interaction between peptide of the inhibitor and 3CL™
also determines inhibitor potency, thus how the peptide bound to substrate binding
cleft was investigated. Side chains of P1, P2 and P4 residues were enclosed by
cavities, while P3 side chain was solvent-exposed (Figure 5.14). Amide group of
P2-Leu was hydrogen-bonded with GIn189. Amide and carbony! groups of P3-Val
were hydrogen-bonded with main chain of Glul66. Amide group of P4-Ala was
hydrogen-bonded with Alal90. Those interactions were same as that between 3CL™
and substrate {Xue ef al., 2008).

As mentioned in section 5.4.1 (P.106), in presence of the inhibitors, loop of
Argl88 — Alal91 moved towards the inhibitors. This movement favored these two
hydrogen-bond formation between inhibitor and 3CL™. On the other hand,
3CL™ -inhibitor structures in previous section demonstrated that the inhibitor
repelled loop of Thrd5 — Glu47. By comparing with 3CL™ in apo form, side chain of
Met49 was also flipped to another side (Figure 5.15). These changes are required for

accommodation of side chain of P2-Leu. Otherwise, Met49 and P2-Leu were crashed.
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5.4.4 Cbz Group Flipped into Cavity of Glul166 — Prol68

Tetrapeptidomimetic inhibitor with cbz group is obviously more potent than
that with other protective groups. To investigate how cbz group enhances inhibitor
potency, structures of protective groups of various 3CL""-inhibitor complexes were
compared (Figure 5.16). Cbz group linked tetrapeptidomimetic inhibitor was flipped
and fitted into a shallow cavity consisted of Glul66 — Pro 168, while boc group was
close to Thr190 - Alal91] and pointed towards environment. Miu group and ‘cbz-TS’
in hexpeptidomimetic inhibitor were unstructured in our 3CL" -inhibitor complexes.
We predicted locations of miu and ‘cbz-TS’ by using 3CL" -inhibitor complex
consisted of ‘miu-AVLQ’ and 3CL"°-substrate complexes reported in previous
studies (Xue ef al., 2008; Yang er al., 2005). Miu and ‘cbz-TS" were expected to be
near Thr 190 - Alal91 as boc group. The unique interaction of cbz group in
tetrapeptidomimetic inhibitor is believed to enhance overall binding affinity towards

3CL™, and thus increase inhibitor potency.
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Figure S5.17 — Substitution to P4-Val had no improvement on 1Cs value.
2 — 128 uM of cbz-VVLQ-CN was pre-mixed with 3 pM of SARS-CoV 3CL™,
followed by determining relative activity by FRET assay. Curve was fitted by

sigmoidal dose-response equation to obtain 1Csg value, which was 18 + | uM.
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5.5.2 Substitution to Alkaline P3-Arg Converts Nitrile to Amide

Results of the super-active substrate sequences showed that SARS-CoV
3CL"™ favored ‘VR’ at P4 and P3 positions, thus ‘cbz-VRLQ-CN" was synthesized
and examined. A 648 Da non-target product was however present in the final product
(Figure 5.18). We speculated that alkaline condition provided by Arg catalyzed
conversion of nitrile group (—C=N) to amide group (—~CO-NH:). Loss of nitrile

group resulted tn lowering potency. The 1Csy value was higher than 100 uM.
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Figure 5.18 — Conversion of nitrile to amide under alkaline condition. In mass
spectrometry fingerprint of “¢bz-VRLQ-CN’, two of the major products with 630 Da

and 648 Da were predicted 1o be cbz-VRLQ-CN+H' and cbz-VRLQ-CONH.eH'

respectively.
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5.5.3 Substitution of Hexpeptide Causes Precipitation

Based on the super-active substrate sequences TVVLQ (1.87 £ 0.19) and
VVVLQ (1.80 £ 0.17) without Arg, hexpeptidomimetic inhibitor was substituted to
produce ‘cbz-TTVVLQ-CN’ and ‘cbz-TVVVLQ-CN'. They were nevertheless

insoluble 1n aqueous solution and no inhibitory effect was observed.
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5.6 Summary

A senies of nitrile-based peptidomimetic inhibitors with various protective
groups, peptide sequences and peptide length were produced, followed by
determining their 1Cso and K; values (Table 5.5). Most of their ICq and K, values
were in Imicromolar range, indicating nitrile-based inhibitors are effective in 3CL"™
inhibition. The most potent inhibitor was ‘cbz-AVLQ-CN’, with ICs and K, values
of 59 + 0.6 pM and 062 + 0.11 uM respectively. Crystal structures of
3CLP -inhibitor complexes showed that nitrile group covalent bonded with Cys145,
resulting in inhibition. Their P1 — P4 residues bound to substrate binding cleft of
3CL™ as protease-substrate complex. Cbz group in ‘cbz-AVLQ-CN flipped into the

cavity consisted of Glul66 — Prol68, enhancing binding affinity of the inhibitor

towards 3CL"™,
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Table 5.5 — Summary of ICs and K; values of nitrile-based peptidomimetic

inhibitors. ‘ND' stands for non-detectable.

