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ABSTRACT

In the era of high-throughput drug discovery against enzyme targets, the utilization
of rational drug design principles has become a path less traveled. This rational approach
can provide researchers more intuitive methods to address challenging drug targets by
elucidating the mechanistic details of an enzyme and designing molecules to exploit key
interactions. Herein, we detail our application of synthetic chemistry, kinetic analysis, and
rational drug discovery against a variety of pathogenic targets.

To guide our efforts in developing inhibitors of the cysteine protease cruzain, from
Trypanosoma cruzi, we synthesized and kinetically characterized fluorogenic dipeptide
substrates. Upon appending a fixed electrophilic warhead to our varied peptide scaffolds,
we identified a linear correlation between the K of our substrates and K;* of inhibitors,
suggesting the binding affinity of the peptide scaffold plays a dominate role in inhibitor
potency.

Beyond cruzain, we developed covalent inactivators to target the enzyme isocitrate
lyase (ICL1) from Mycobacterium tuberculosis. Through screening succinate-based
substrate analogs, we uncovered that cis-epoxy succinate is an uncompetitive inactivator
of ICL1 that forms a covalent bond with the catalytic cysteine 191 (Cysi91) of the enzyme.
In a different vein, we identified 5-descarboxy-5-nitro-D-isocitric acid (5-NIC) as a highly
efficient mechanism-based inactivator of ICL1. Retro-aldol cleavage of 5-NIC by the

enzyme forms glyoxylate and 3-nitropropionate (3-NP) in the ICL1 active site, which
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allows facile formation of a thiohydroxamate adduct with Cysi91 via reaction with the
nitronate form of 3-NP.

Shifting away from ICL1, we synthesized and kinetically characterized peptide
substrates containing varied lysine post-translational modifications against the sole
NAD*-dependent lysine deacylase from Mycobacterium tuberculosis (Rv1151¢c or Mt-
Sirt). This revealed that M¢-Sirt has a strong specificity for long chain fatty acyl and
succinyllysine substrates, thus allowing us to leverage this specificity to develop potent
mechanism-based inhibitors that mimic myristoyllysine.

Finally, we identified a vinyl-sulfone-containing cysteine protease inhibitor, K777,
as a potent inhibitor of SARS-CoV-2 in mammalian cells. Using activity-based protein
profiling, we identified that the alkyne analog of K777 targeted human cathepsin B and L,

but that only cathepsin L was able to process the SARS-CoV-2 spike protein in vitro.
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NOMENCLATURE

[E{] Concentration of enzyme

[L] Concentration of added inhibitor or inactivator
[S] Substrate concentration

% Percent

°C Degrees Celsius

A Change in/of

+ plus or minus

< Less than

> Greater than

~ About

< Less than or equal to

> Greater than or equal to

BC NMR Carbon-13 nuclear magnetic resonance
'"H NMR Proton nuclear magnetic resonance
2-VG 2-vinyl-glyoxylate

2-VIC 2-vinyl-(2R,3S)-isocitrate

3-NHP 3-nitro-2-hydroxy-propionate

3-NIC 3-nitro isocitrate

3-NP 3-nitropropionate

3CLpro 3CL protease



(4-Pyr)Ala 4-pyridyl-alanine

5-NIC 5-descarboxy-5-nitro-D-isocitric acid
A Angstrom

AA Amino acid

ABPP Activity-based protein profiling
ACE-2 Angiotensin converting enzyme 2
ACS Acetyl CoA synthetase

ADP Adenosine diphosphate

ADPR Adenosine 5'-diphosphoribose
Alaor A Alanine

AMC 7-Amino-4-methylcoumarin

Arg or R Arginine

Asnor N Asparagine

Asp or D Aspartate

ATCC American Type Culture Collection
ATP Adenosine triphosphate

BCA Bicinchoninic acid

BCG Bacillus Calmette—Guérin

Boc tert-Butyloxycarbonyl

BSA Bovine serum albumin

BTK Bruton's tyrosine kinase

Caco-2 Human colon epithelium cells
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Calu-3

cAMP

ACN

CAPS

Cbz, Z

CD30OD or MeOD

CDCl;

CHAPS
CHES
CID

cis-EpS

ClpP

cm

CO,

CoA

CobB

COMU

Human lung epithelium cells

Cyclic adenosine monophosphate

Aconitase
N-cyclohexyl-3-aminopropanesulfonic acid
Benzyloxycarbonyl

Deuterated methanol

Deuterated chloroform
3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate
N-Cyclohexyl-2-aminoethanesulfonic acid
Collision-induced dissociation
(2R,3S)-epoxy-succinic acid

Caseinolytic Mitochondrial Matrix Peptidase
Proteolytic Subunit

Centimeter

Carbon dioxide

Coenzyme A

E. coli and/or S. typhimurium NAD-dependent
deacylase

I-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-

carbenium hexafluorophosphate
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CoV-1
CoV-2
COVID-19

CPE

CRISPR
CRM1
CS
CTSB
CTSL
CuSOq4
CysorC
D-IC
D,O

Da
DCM
ddH20
DEA
DIEA, DIPEA
DMF
DMSO

DNA

Coronavirus 1

Coronavirus 2

Coronavirus disease 2019
Cytopathic effect

Clustered regularly interspaced short palindromic
repeats

Chromosomal Maintenance 1
Citrate synthase

Cathepsin B

Cathepsin L

Cupric sulfate

Cysteine

D-threo-isocitrate
Deuterated water

Daltons

dichloromethane

Sterile ultra-pure water
Diethanolamine

N, N-Diisopropylethylamine
Dimethylformamide
Dimethyl sulfoxide

Deoxyribonucleic acid
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DprEl

DprE2

DTT

E-64

E. coli

ECso

ECoo
EchA19
EDTA
EGFR
em
EMR
cq

ex

FA
FAD

FDA

Decaprenylphosphoryl-3-D-ribofuranose-2'-epimerase
1
Decaprenylphosphoryl-3-D-ribofuranose-2'-epimerase
2

Dithiothreitol (Cleland's Reagent)
N-[N-(L-3-trans-carboxyoxiran-2-carbonyl)-L-
leucyl]-agmatine

Escherichia coli

Effective concentration of added inhibitor that reduces
growth by 50%

Concentration of added inhibitor that reduces growth
by 90%

Enoyl-CoA Hydratase

Ethylenediaminetetraacetic acid

Epidermal growth factor

Emission

Extended mass range

Equation or Equivalents

Excitation

Formic Acid

Flavin adenine dinucleotide

Food and Drug Administration
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Fmoc
FRET
FUM
GabD1/D2
GFP
Gle

Gln, Q
Glu, E
Glx
Glx-OH2
Gly, G
GNAT
GST

h

H>O
HCD
HCI
HEK293
HEPES
HFIP
His or H

His6 or H6

Fluorenylmethoxycarbonyl

Forster resonance energy transfer
Fumarase

Succinate-semialdehyde dehydrogenase
Green fluorescent protein

Glycolate

Glutamine

Glutamate

Glyoxylate

Hydrated glyoxylate

Glycine

GCN5-related N-acetyltransferase
Glutathione S transferase

Hour

Water

Higher-energy collisional dissociation
Hydrochloric acid

Human embryonic kidney cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
1,1,1,3,3,3-Hexafluoro-2-propanol
Histidine

Hexa-histidine tag
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HIV

hPhe

HPLC

HRP

HRV

hSirt

Hz

1Cso

ICD or ICDH

ICL

IDH

Ileorl

IND

InhA

IPTG

JAK3

K

K-Pi

K777

Human immunodeficiency virus
Homophenylalanine

High pressure liquid chromatography
Horseradish peroxidase

Human rhinovirus

Human sirtuin

Hertz

Half maximal inhibitory concentration
Isocitrate dehydrogenase

Isocitrate lyase

Isocitrate dehydrogenase

Isoleucine

Investigational new drug

NADH-dependent enoyl acyl-carrier-protein reductase
Isopropyl pB-thiogalactoside

Janus kinase 3

Kelvin

Potassium phosphate
4-methyl-N-((S)-1-0x0-3-phenyl-1-(((S)-1-phenyl-5-
(phenylsulfonyl)pentan-3-yl)amino)propan-2-
yl)piperazine-1-carboxamide

Rate of acylation
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Kac Lysine acetylation

keat Rate of catalysis

keat/ Kin Specificity constant of catalysis

Ka Apparent dissociation constant

kDa Kilodaltons

Kdac Rate of deacylation

KGD Alpha-ketoglutarate decarboxylase

Ki Inhibition constant

Ki “Michaelis constant” of mechanism-based inactivation
K" Tight-binding inhibition constant

Kinact Inactivation rate constant

kinac/Ki Specificity constant of inactivation

Kn Michaelis Constant

kobs Observed rate of inactivation

kot Residence time

KOH Potassium hydroxide

KOR Alpha-ketoglutarate ferredoxin oxidoreductase
KRAS Kirsten rat sarcoma viral oncogene homolog
LB Lysogeny broth

LC-MS Liquid chromatography—mass spectrometry
LeuorL Leucine

LiOH Lithium hydroxide

xvii



Lys or K

m/z
mADbs

MBI

MCD
mce4
MCL
MCM
MCS
MDH
MDR
MeCN
MeOH
MERS
MES
Met or M
MEZ

mg

Lysine

Molar

Mass to charge ratio
Milliabsorbance

Mechanism-based inactivators
Megabase pairs

Methylcitrate dehydratase or malonyl-CoA
decarboxylase

Mpycobacterium tuberculosis Mce protein family 4
2-Methyl-isocitrate lyase
Methylmalonyl-coenzyme A mutase
Methylcitrate synthase

Malate dehydrogenase

Multidrug resistant

Acetonitrile

Methanol

Middle East Respiratory Syndrome
2-ethanesulfonic acid

Methionine

Malic enzyme

Milligram

Magnesium
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MgCl Magnesium chloride
MHz Megahertz

Minimum inhibitory concentration to inhibit the

MICso growth of 50% of organisms

min Minutes

mL Milliliter

mM Millimolar

MMCE Methylmalonyl-coenzyme A epimerase
mmol Millimoles

Mn Manganese

mOD Millioptical density

Mol Multiplicity of infection

MS, MLS Malate synthase

Mt-PAT Mycobacterium tuberculosis acetyltransferase

Mpycobacterium tuberculosis NAD-dependent lysine

Mt-Sirt or Rv1151c deacylase
Mtb Mycobacterium tuberculosis
MurA UDP-N-acetylglucosamine 1-carboxyvinyltranferase

Nitronate form of 5-descarboxy-5-nitro-D-isocitric

N-5-NIC acid
Na-Pi Sodium phosphate
NaEDTA Disodium ethylenediaminetetraacetate dihydrate
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NaxSOq4
NaCl
NAD
NADH
NADP
NADPH
NAM
NaOH
nM

nm
NMePip
NTA
OADC

ON

P

Py

P>

P!
P3N
PAGE

PAS

Sodium sulfate

Sodium Chloride

Nicotinamide adenine dinucleotide
Reduced nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Reduced nicotinamide adenine dinucleotide phosphate
Nicotinamide

Sodium hydroxide

Nanomolar

Nanometer

N-methyl-piperazinyl

Nitrilotriacetic acid

Oleic Acid Albumin Dextrose Catalase
Overnight

Partition coefficient

Recognition residue 1

Recognition residue 1 prime

Recognition residue 2

Recognition residue 2 prime

Nitronate form of 3-nitropropionic acid
Polyacrylamide gel electrophoresis

Para-aminosalicylic acid
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PBS
PCA
PCB
PCC
PCK
PCR
PD
PDB
PDHC
PDVF
PEG4000
PEP
Phe or F
PK

PK

pKa
PKo
Plpro
ppm
Pro or P
prpC

prpD

Phosphate buffered saline

Pyruvate carboxylase
Penicillin-binding proteins
Propionyl-CoA carboxylase
Phosphoenolpyruvate carboxykinase
Polymerase chain reaction
Pharmacodynamic

Protein Data Bank

Pyruvate dehydrogenase complex
Polyvinylidene fluoride
Polyethylene glycol 4000
Phosphoenolpyruvate
Phenylalanine

Pyruvate kinase

Pharmacokinetic

Apparent acid dissociation constant
Apparent base dissociation constant
Papain-like protease