Name of inhibitor 1Csp (M) K, (uM)
¢bz-AVLQ-CN 59+06 0.62£0.11
miu-AVLQ-CN 45 £ 3 7.0+0.7
boc-AVLQ-CN 59+5 11.4+1.1

cbz-TSAVLQ-CN 7.7+09 5405
¢bz-VVLQ-CN 18+1 /
cbz-VRLQ-CN > 100 /

cbz-TTVVLQ-CN ND /

cbz-TVVVLQ-CN ’ ND
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174 = 19 mM™ min"' respectively (Table 6.1). The activities of group 11 and 11l
members were comparable, while that of group | member was higher than others.
When the reaction condition was changed from 20 mM of NaCl to 150 mM
of NaCl and 1 mM of TCEP, SARS-CoV 3CL™ activity was elevated from 71 + ||
to 180 + 5 mM "' min"'. Presence of TCEP has been proven to increase the protease

activity in section 5.1. The activity was also raised by increase in NaCl concentration

until 200 mM (Figure 6.1).
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6.3 Substrate Specificity of Various 3CLP"

6.3.1 3CL™™ of SARS-CoV and IBV Favor PS5 Residues with High f-sheet

Propensity

All PS variants were cleavable by these 3CL™® (Figure 6.2). Most of
the substitutions caused increase in the protease activities of SARS-CoV and IBV,
but decrease in that of HCoV-NL63 and HCoV-OC43. The universal preferred P5
residue was Val (HCoV-NL63: 1.27 + 0.02; HCoV-0C43: 1.56 £ 0.10; SARS-CoV:
1.92 + 0.07 and IBV: 1.81 £ 0.11). In addition, positively charged variants were
consistently 2 — 6 fold higher in relative activity than negatively charged ones.
Significant correlations were found between B-sheet propensity and 3CL™ activities
of SARS-CoV (r = 0.704, p = 0.001) and IBV (r = 0.759, p < 0.001), but not
HCoV-NL63 (r = 0.423, p = 0.063) and HCoV-0OC43 (r = 0.362, p — 0.177)
(Table 6.2 and figure 6.4). Another correlation was specifically found between
hydrophobicity and the activity of 1BV 3CL™ (r = 0646, p = 0.002),

but its coefficient was lower than that of B-sheet propensity (Figure 6.5).
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Figure 6.5 — Only IBV 3CL"™ preferred P5 residues with high hydrophobicity.
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Only the relative activity of IBV 3CL™ (r = 0.646, p = 0.002) against P53 vananis

was significantly correlated to hydrophobicity.



Broad Substrate Specificily of Vanous 3CL

6.3.2 3CL"™ Universally Favor Hydrophobic P4 Residues with Side Chain

Volume of < 70 A’

SARS-CoV 3CL™ has been proven to favor hydrophobic P4 residues with
side chain volume of < 80 A® Nevertheless, the correlations were lower when other
3CL™ were analyzed (Figure 6.6). We found that only SARS-CoV 3CL™ favored
A4V (1.49 = 031) 3CLP cleavage rates of HCoV-NL63 (0.81 + 0.05),
HCoV-0C43 (0.44 + 0.04) and IBV (0.67 + 0.16) were obviously lower (Figure 6.2).
Their commonty preferred residues were Ala (HCoV-NL63: 1.00 t+ 0.25:
HCoV-0C43: 1.00 + 0.23, SARS-CoV: 1.00 £ 0.20 and IBV: 1.00 £ 0.13) and Cys
(HCoV-NL63: 0.95 + 0.37; HCoV-0C43: 0.8] + 0.33: SARS-CoV: 1.27 + 0.27 and
IBV: 1.01 £+ 0.19), which were smaller than Val, suggesting that S4 pockets of
ICL™ of other CoVs were shallower than that of SARS-CoV. When relative
activities of other 3CL™™ against P4 variants with side chain volume of < 70 A® were
analyzed, correlations with hydrophobicity were increased.