Parts per million

Proline

2-methylcitrate synthase

2-methylcitrate dehydratase

xxi



psi
PTM

PVHI

RZ
RMSD

RNA

RT

RT-qPCR
S or sec
S-

Si

S,

Sz

S,
SARS
SBC
SBDD
SCoaS

SCS

Pound per square inch
Post-translational modification
Peptidomimetic vinyl heterocycle inhibitors
Rectus (Latin = right)

Coefficient of determination
Root-mean-square deviation
Ribonucleic acid

Revolutions per minute

Room temperature

Quantitative reverse transcription polymerase chain
reaction

Seconds

Sinister (Latin = left)

Specificity binding pocket 1
Specificity binding pocket 1 prime
Specificity binding pocket 2
Specificity binding pocket 2 prime
Severe Acute Respiratory Syndrome
Structural Biology Center
Structure-based drug design
Succinyl-CoA synthetase

Succinate synthase

xxii



SDH
SDS
Ser or S
SIR
SIRT
sKIE
Sn2
Succ

t

T. cruzi

T5P or T3P

TAPSO
TB
TBST
TBTA
TCA
TEA
TFA
Thror T
TLC

TMPRSS2

Succinate dehydrogenase

Sodium dodecyl sulfate

Serine

Silent regulators of information
Sirtuin enzyme

Solvent kinetic isotope effect
Bimolecular Nucleophilic Substitution
Succinate

Time

Trypanosoma cruzi

Propylphosphonic anhydride
2-Hydroxy-3-[tris(hydroxymethyl)methylamino]-1-
propanesulfonic acid

Tuberculosis

Tris buffered saline tween
Tris((1-benzyl-4-triazolyl)methyl)amine
Tricarboxylic acid

Triethanolamine

Trifluoroacetic acid

Threonine

Thin-layer chromatography

Transmembrane protease serine-2
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IR

TSA
TyrorY
uv

v

v/v

Val, V
Vero E6
Vi

VilVo
Vimax

Vo

wt

WT
wt/v

Y max

Ymin

7\11'1'121)(
uM
lem

IQX

Retention time

Transition state analog

Tyrosine

Ultraviolet

Volts

Volume per volume

Valine

Cercopithecus aethiops kidney epithelial cells
Initial rate

Residual enzyme activity

Maximal velocity

Initial rate

Weight

Wild-type

Weight per volume

Upper-bound rate value at a given time
Lower-bound rate value at a given time
Extinction coefficient

Maximal wavelength

Micromolar

Emission wavelength

Excitation wavelength
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CHAPTER I

INTRODUCTION

Since the beginning of time, efficacious pathogens have had the ability to effect
disease and morbidity throughout the world. For hundreds of years, the mitigation and/or
elimination of these pathogens have comprised a principal goal of the scientific
community and pharmaceutical industry. However, in more recent years, the rise of
antibiotic resistance, limited therapeutic options for some diseases, and newly emerging
pathogens have continued to challenge the scientific community to develop novel
therapeutics for a large variety of diseases. In many instances, canonical approaches to
drug discovery, such as phenotypic and target-based screening using large compound
libraries followed by iterative structure-based drug design (SBDD) have often failed to
provide tractable leads for many areas of drug discovery. Interestingly, many of the most
successful therapeutic agents comprise natural products or derivatives of natural products
which effect covalent bond formation with their protein or enzyme target of interest.
Therefore, in the development of new molecules to target challenging enzyme classes we
may be wise to take a chapter from the book of nature. Thus, in this chapter, I will briefly
detail some key concepts regarding the kinetics of enzyme inhibitors and inactivators,
followed by a discussion of the strategies that nature uses to form covalent bonds with
enzymes and proteins, and how we as enzymologists and chemists can apply these
approaches in developing new covalent enzyme inhibitors. Together, combining the clever

paradigms that nature uses in drug discovery with rational drug design strategies and



mechanistic enzymology provide us a better chance of developing selective inhibitors and
covalent inactivators of key pathogenic enzymes. Towards this end, my thesis research
focuses on using mechanistic enzymology and rational drug design towards the
development of selective covalent inhibitors to target key enzymes in Mycobacterium

tuberculosis, Trypanosoma cruzi, and the recent emergent viral pathogen, SARS-CoV-2.

A. Mechanistic Enzymology: A Background on Inhibitor and Inactivator Kinetics
Enzymology is the branch of biochemistry interested in understanding how

enzymes work through their relationship between structure and function.

o
O OO DO
S K, K kQ kP .-

Figure 1. General Example of Unimolecular Enzymatic Catalysis

Where E is enzyme, S is substrate, P and Q are products, and EX? is the transition state.
Microscopic rate constants k1, ka2, ks, ka, ks, ke, k7, and ks report on the respective rates of
catalysis.

Therefore, mechanistic enzymology is a focused area of enzymology dedicated to
elucidating the detailed kinetic and chemical mechanism(s) of an enzyme with respect to
its interaction with binding partners (protein, small molecule substrate or inhibitor). When
thinking about an enzyme, one may recall the simple lock and key illustration from

biochemistry coursework. In this naive depiction, an enzyme serves as the lock and the



substrate of the enzyme, the key. Through having the correct “notches” to interact with
the enzyme, the substrate is able to bind to the enzyme and undergo transformation into
product. However, this simple unimolecular chemical reaction is much more complicated
than meets the eye. Take for example Figure 1 depicting the collision of substrate with
enzyme. The initial binding of the substrate forms the reversible ES complex, often
referred to as the Michaelis complex. Subsequent chemical transformation of the ES
complex through the k3 step results in the formation of the transient transition state (EX*)
which is rapidly (~10713 sec) transformed into an EPQ complex. The desorption of P and
Q from the enzyme (either in an ordered or random fashion) produces free enzyme (E)
ready for another iteration of catalysis. In the direction of product formation, the maximal
rate of substrate conversion to product is coined the turnover number, kca, which is equal
the maximal velocity divided by the concentration of the enzyme. The binding of the
substrate to the enzyme and formation of the Michaelis complex is characterized as the
Michaelis constant, Km. Together, these terms allow one to determine the specificity
constant of catalysis, or the kca/ Kim.

When looking closely at the scheme of enzyme-substrate complexation and
subsequent product formation in Figure 1, one can begin to identify strategies that would
allow the design of small molecule modulators which would inhibit the function of an
enzyme. One discernable approach may be to produce structural mimics of S. In this case,
a non-catalytically competent S analog, I (pink ligand, Figure 2), would bind to E in such
a manner that the binding of S would be impeded and result in the formation of an EI

complex. Kinetically, this competitive inhibition affects the K of S binding, that is, where



the substrate is at low or mid-range concentrations, but not when it is saturation wherein

the initial velocity approaches the Vmax.