3CL™ activity of IBV against A4P (1.23 + 0.26) was apparcently deviated
from the trend line and higher than that of the other 3CL"™ (HCoV-NL63:
0.13 £ 0.05; HCoV-0C43: 0.37 + 0.09 and SARS-CoV: 0.52 + 0.13), indicating that
IBV 3CLM preters the exceptional dihedral angle of Pro at P4 position.
Afier neglecting this exceptional data, the activity of IBV 3CL™ was highly

correlated to hydrophobicity (r = 0.994, p < 0.001).
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Figure 6.6 — 3CLP™ universally preferred hydrophobic P4 residues with

side chain volume of < 70 A®. Correlations with hydrophobicity were improved

when relative activities of 3CL™ of HCoV-NL63, HCoV-QOC43 and 1BV against

P4 variants with side chain volume of < 70 A” instead of < 80 A’ were analyzed.
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Broad Substrate Speciticity of Varnous 3CL™

6.3.3 Only SARS-CoV 3CL?” Favors P3 Residues with High }-Sheet Propensity

All examined 3CL™ highly preferred positively charged P3 residues,
including Arg (HCoV-NL63: 1.07 + 0.28; HCoV-0OC43: 1.09 £ 0.28, SARS-CoV:
1.03 £ 0.44; 1BV: 1.34 + 0.34) and Lys (HCoV-NL63: 0.92 + 0.07; HCoV-0C43:
1.03 + 0.13; SARS-CoV: 0.98 £ 0.20; IBV: 1.69 + 0.10) (Figure 6.2). Glul66 was
absolutely conserved among all 3CL™, further supporting the hypothesis of ionic
interaction between Glu166 and positively charged P3 residue.

SARS-CoV 3CLP™ preferred Val (1.00 + 0.19) because of its high B-sheet
propensity (Figure 6.7). A strong correlation was observed between the relative
activity of SARS-CoV 3CLP™ against neutral P3 vaniants (20 substrates except V3D,
V3E, V3K and V3R) and B-sheet propensity (r = 0.665, p = 0.005). Yet 3CL™ of
other Cc.)Vs favored Val as well (HCoV-NL63: 1.00 + 0.20; HCoV-0OC43;
1.00 + 0.24 and IBV: 1.00 + 0.10), their correlations with B-sheet propensity was
weaker than that of SARS-CoV. Why P3-Val is universally preferred is still under

investigation.
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Figure 6.7 — Only SARS-CoV 3CL"™ preferred P3 residues with high B-sheet
prepensity. The relative activity of SARS-CoV 3CL™ (r = 0.665, p = 0.005) against
P3 neutral variants (20 substrates except V3D, V3E, V3K, V3R) was significantly

correlated with 3-sheet propensity.
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Broad Substrate Specificity of Vanous 3CL™

6.3.4 Al 3CLP" Favor Hydrophobic P2 Residues without -Branch

Substrate specificities of various 3CL™ were alike at P2 position.
Only vanants with hydrophobic P2 residues could be cleaved (Figures 6.2 and 6.8).
Their universal favorite residue was Leu (HCoV-NL63: 1.00 = 0.28; HCoV-0OC43:
1.00 £ 0.40; SARS-CoV: 1.00 = 0.28 and IBV: 1.00 + 0.35), followed by
Met (HCoV-NL63: 0.21 = 0.04; HCoV-0C43: 0.69 + 0.34; SARS-CoV: 0.79 + 0.34
and IBV: 0.22 £ 0.10). B-branched residues Val (HCoV-NL63: 0.00 = 0.00:
HCoV-0OC43: 0.08 + 0.03: SARS-CoV: 0.03 + 0.0l and IBV: 0.07 = 0.02) and lle
(HCoV-NL63: 0.08 = 0.02; HCoV-0C43: 0.06 + 0.02; SARS-CoV: 0.06 + 0.02 and
[BV: 0.08 = 0.03) were structurally similar to Leu but consistently repelied, revealing

that all 3CL"™ prefer hydrophobic residues without B-branch.
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Figure 6.8 — All 3CL""™ preferred hydrophobic P2 residues without B-branch.

All cleavable variants consisted of hydrophobic P2 residues. Their activities were

the highest when Leu, followed by Met, was present at P2 positon. B-branched

residues such as Val and Ile were consistently repelled.
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Broad Substrate Specificity of Various 3JCL™

6.3.5 All 3CLP™ Tolerate His and Met at P1 Position

All 3CL"™ highly favored P1-GIn (Figure 6.2). Pl variants Q1H and QIM
could also be consistently cleaved in low proteolytic rates. Besides, Q1C tended to be
cleavable but the rate was nearly undetectable. No clcavage was detected in other
substitutions. In Figure 4.8 (P.78), model of P1 substitution indicated that His fits
into S1 subsite and hydrogen-bonds with Asnl42. Nevertheless, Asnid42 was not
highly conserved among various 3CL™. Ala and Cys could be found at this position,
implying that hydrogen-bond formation between 3CLP and Pl residue is

unnecessary.

6.3.6 All 3CL" Favor Small PI'’ Residues

High selectivity at P1" position was observed among all 3CL™ (Figure 6.2).
Negative correlations were found between P11’ side chain volumes and 3CL™
activities of HCoV-NL63 (r = -0.741, p < 0.001), SARS-CoV (r = -0.685, p = 0.001)
and IBV (r=-0.628, p = 0.003) (Table 6.2). Small P1" residues, such as Gly, Ala and
Ser, were universally preferred, while substitutions to residues larger than Cys
resulted in dramatic decreases in activity (Figure 6.9). Collectively, all 3CL™ prefers

small P1’ residues with side chain volume of < 50 A*.
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HCoV-NL63 HCoV-QC43
251 e PI* variants ' 251 e P1' variants '
£ 2} 2t
2 2 C
S 154 . S 15} ‘
= 2 e Is
; l }G 45 -.a l 2 9
2 C K A
& o.54 13 I 2os 1 ! { } !
3 } t
] T Y SPVRX I 0 *-
0 25 50 75 100 125 0 25 S50 75 100 125
Side chain velume (A Side chain volume (A?)
SARS-CoV IBV
2.5 2 1 - . " i 2.5 v‘ " - - i L
¢ P11’ variants ¢ P1' variants
Q 2 i -:E-‘ 2 b
.E 2
S 15} . 2 15
g s > BC s
$ e o I | 2l b€
» ) A
& o5} ; & 0.5 i * %
$ 4
** » | ol . Y _ch'. )
0 25 50 75 100 125 0 25 50 75 100 125
" Side chain volume (A%) Side chain velume (A%)
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P1' side chain volume was > 50 A>.
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Broad Substrale Specificity of Various 3CLM

6.3.7 All 3CL"™ Tend to Favor Small P2’ Residues

Most of P2’ wvariants were consistently cleavable by various 3CL™
in low proteolytic rates (Figure 6.2). Only G2'P was found to be non-cleavable.
Strong correlations were observed between side chain volume and 3CL™ activities
of HCoV-NL63 (r = -0.585, p = 0.007) and SARS-CoV (r = -0.628, p = 0.003),
suggesting that the activities related to sizes of P2 residues. Plots of the activities
against the volume demonstrated that 3CL™ tend to prefer small residues in general,

such as Gly, Ala and Ser (Figure 6.10). Large P2" residues were still cleavable in low

rates.
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Figure 6.10 — All 3CL"™ preferred small P2’ residues. The relative activities of

all 3CL™ against small P2 variants such as Gly, Ala and Ser were higher than other

variants. Increase in P2’ side chain volume caused gradient decrease in the activities.
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Broad Substrate Specificity of Vanous 3CE™

6.3.8 No Strong Correlation is Found at P3’ Position

Most of substitutions at P3" position led to reduction of all 3CL™ activities.
P3' residues with positively charged residues were relatively preferred, and were
approximately 2-fold higher in activity than that with negatively charged ones.

No strong preference was found with other structural properties.
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Broad Substrale Speaficity of Vanous 3CL™

6.4 Universal and Specific ‘Super-Active’ Substrate
Sequences

The relative activities against single substitution substrate variants showed
that all 3CL™ prefer P5-Val, P4-Ala, P3-Arg/Lys, P2-Leu and P1-Gin while 3CL™
of SARS-CoV and IBV individually favor substitutions to P4-Val and P4-Pro
respectively. Those preferred residues were combined to generale four substrates
with universal ‘super-active’ sequences (VARLQ|SGF and VAKLQ|SGF) or
specific ‘super-active’ sequences (VPRLQ|SGF and VPKLQ|SGF) specifically for
IBV. These ‘super-active’ substrates were examined by 3CL™ of HCoV-NL63,
HCoV-0C43, SARS-CoV and IBV to study synergistic effect. The substrates were
also tested by another two strains, HCoV-229E (group 1) and HCoV-HKUI
{group 1la), to investigate sinmilanty of the specificity among group members.