Figure 2. Competitive Inhibition and Inactivation of an Enzyme

Where the pink ligand represents a competitive inhibitor and the green ligand represents a
competitive inactivator which forms a covalent adduct with the enzyme.

The design of molecules that are competitive versus the variable substrate is not limited
to noncovalent molecules and can include molecules that engage in covalent bond
formation with the enzyme, termed covalent inhibitors or inactivators. These molecules
are in general electrophilic and allow one to exploit active site nucleophiles, such as the
amino acid cysteine and serine, and develop a molecule that is structurally similar to S but
contains a reactive group, shown here as I'* (green ligand, Figure 2). The initial binding
of I* to the enzyme forms a transitory EI' complex that affords the covalent addition of
the molecule to E (kinact) resulting in an irreversible E-I complex (Figure 2). In the case

shown here, the inactivation event is illustrated as irreversible, but the development of



molecules that effect reversible covalent inactivation are becoming increasingly more
common in the drug discovery sphere.’® Another class of covalent inactivators that are
competitive versus S are mechanism-based inactivators. This elegant class of molecules,
which will be discussed in more detail later, masquerade as a substrate, but though
enzymatic catalysis are converted to a reactive species which ultimately undergoes
covalent inactivation of the enzyme target.”” While these types of molecules can be
challenging to produce, they provide an effective method to produce a selective molecule
that will in theory only react with the target protein of interest due to the fact that they are
only present in the active site of the target enzyme.

Beyond competitive enzyme inhibitors and inactivators, one can envision a
number of other methods to target E. One such approach requires the design or discovery
of molecules that binds to an adjacent site of the enzyme, whereby I, (brown diamond,
Figure 3), can bind to the enzyme and form a ESI complex. This uncompetitive inhibition
causes no reduction of the Km of S and in the Vmax as the inhibitor does not bind at the
same site as S. A different and powerful strategy is the generation of molecules that are
structural mimics of the transition state of an enzyme, coined transition state analogs
(TSA, salmon ligand, Figure 3). This approach was initially theorized by Linus Pauling in
the 1940s’% /7 and was proposed to be a viable method to produce selective, tight-binding
enzyme inhibitors. Work for nearly 80 years has indeed confirmed this initial hypothesis
and led to the development of many transition state-based enzyme inhibitors, most notably
for purine nucleoside phosphorylase’? and for HIV protease, which lead to a front-line

HIV therapy.’? In addition to transition state analogs, uncompetitive inhibitors and



inactivators have the potential to provide opportunities to selectivity target an enzyme
target. By definition, an uncompetitive inhibitor binds to a complex formed between the
enzyme and substrate, and will result in a decrease in both the Vimax/kcat and the K of S

for the enzyme.

coe oo
DO OO

Figure 3. General Transition State Analog, and Uncompetitive Inhibitors and
Inactivators.

Where the brown diamond represents an uncompetitive inhibitor, the light green diamond
represents an uncompetitive inactivator, the salmon ligand represents a transition state

analog (TSA), the gray circle represents an uncompetitive inhibitor and the orange circle
represents an uncompetitive inactivator.

In the case of Figure 3 the binding of I (grey circle, Figure 3) or I* (orange circle, (Figure
3) to the EP complex to form an EPI or EPI* complex will affect uncompetitive inhibition
of the enzyme (assuming ordered product release). In the case of EPI*, subsequent
inactivation of E via the covalent addition to an active site residue, such as a nucleophilic

cysteine,’# will form the E-IP complex.



Together, through developing a strong understanding of the kinetic mechanism of
an enzyme it allows one to use that information in aiding drug discovery when using a
target-based approach. In many cases this rational design of molecules has the ability to
result in the rapid production of possible molecular candidates and leverage the unique
properties of the enzyme in a manner that inhibitors derived from high-throughput

screening do not.

B. Diverse Electrophiles in Natural Products: Inspiration for Covalent Drug
Discovery

In the development of small molecule modulators of enzyme activity, as detailed
above, there are two major classes of molecules one generally will employ: noncovalent
and covalent inhibitors/inactivators of enzymes. While both classes have their advantages
and disadvantages, I will only focus on the development of covalent inhibitors/inactivators
of enzymes for the remainder of this chapter. In recent years, one of the most sought-after
properties of an enzyme inhibitor is its ability to engage in tight, slowly-reversible or
effectively irreversible complexation with its target of intrest.”> This property, often
referred to as residence time, (the residence time is the half-life derived from ko) has been
shown to play a key role in the translation of in vitro to in vivo potency and selectivity of
a small molecule drug more so than the static measurement of affinity (Ki, K4, or ICso)
alone.’> 1% There are multiple mechanisms by which one can produce drug-like molecules
that exert prolonged target residence times, ranging from noncovalent, tight-binding

molecules to the development of covalent modifiers that effect reversible or irreversible



target engagement. While there are various examples of noncovalent ligands which exert
prolonged residence time on their target (methotrexate on dihydrofolate reductase,’”
DADMe-Imm-H on purine nucleoside phosphorylase,’? and isonicotinic acyl-NAD(H) on
InhA,’® among others) it can be challenging to rationally design non-covalent molecules
that exert these effects. Therefore, in general, the most facile approach to engineer
enhanced residence time for a molecule is to use covalent drug design. Beyond residence
time, the use of covalency (particularly when coupled with chemoproteomics)’’ serves as
an important approach to identify proteins previously thought to be “undruggable.” /% 2
These undruggable targets are estimated to constitute ~85% of the human proteome,?’ and
many contain poorly defined binding pockets or have proven intractable to traditional drug
discovery programs.?’ While the work presented in this thesis will not focus on targeting
enzymes with poorly defined binding sites, it will focus on targeting enzymes that have
often proven refractory to high-throughput screening and traditional non-covalent drug
design. Thus, it is important to consider alternate approaches in targeting these types of
challenging enzymes, and a great place to start is by looking at how nature has targeted
many enzymes and proteins.

When looking at varied isolated natural products that exert biological activity, a
common trend is often revealed: covalent chemistry via electrophilic functionalities.
These electrophilic “warheads” allow for efficient covalent addition to a target enzyme or

protein while other portions of the structure often serve to position the warhead proximal

to an enzyme nucleophile thereby allowing covalent bond formation to occur. Herein, I



give a brief, non-comprehensive, overview of these functionalities and highlight a few
members key natural products that contain these reactive motifs.

In modern covalent drug discovery one of the most widely used electrophilic
groups are Michael acceptors. Nature too has taken advantage of this type of electrophile
in natural products and these molecules often exert potent bioactivity or reactivity. One
example is the seemingly benign food additive, cinnamaldehyde which contains an «,f-
unsaturated aldehyde functional group. This compound, among other electrophiles, can
covalently modify the ion channel TRPA1 resulting in channel activation and thus
production of a pain response.’” ?? In addition, the synthetic incorporation of
cinnamaldehyde into a peptidic scaffold as an electrophilic warhead to target the active
site cysteine of protein tyrosine phosphatase resulted in the reaction of the aldehyde, in
lieu of the vinyl, to form an enamine as determined by NMR.? Beyond this relatively
simple molecule, a variety of other a,f-unsaturated moieties are found in other natural
products ranging from amides (microcystin LR?#), to ketones (curcumin’’ and
zerumbone?%), to §-lactones (leptomycin B?7), and even y-lactones in molecules such as
parthenolide (covalently modifies IKKpB in HeLa cells?® and focal adhesion kinase in
breast cancer cells?’). In addition to a,B-unsaturated groups, there are other natural
products which contain groups that afford Michael addition, such as a nucleoside analog
containing the well-known thiol reactive maleimide group (showdomycin®’), or
methyldambullin,?’ which contains a vinyl sulfone and has been shown to exert and ECso

of 1.7 uM against Trypanosoma cruzi’> Further, the well-studied natural product



wortmannin contains an activated furan to which a lysine residue from phosphoinositide

3-kinase and polo-like kinase adds, resulting in the formation of a covalent complex.*
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Figure 4. Natural Products Containing Michael Acceptors

Shifting away from Michael acceptors for targeting of proteins and enzymes, there
are many important ring-strained electrophilic natural products which effect efficient
covalent modification of various classes of enzymes. From a chemical reactivity

perspective these functionalities are often weaker electrophiles than Michael-like
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electrophiles and thus may result in heightened levels of selectivity. This was elegantly
demonstrated by Weerapana et al. using activity-based protein profiling (ABPP) to screen
the proteome reactivity of varied affinity labels (phenylsulfonate ester, linear epoxide, -
chloroacetamide, a,B-unsaturated ketone, and spiro-epoxide).* They noted that the a,[3-
unsaturated ketone ligand used exhibited robust modification of the proteome (304 unique
peptides) at low concentration (1 M), whereas ring strained epoxides exhibited negligible
labeling and no enriched peptides up to a concentration of 20 uM.?# While the seemingly
unreactive character of these epoxide-based electrophiles on a proteomic scale is
encouraging for development of selective covalent probes, there may be a few caveats
regarding the high reactivity of the a,B-unsaturated ketone affinity observed by Weerapana
et al. First is that the reactivity profile of all a,B-unsaturated ketones is not the same. The
reactivity of these molecules is greatly dictated by the electron-withdrawing/donating
character of groups proximal to their vinyl bonds. Therefore, it is possible to tune the
reactivity of a vinyl bond in order to limit or oblate aberrant thiol reactions, as has been
shown by our group® and others.?# This modification of reactivity has been even taken a
step further by developing Michael acceptors that undergo reversible covalent addition
with enzyme targets. One such example of this is highlighted by the development of
cyanoacrylamide warheads which comprise tunable reversible covalent Michael acceptors
for Bruton's tyrosine kinase, one of which is now in phase III clinical trials,? thereby
providing an approach to modulate the residence time of inhibitor on the enzyme.” 3/
Therefore, while many o,B-unsaturated natural products do exhibit fair reactivity towards

nucleophiles, an equal many have been seen to exhibit selectivity for discreet protein or
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enzyme targets. Assessment of this selectivity can be achieved more efficiently now than
ever before owing to approaches such as ABPP which allow for the relativity facile
identification of the molecular target(s) and off-targets of a covalent
inhibitor/inactivator.’*#*’ Wright and Sieber provide a nice comprehensive review of the
various chemoproteomics approaches used to identify the targets of natural product
electrophiles which may guide this endeavor./ In the context of ring-strained
electrophiles, this ABPP approach proved useful for analyzing the proteomic reactivity of
ring strained B-lactams? and B-lactones.”” These studies identified other possibly viable
targets for B-lactams, such as the ATP-dependent Clp protease and a resistance associated
B-lactamase?” #/ The B-lactam warhead comprises an important electrophilic group for
treatment of bacterial infections (penicillins, cephalosporins, etc.).” Structurally similar
to the B-lactam, a y-lactam-B-lactone bicyclic ring is found in the structure of
salinosporamide A?® (Phase III trials for glioblastoma, Celgene),?” a potent inactivator of
the chymotrypsin-like activity of the proteasome. Another type of ring-strained
electrophile, an epoxide, comprises a common warhead in natural products. These weaker
electrophilic warheads have seen wide use in research via E-64% (a pan-specific protease
inactivator), and epoxomicin (selective proteasome inactivator?’; derivative called
carfilzomib is used for treatment of relapsed multiple myeloma),’” as well as use in the
clinic with the FDA-approved drug fosfomycin. Electrophiles with structural similarity to
epoxides, such as aziridines and cyclopropyl groups also have been identified in natural

products.
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Figure 5. Electrophilic Natural Products Containing Strained Rings or a-Ketoamide
Warheads

Beautiful biosynthetic work from the laboratories of Balskus’’ and Crawford” identified
the structurally complex and challenging to isolate natural product colibactin undergoes
DNA alkylation via its electrophilic cyclopropyl groups, an event that may play a role in

colorectal cancer. With regard to aziridines, there are many natural products that contain
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this warhead,” but one that is quite interesting is the molecule Miraziridine A.># This
molecule is in effect a Swiss army knife of protease inhibitors as it has the ability to
inactivate cysteine proteases with its aziridine warhead, aspartyl proteases with the amino
acid statine, and an N-terminal vinyl arginine to inhibit serine, trypsin-like proteases.’? In
addition to Michael acceptors and strained rings, another group of electrophiles that need
mention are the a-ketoamides. This moiety, shown in cyclotheonamide A and potstatin,
comprise inhibitors of serine proteases and prolyl endopeptidase, respectively and has
proved to be a popular warhead in the discovery of protease inhibitors. In fact, an a-
ketoamide containing peptidic inhibitor was recently used to inhibit and solve the first
crystal structure of the essential 3CLpro-like cysteine protease from SARS-CoV-2.%

In sum, nature has provided us as chemists and enzymologists a comprehensive
molecular toolbox of tailored covalent approaches devised over millions of years of
evolution. These approaches have allowed organisms to successfully defend themselves
from the attacks of foreign agents by selectively targeting the weakness of these agents.
Thus, we may be wise to leverage these tools and take note of key strategies employed in

nature’s development of selective covalent enzyme inhibitors.