Relative activities of these 3CL™ against universal ‘super-active’ substrates
were 1.4 — 3.5, which were higher than those against corresponding single
subslituli.on substrates S5V, V3R and V3K (Table 6.4), showing that combination of
preferred residues could raise the activity. When specific ‘super-active’ substrate
(VPRLQ|SGF) was examined, the activity of IBV 3CL™ was further elevated to
4.33 + 0.98. No significant advantage was found by substituting P3-Arg to Lys.

Proteolytic rates of 3CLP™ within the same group (HCoV-NL63 and
HCoV-229E in group [; HCoV-OC43 and HCoV-HKUI in group lla) were similar,
whatever WT substrate, single substitution substrates and ‘super-active’ substrates
were examined, revealing that 3CL™ of the same group share common substrate

specificities.
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Broad Substrate Specificity of Various 3CLM

Table 6.4 — Relative activity against universal and specific super-active

substrate variants. Preferred residues in single substitution variants were combined

to produce universal and specific super-active vanants, which werc examined by

6 of 3CLP™. Substituting residues of the substrates were underlined.

HCoV- HCoV- HCoV- HCoV- SARS- BV
NL&3 229E 0C43 HKUI . CoV
(group I) (group I) [{group lla) (group lla)i{group 1o} (group 111)
Specificactivity | x|y 92411 | 124413 191228 1 18045 | 174219
{(mM"~ min")
Single variants .
SARLQ| 1274006 1.091006[1434028 166+034:084+006|177+0.29
SAKLQ| 124 +008 1.14+0211152+020 125t0.19:080+015]201 1026
SPVLQ| 0.08+0.02 005:001|04R+014 0.72+0.17:0.75+0.0841.08+0.19
VAVLQ] 120007 1322010(1.59 022 13584023 153001 164018
Universal variant :
VARLQ| 1704007 1552002 (2432035 193£028:1.70 £ 0.17 | 3.24 £ 0.37
VAKLQ] 150+ 0.10 1.65+007]255:039 2301057 142:011|345+044
Specific variant :
VPRLQ! 0.15£0.04 009£002|091 012 130£0.23:09920.12[4.332098
VPKLQ| 0132002 0140021082014 1.82+040 1.04 +0.17 ] 3.95 + 0.81
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Browd Substrate Speafiaty of Vamous 3CL™

6.5 Summary

Comprehensive substrate specificity at PS5 to P} positions of 3CL™ of
HCoV-NL63 {group 1), HCoV-OC43 (group lla), SARS-CoV (group 1lb) and IBV
(group 11I) were profiled by using the substrate library ot 19 X8 variants (Table 6.5).
These 3CL™ consistently tavored small hydrophobic P4 residucs, positively charged
P3 residues, hydrophobic P2 residues without B-branch, Gin at P position and small
residues at P17 position. Their activities also tended to be higher when substrate
variants were substituted to positively charged residues at P35 and P3° positions,
and small residues at P27 position. In contrast, their preferences on secondary
structures were diverse. 3-sheet propensity was only correlated to relative activity of
SARS-CoV 3CL"™ against P5 and P3 variants, and that of 1BV 3CL™ against
PS variants. Only 3CL™ of SARS-CoV and IBV were favored P4-Val and P4-Pro
respectively. The results were independent of reaction conditions such  as
concentrations of NaCl, TCEP and proteases. Relative activities ot those 3CL™
against super-active substrates with combination of preferred residues were further
clevated to 1.4 - 4.3, Relative activiies of 3CL™ in the same group aganst different

substrate vanants were highly comparable.
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Table 6.5 — Summary of substrate specificity of various 3CL"™ at PS to P3’

positions.

Position

Browl Substrule Spearticny of Vanous 3CL™

Universal preference

Universal
preferred residue

P5

P4

P3

P2

Pl

Pl

P2’

P3’

Positively charged residues
Small hydrophobic residues
Positively charged residues
Hydrophobic residues without 3-branch
Gln
Small residues

Small residues

Positively charged residues

Val
Ala ' Cys
Arg/ Lys/ Val
l.eu
Gin
(ily  Ala’/ Ser

Gly / Ala/ Ser

Arg ' Phe. Tyr

Position

Individual preference {(Correlated CoV)

Individual
preferred residue

PS5

P4

P3

Residues with high -sheet propensity
(SARS-CoV and IBV)

Residues with high p-sheet propensity
(SARS-CoV)

Val (SARS-CoV)

Pro(IBV)
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Conclusive Remarks and Fulure Perspectives