C. On the Mechanism of Covalent Ligands Against Enzyme Targets

In order to put to use the diverse toolbox of electrophiles and approaches Nature
has provided us to exploit enzyme and protein nucleophiles, it is important to consider
how these molecules function with respect to their target(s) to aid in the design of new

enzyme modulators. When discussing covalent ligands there are three major types: affinity
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labelling agents,’® quiescent affinity agents’’, and mechanism-based inactivators’ (also
known as suicide substrates).® ? In this section I will provide examples of how Nature and
researchers alike use quiescent affinity labels and mechanism-based inactivators to target
enzymes. A quiescent affinity agent is defined as a molecule that is “quiescent” in the
presence of solution-based nucleophiles at a reasonable concentration, but upon binding
to an enzyme, a catalytic step, such as protonation, will activate the electrophile in the
enzyme target.”> However, the path of the enzyme inactivation for these molecules must
be “aberrant” when compared to normal catalysis in order to be called a quiescent affinity
label (Figure 6A,B).”® From a kinetic view we provide two pathways in which a quiescent
affinity label could function. One could envision this inactivation takes place either by the
initial binding of the quiescent affinity label to the enzyme followed by inactivation
(Figure 6A) or initial binding of the quiescent affinity label, a chemical step, and then
inactivation (Figure 6B), as is the case with epoxide inactivators of HIV protease.”® ’ In
the case of a mechanism-based inactivator, or MBI, the molecule must be of reasonable
structural similarity to that of a substrate or product of the enzyme and undergo a
catalytically on-path transformation to yield a species that inactivates the enzyme prior to

its release from the active site (Figure 6C).” Together, both quiescent affinity labels and

MBIs, in contrast with affinity labelling agents like iodoacetamide,’’ and commonly used
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ABPP probes,?” 5 have a certain level of selectivity developed into their scaffolds that

affords specific covalent modification of a protein or enzyme target.

A.
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Figure 6. Kinetic Schemes for Quiescent Affinity Labeling and
Mechanism-based Inactivation of an Enzyme Target

A. A kinetic scheme of a traditional quiescent affinity label which undergoes
binding to an enzyme, formation of a EeqAL complex, and then undergoes
covalent inactivation. B. This scheme details the function of a non-traditional
quiescent affinity label which is more similar to a mechanism-based
inactivator, which we coin a mechanism-based quiescent affinity label. In this
case, the inactivator undergoes initial binding followed by a chemical step
which activates the molecule for inactivation of the enzyme and results in the
formation of an E-AL dead-end complex. C. Comprises a kinetic scheme for
a mechanism-based inactivator, whereby the initial complexation of the MBI
results in the formation of an EMBI complex. Subsequent catalysis of this
pseudosubstrate results in the formation of a reactive EMBI' species. This
species can either be released from the enzyme active site or go on to
inactivate the enzyme by the formation of a covalent adduct. The ratio of ks/ks
describes the partition ratio, which reports on the efficiency of the inactivation
event, with the most efficient possible value being 0, demonstrating no release
of the MBI’ species into solution.
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When looking at the molecules that effect covalent inactivation that nature has
provided, many contain built in selectivity to target specific enzymes. One such example
is one of the most recognizable natural product reactive motifs, the B-lactam. This moiety
is the active pharmacophore required for the antibacterial activity of the penicillins,
cephalosporins, carbapenems, and monobactams. These molecules engage with the
penicillin-binding proteins (PCBs), which are enzymes that carry out the transpeptidation
or carboxypeptidation of the terminal D-alanine-D-alanine dipeptide on the peptidoglycan
stem pentapeptide (Figure 7).°/ In the case of binding a penicillin-like molecule, the
electrophilic carbonyl center of the B-lactam warhead is positioned proximal to the
catalytic serine of the PCB, thus allowing for facile attack, ring opening, and the formation
of a covalent complex (Figure 8). In addition, therapeutically relevant B-lactam molecules
containing a C3 carboxylic acid proximal to the warhead provides nice mimicry of the C-
terminal carboxylate of the D-ala-D-ala peptide. Modification of this C3 carboxylic acid
precludes efficient binding and covalent bond formation with the PCBs.#> %> 9 One
concern is the increasing resistance to B-lactam antibiotics.”” One of the major
mechanisms of this resistance occurs through the hydrolysis of the B-lactam ring by a class
of enzymes known as B-lactamases which were discovered as early as 1940.5 However,
it seems that nature also identified this problematic hydrolytic enzyme and developed
molecules, such as the mechanism-based inactivator clavulanic acid, to combat the

degradation of B-lactam containing molecules.”
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Figure 7. Chemical Mechanism of Penicillin-Binding Proteins.

Initially, the terminal D-ala-D-ala residues of the peptidoglycan pentapeptide bind to the
PCB which positions its active site serine to attack the carbonyl carbon of the peptide bond.
Formation of an acyl-enzyme intermediate, followed by collapse of this intermediate,
results in the release of the C-terminal D-ala residue. The covalent PCB-D-ala complex
can then either undergo hydrolysis to regenerate the free enzyme or transpeptidation where
an amine, derived from another peptidoglycan stem pentapeptide, can add to the carbonyl-
center of the enzyme bound intermediate, forming a tetrahedral intermediate which then
collapses to release the transpeptidase product from the enzyme.
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It took nearly 20 years from the identification of clavulanic acid to fully elucidate its
mechanism of action on a B-lactamase. In a collection of beautiful work from Knowles,”’
Mobashery,”’ Chofield,”> 7* and others it was identified that clavulanic acid undergoes a
variety of chemical transformations in the active site of the f-lactamase enzyme, some of

which allow for inactivation of the B-lactamase enzyme.
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Figure 8. Mechanism of Inactivation of Penicillin-Binding Proteins by Penicillin
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The active site serine of the penicillin-binding protein(s) attacks into the carbonyl of the -
lactam ring, resulting in the formation of a tetrahedral intermediate, which upon its collapse
results in the formation of a stable ester bond linkage between the penicillin molecule and
the protein.