Potent peptidomimetic inhibitors require an cffective and bioactive warhead
for inactivating catalytic site. Nitrile group is a well-known warhead applied for
targeting Cys proteases, but no studies proved inhibitory effect against JCLP™.
We produced a series of nitrile-based peptidomimetic inhibitors and examined their
potency in terms of {Csy and K, values against SARS-CoV 3CL™. These inhibitors
can significantly reduce 3CL™ activity in micromolar range, indicating that nitrile
group can effectively inhibit 3CL™ proteolysis. The most potent inhibitors is
‘cbz-AVLQ-CN’, with ICsp and K, values of 59 £ 0.6 uM and 0.62 £ 0.11 uM
respectivery. 3CLP -inhibitor complexes demonstrated that nitrile group inactivated
3CL™ proteolysis by covalently bonding with Cys145. Peptides of the inhibitors
could interact with 3CL™ as substrate. Cbz group in “cbz-AVLQ-CN’ flipped into
a cavity of Glul66 - Prol 68, leading 1o the outstanding potency. Taken logether,
*cbz-AVLQ-CN' is a convincing model for 3CL™ drug development.

A number of researches focused on development of wide-spectrum
inhibitors but understanding on universal substrate specificity of 3CL™ was deficient.
Our profiles have demonstrated comprehensive specificities of 3CL™ in various
groups. 3CL™ activities of HCoV-NL63 (group 1), HCoV-0C43 (group [la), SARS-
CoV (group [Ib) and IBV (group !lI) against the substrate library of 19x 8 variants
were examined by FRET assay, and were correlated with structural properties of
substituting residues. Preferences of these 3CL™ on charge, side chain volume and
hydrophobicity were generally universal. All 3CL™ clearly preferred small
hydrophobic P4 residues, positively charged P3 residucs, hydrophobic P2 residues
without f-branch, P1-Gln and small P1’ residues. They also tended to favor
positively charged PS5 and P3 residues, and small P2’ residues, but the preferences

were less obvious. On the contrary, effects of secondary structure propensities on
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Conclusive Remarks and Fulure Perspectives

those 3CLP™ activities were diverse. Only 3CLM of SARS-CoV were correlated well
to B-sheet propensity at PS5 and P3 positions. Correlation was found only between
IBV 3CL"™ activity and P-sheet propensity at PS5 position. No any significant
correlation related to secondary str‘uclure propensity was observed when 3CLM of
HCoV-NL63 and HCoV-0OC43 were examined. Based on the preference, universal
substrate sequences (VARLQL / VAKLQ!) and substrate sequences (VPRLQY) /
VPKLQ|) specific for IBV 3CL"™ were found. Our results provide novel
information on similarity and difference of substrate specificities among various

3CL™. 1t is impontant for development of drugs targeting CoVs in wide-spectrum

and novel CoV in the future.
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Conclusive Remarks and Future Perspectives

7.2 Future Perspectives

A number of research studies showed that the covalent bond between nitrile
and Cys residue is reversible (Brisson ef al., 1986; Moon et af., 1986). To determine
whether our nitrile-based inhibitors are reversible, we will attempt to remove
inhibitors from 3CL"™-inhibitor complex, followed by examining whether
the protease activity can be recovered.

‘cbz-AVLQ-CN’ has been showed to effectively reduce 3CL™ activity of
SARS-CoV. Meanwhile, substrate specificities among various 3CL™™ are generally
comparable. Therefore, potency of ‘cbz-AVLQ-CN' on other 3CL™ will be
examined to investigate whether it can target 3CL™ in broad spectrum. It will also

be examined by a ccll-based assay to justify its in vive inhibilory effect.
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Appendixes

Appendix 2.2 - Sequences of HCoV-NL63 3CLP™ with Hise-SUMO tag.
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Appendix 2.4 - Sequences of IBV 3CL"" with His¢-MBP tag.
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Appendixes

Appendix 2.11 — Scales for quantification of structural properties. Side chain
volume was derived from the partial molar volume of amino acids reported in
Lee er al. 2008. Scales of hydrophobicity and secondary structure propensitics were

obtained from Kyte & Doolittle, 1982, and Chou & Fasman, 1978 respectively.

Residue viilﬁ‘:n(;h(a );:;) Hydrophobicity p::);:)heel:;?ly pE)—;Er?:illy
A 28.0 1.8 1.42 0.83
C 495 2.5 0.70 1.19
D 52.8 -3.5 1.01 0.54
E 79.5 -35 1.51 0.37
F 133.2 2.8 1.13 1.38
G 0 -0.4 0.57 0.75
H 95.0 3.2 1.00 0.87
I 106.3 4.5 1.08 1.60
K 116.8 -3.9 .16 0.74
L 109.0 3.8 1.21 1.30
M 104.7 1.9 1.45 1.05

_ N 56.7 -3.5 0.67 0.89
P 59.3 -1.6 0.57 0.55
Q 84.7 -3.5 1.11 1.10
R 112.3 4.5 0.98 0.93
S 28.5 -0.8 0.77 0.75
T 55.2 -0.7 0.83 1.19
\Y 79.5 4.2 1.06 1.70
w 170.2 -0.9 1.08 1.37
Y 137.0 -1.3 0.69 1.47
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Appendix 6.3 — The relative activity of 3CL" of HCoV-NL63, HCoV-0OC43,

SARS-CoV and IBV on P3 variants. ‘ND’ stands for non-detectable cleavage.