Initially, clavulanic acid, akin to the mechanism observed for the penicillin-binding
proteins, undergoes attack at the f-lactam ring carbonyl by an active site serine and in
subsequent steps is transformed into an imine, which can tautomerize to its cis- and trans-
enamine forms (Figure 9). Subsequently, these products can undergo a variety of chemical

transformations ranging from the addition of a proximal active site serine residue to the

imine, hydrolysis to produce an aldehyde species that can also react with the proximal

19



active site serine, of which these ester and ether adducts with the enzyme serine residues

can be, thus regenerating the B-lactamase activity (Figure 9).”
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Figure 9. Mechanism-based Inactivators of B-Lactamases

A. Three known B-lactam-containing mechanism-based inactivators of B-lactamase
enzymes which are used clinically. B. Putative mechanism of B-lactamase inactivation by
clavulanic acid. For more detailed and complete mechanism please reference’?

Only two years after to the identification of clavulanic acid, researchers at Pfizer described
sulfbactam and its ability to protect f-lactam containing molecules from B-lactamases in
various ampicillin-resistant bacterial strains.”* In 1987 the synthesis of modified
sulfbactams, lead to the identification of a molecule known called Tazobactam, a potent
triazole containing -lactamase inhibitor that is widely used in combination therapy with
B-lactams.”> While these molecules did inhibit B-lactamases, their partition ratio was quite
poor as >100 molecules were required for 1 enzyme inactivation event,” demonstrating
that identification of more effective MBIs to target B-lactamases may be necessary.
Towards this end, researchers at AstraZeneca identified potent B-lactam-containing
inhibitors which contained a diazabicyclooctane warhead, comprising the first non-f-
lactam containing B-lactamase inhibitor (Figure 10A).”” This molecule, called avibactam,
is a highly efficient (a single molecule required per inactivation event’®), slowly reversible
covalent, inhibitor of a A-, C- and some D- class B-lactamases,’® that is now used clinically
to treat intra-abdominal infections in combination with the cephalosporin

ceftazidime(Figure 10B).”
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Figure 10. Non-pB-Lactam-Containing p-Lactamase Inhibitors

A. Clinically used B-lactamases inhibitors containing diazabicyclooctane and boronate
warheads. B. Proposed mechanism of a B-lactamase by avibactam that reacts with the
active site a serine.

Subsequently, other non-B-lactam-containing inhibitors (vaborbactam with its boronate
warhead, in clinic®’; relebactam with its diazabicyclooctane core, in clinic)®’ have been
identified as potent B-lactamase inhibitors which effect robust reversible covalent bond
formation (Figure 10A). Therefore, to fight resistance against B-lactam antibiotics of
interest, nearly all B-lactam therapeutic regimens now include a mechanism-based (-
lactamase inhibitor such as clavulanic acid or avibactam. However, the rational drug

discovery efforts against these enzymes still needs to continue as B-lactam resistant

bacterial stains that contain varied B-lactamase enzymes continues to increase.’” As of the
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most recent data, over 7,100 B-lactamase enzymes have been identified in bacteria, an
large increase from ~4,300 in 2019, demonstrating the magnitude of this growing
problem.®’

In addition to B-lactams, epoxide-based molecules are also effective quiescent
affinity labels that can exert clinically-relevant therapeutic effects. One such antibacterial
epoxide natural product, fosfomycin, targets MurA, which catalyzes the first step in glycan
synthesis, converting UDP-N-acetyl glucosamine to enolpyruvyl-UDP-N-acetyl
glucosamine using the co-substrate phospoenolpyruvate (PEP). Interestingly, the Michael
acceptor-containing substrate PEP was shown to undergoes covalent addition with Cysi1s
of MurA and was co-purified with the enzyme.?*% It was observed that, fosfomycin, a

structural analog of PEP, which contains an epoxide, undergoes robust inactivation of the

enzyme (kinact = 7.4 min’') via thiolation by the Cysis thiolate.%% 87
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Figure 11. Putative Mechanism of Fosfomycin Inactivation of MurA

Structural evidence of this MurA inactivation reveals that thiolate addition occurs on the
less sterically-hindered carbon, suggestive of an Sn2 inactivation pathway which is

consistent with no pre-protonation of the epoxide ring oxygen being required (Figure
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11).%8 In a similar vein, the epoxide-containing compound E-64 serves as a pan-specific
irreversible cysteine protease inactivator.?® 4/ This molecule has seen extensive use as
an active site titrant and tool compound to study the effect of cysteine proteases, such as

the human cathepsins, particularly for coronavirus research.?? %3
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Figure 12. Structures of Epoxide Cysteine Protease Inactivators and Proposed
Chemical Mechanisms of Inactivation

A. Structures of E-64 and CA-074. B. Mechanism for direct thiolate attack of epoxide
and subsequent ring opening. C. Mechanism for epoxide ring protonation by an
unknown proton donor (X-H) which allows for thiolate attack of the epoxide and ring
opening.
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While there is still some speculation regarding the precise mechanism of inactivation
(Figure 12), it has been shown that chemical modification of the peptidic backbone of the
E-64 scaffold allows the production of more selective protease inactivators such as CA-
074, which has a high level of selectivity for human cathepsin B.’ The conversion of this
pan-specific molecule (E-64) to a highly specific inactivator (CA-074) requires important
consideration into the interplay between selectivity and reactivity when designing an
enzyme inactivator. In previous studies with the well-studied cysteine protease papain,
Liu and Hanzlik® noticed a strong linear correlation (R? = 0.98) between the specificity
constant of catalysis (kca/Km) for substrates and the specificity constant of inactivation
(kinac/Kii) for inactivation when using inactivators with a fixed warhead and varied peptidic
scaffold. This strong linear correlation suggested to the authors that the chemical
mechanism for Michael addition of the vinyl warhead to Cyszs of papain was similar to
that of substrate hydrolysis and that the binding energy from enzyme-ligand interactions
may drive inactivation in a near analogous fashion to substrate hydrolysis.