Residue HCoV-NL63  HCoV-0C43 SARS-CoV IBV
K 0.92+0.07 1.03+0.13 0.98 £0.20 1.69 £ 0.10
R 1.07+£0.28 1.09 £ 0.28 1.03+0.44 1.34+ 034
H 0.36 £ 0.05 048 +0.11 0.30+0.04 0.54 £ 0.10
D 0.15+0.02 0.12+0.03 0.10 £ 0.02 0.12 £ 0.01
E 0.17 £0.02 0.25+0.06 0.11+0.02 0.17+0.02
N 0.59+0.11 036+0.12 0.53+0.15 0.52 +0.12
Q 0.69x0.16 0.60+0.17 0.50+0.08 0.46 + 0.05
P ND ND ND ND
F 0.38 £ 0.05 0.41x0.14 0.39 £ 0.07 0.62+0.09
w 0.41+0.13 0.33 £ 0.09 0.48 £0.08 042+ 0.14
Y 0.39 + 0.06 0.32£0.22 0.35 £ 0.05 0.37+0.03
T 1.09+0.12 0.79 +0.22 0.59 +0.07 0.84 £ 0.25
S 0.95 + 0.26 0.86 +0.25 0.58x0.11 0.82 £ 0.06
C 0.62 + 0.09 0.70+0.16 0.53 +0.08 0.86 + 0.08
G 0.13+£0.02 0.10+£0.02 0.09 £ 0.01 0.20+0.01
A 0.51 £ 0.08 0.81+0.19 0.34 £ 0.06 0.59 £ 0.06
Vv 1.00+0.20 1.00+0.24 1.00 £ 0.19 1.00£0.10
] 0.74 % 0.15 0.53 £0.22 0.82 + 0.05 0.73 £0.27
L 0.52 +0.07 0.69x0.13 0.69+0.17 0.57+0.05
0.51 £0.24 0.68+0.20 0.83 +0.34 0.64 £ 0.23
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Appendix 6.4 — The relative activity of 3CLP"° of HCoV-NL63, HCoV-OC43,

SARS-CoV and IBV on P2 variants. ‘ND’ stands for non-detectable cleavage.

Residue HCoV-NL63 HCoV-0C43 SARS-CoV IBV
K ND ND ND ND
R ND ND ND ND
H ND ND ND ND
D ND ND ND ND
E ND ND ND ND
N ND ND ND ND
Q ND ND ND ND
P ND ND ND ND
F ND 0.20+0.09 0.30 £ 0.08 0.06 £ 0.02
W ND ND ND ND
Y ND ND ND ND
T ND ND ND ND
S ND ND ND ND
C 0.03+0.01 0.58+0.13 0.16 £ 0.02 0.17 £ 0.02
-G ND ND ND ND
A ND ND ND ND
\Y ND 0.08 £0.03 0.03 £ 0.01 0.07 £0.02
1 0.08 + 0.02 0.06 + 0.02 0.06 + 0.02 0.08 £ 0.03
L 1.00 £ 0.28 1.00 £0.40 1.00 £ 0.28 1.60 £0.35
0.21 £0.04 0.69+0.34 0.79+£0.34 022+£0.10
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Appendix 6.5 — The relative activity of 3CLP™ of HCoV-NL63, HCoV-0C43,

SARS-CoV and 1BV on Pi variants. ‘ND’ stands for non-detectable cleavage.

Residue HCoV-NL63  HCoV-0C43 SARS-CoV IBV
K ND ND ND ND
R ND ND ND ND
H 0.26 +£ 0.08 0.47 £0.08 0.19+0.03 0.25+0.12
b ND ND ND ND
E ND ND ND ND
N ND ND ND ND
Q 1.00 + 0.06 1.00 £0.13 1.00 £ 0.08 1.00 £ 0.05
P ND ND ND ND
F ND ND ND ND
W ND ND ND ND
Y ND ND ND ND
T ND ND ND ND
S ND ND ND ND
C 0.02+0.00 0.07 £ 0.02 0.02 £ 0.01 0.06 £ 0.02
G ND ND ND ND
A ND ND ND ND
\% ND ND ND ND
] ND ND ND ND
L ND ND ND ND
M 0.06 = 0.09 0.30+0.07 0.12+0.04 0.04 £ 0.03
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Appendix 6.7 — The relative activity of 3CL* of HCoV-NL63, HCoV-0OC43,

" SARS-CoV and IBV on P2’ variants. ‘“ND' stands for non-detectable cleavage.

Residue HCoV-NL63  HCoV-OC43  SARS-CoV IBV
K 0.45+0.12 0.55+0.13 0.49 % 0.05 0.70 + 0.17
R 0.46 + 0.16 0.49 +0.11 0.42 + 0.05 0.87+0.16
H 0.38+0.14 0.70 + 0.14 0.42 £ 0.07 0.65+0.16
D 0.34 % 0.09 0.48 £ 0.14 0.38 + 0.04 0.62 + 0.20
E 0,20 + 0.07 0.42 +0.09 0.29 + 0.07 0.52+0.16
N 0.59 + 0.18 0.62+0.14 0.67 + 0.09 0.93+0.15
Q 0.42 £ 0.16 0.33+0.10 0.46 + 0.08 0.63+0.12
P ND ND ND ND
F 0.3440.12 0.49+0.13  0.48x0.11 0.64 +0.12
W 022£0.06  043£0.17 0274004  0.56+0.09
Y 0.30 £ 0.09 0.53+0.14 0.40+ 0.04 0.72+0.13
T 0.52 +0.14 0.70 + 0.23 0.57+0.16 0.820.15
'S 0.68 +0.27 0.810.16 1.04 £ 0.11 1.00 £ 0.15
C 0.38 + :).06 1.33+0.33 061 +0.10 0.83 £ 0.06
G 1.00 £ 0.37 1.00 £0.27 1.00% 0.12 1.00+0.21
A 0.62+0.18 1.03 £ 0.27 0.81+0.16 0.88 + 0.21
\% 0.28 + 0.09 0.69 £ 0.15 0.46 + 0.08 0.86 £ 0.17
I 0.17 4 0.07 0.46 + 0.09 0.33 + 0.05 0.60 +0.12
L 0.25 + 0.09 0.45+0.10 0.32 4 0.07 0.50+0.12
M 044+012  031£007  035+0.15  055+0.34
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Appendix 6.8 — The relative activity of 3CL"" of HCoV-NL63, HCoV-0C43,

SARS-CoV and 1BV on P}’ variants.

Residue

HCoV-NL63 HCoV-0C43 SARS-CoV IBV

K 0.80+0.28 0.56 £0.20 0.84 +£ 0.30 0.89 £ 0.30
R 1.224+0.11 L1V +£0.15 0.91 +0.05 1.14 + 0.09
H 0.88 £ 0.36 0.68 +0.34 0.80 + 0.28 0.80 £ 0.28
D 0.53+0.28 0.34+0.17 0.35 + 0.08 0.53+£0.17
E 073+ 0.23 042+0.17 0.55+0.12 0.65+0.16
N 1.08 £ 0.35 049+ 0.16 0.66 £0.15 0.79 £ 0.19
Q 1.16 £0.35 0.61 £0.18 0.79 £ 0.21 0.78 £0.22
P 0.78 £ 0.39 0.56 £ 0.30 0.42+0.16 0.99 £ 0.45
F 1.00 £ 0.39 1.00+0.39 1.00 £ 0.31 1.00 £ 0.28
W 0571020 0.41 023 046+ 0.12 070+ 0.18
Y 1.10 £ 0.34 0.84 £0.26 1.07 £ 0.26 0.97+£0.23
T 0.75 £ 0.25 0.47 £0.24 0.82 £0.28 0.65<0.19
S 1.22+0.38 0.65 £ 0.20 0.82+£0.20 0.91 £0.20
C 088+0.13 099 +0.22 072+0.12 0.94 £ 0.09
G 0.92 +0.34 0.41+0.13 0.44+0.12 0.80+0.17
A 091 +£0.32 039+0.14 045+ 0.10 0.59+0.19
v 1.21+£0.36 0.58x0.20 0.81 £ 0.2t 0.80+0.21
I 1.08 + 0.35 0.65+£0.20 0.81+0.21 082+0.17
L 091 +0.29 0.59+0.17 0.65+0.18 0.81+0.17

0.73+0.23 0.37+0.14 0.66 + 0.24 0.76 £ 0.31
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