Together, this situation, while not universally applicable, suggests that in order to design
robust and specific quiescent affinity labels and mechanism-based inactivators one should
have a detailed understanding of the key determinants of substrate binding as this
information can maximize the probability of success when appending a warhead to the
molecule of interest. More importantly, this highlights that optimization of specificity
towards a target may allow for the installation of less reactive warheads which can undergo
equally efficient inactivation compared to a more reactive warhead appended to a ligand

that has less specificity for the target protein.
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Beyond B-lactams and epoxides, there are various other elegant mechanisms that
nature uses to inactivate enzymes with Michael acceptors such as the slow addition of the
dehydroalanine residue of microcystin-LR to a non-catalytically relevant Cysz73 residue
of serine/threonine phosphatase 1A.%’ Interestingly, the elimination of this dehydroalanine
residue from the inhibitor or substitution of the cysteine residue from the protein does not
substantially alter the binding affinity of the molecule to the protein target, suggesting that

while the addition of the Cys273 to the dehydroalanine is indeed an attractive approach to
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leptomycin B selinexor
Figure 13. Structures of Leptomycin B and Selinexor

The warhead which undergoes reaction with Cysszo of CRM1 is labeled blue in color.

enhance residence time of the molecule, it is not wholly required for inhibition.”® Another
example of Michael addition in nature is the specific reaction of the a,f-unsaturated &-
lactone of the natural product leptomycin B with Cyss29 of the CRM1, a conserved receptor
for nuclear export signal of proteins (Figure 13).?” In the case of leptomycin B, it binds to
a channel in CRM1 used for the binding of leucine rich receptor signals, which affords
inactivation via reaction with a proximal thiol (Cyss29) and ring opening of the a,f-

unsaturated §-lactone.”’
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This molecule, while exquisitely selective for CRM1 in cells,”” was unsuccessful in
clinical trials owing to systemic toxicity,’® but provided inspiration for the development
of molecules to inhibit CRM1. Using a mixture of docking and structure-based drug design
researchers at Karyopharm were able to develop Selinexor, an o,B-unsaturated amide
containing small molecule that effected covalent, slowly reversible, inactivation of CRM1
by binding to the same channel and alkylating the Cysso (Figure 13).?” This molecule has
progressed to the clinic (as a combination therapy with bortezomib and dexamethasone)
for the treatment of multiple myeloma and more recently for the treatment of relapsed or
refractory diffuse large B-cell lymphoma./? 19!

This section serves to underscore a few paradigms present in many natural product
electrophiles that are relevant to the design of new covalent and mechanism-based
inactivators of enzymes and proteins. The defining characteristics of these molecules is
their ability to mimic a substrate or product and form key noncovalent interactions to
properly position an electrophilic warhead. This is highlighted by mimicry of the D-ala-
D-ala dipeptide by B-lactam inhibitors of the penicillin binding proteins, the structural
mimicry of PEP by fosfomycin, the selectivity induced by the peptide scaffold of E-64,
and the selectivity of leptomycin B for the CRM1 channel used for binding of leucine-rich
nuclear export signals. Together, these specific binding interactions allow for efficient
positioning of the covalent warhead for subsequent reaction with the target nucleophile.
In addition, the molecules discussed that contain B-lactam and epoxide warheads leverage
the chemical mechanism of the enzyme target by exploiting its essential catalytic

nucleophile. Conversely, the targeting of non-catalytically relevant nucleophiles by
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leptomycin B and microcystin-LR also proved to be an effective strategy. This strategy
has begun to take hold, particularly in cancer drug discovery, where many of the new
classes of inhibitors use covalency. Such examples exist for epidermal growth factor
receptor (EGFR), Bruton’s tyrosine kinase (BTK), Kirsten rat sarcoma viral oncogene
homolog (KRAS), and Janus kinase 3 (JAK3)./%? 103 Together, natural product

electrophile-containing molecules can not only therapeutically viable molecules, but also
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Figure 14. Examples of Covalent Inhibitors in the Clinic and in Clinical Trials for
the Treatment of Cancer

The electrophilic warhead is colored in blue for each molecule.
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can assist in playing a critical role in identifying new targets and methods to exploit

enzymes with active site nucleophiles.

D. Summary

In sum, nature has provided us as chemists and enzymologist with key examples
of how to better leverage molecules containing electrophilic warheads in the development
of targeted therapeutics. Many of the molecules presented herein, while on their face range
widely in electrophilic functionality and overall structure, have key conserved features
which allow them to efficiently target a protein or enzyme. Often, the most important
feature comprises the mimicry of a substrate or product of the enzyme or binding partner
of a protein which positions the electrophile for facile modification to occur. Application
of this strategy or approach, arguably pioneered by nature, to other enzyme systems by
keen researchers have proven fruitful in the modern era of drug discovery. Key examples
of this success come from a myriad of targets, ranging from targeting of kinases and
proteasome for cancer chemotherapy using namely o,B-unsaturated carbonyls, o-
ketoamides, and epoxides, to the targeting of key cysteine proteases implicated in disease
(bacterial, mammalian, parasitic, viral, etc.) using warheads ranging from ao,B-unsaturated
groups, o-ketoamides, epoxides, halomethyl ketones, nitriles, nitro, among others.
Together these approaches embolden researchers to continue to develop new approaches
to selectively target enzymes and proteins with covalent warheads. Towards this end, in
this thesis, I will discuss a variety of covalent drug discovery approaches we have taken

in the laboratory. Chapter II focuses on better understanding the peptide recognition motif
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of the parasitic cysteine protease cruzain from 7rypanosoma cruzi to allow for the
development of specific and robust reversible covalent inhibitors of this enzyme using a
class of molecules known as peptidomimetic vinyl heterocycles. In Chapters III and IV
we respectively discuss the development of an uncompetitive quiescent affinity label and
mechanism-based inactivator against the essential Mycobacterium tuberculosis enzyme
isocitrate lyase. In Chapter V we detail the substrate specificity characterization and
development of potent mechanism-based thioamide and thiourea inhibitors against the
sole lysine deacylase in Mycobacterium tuberculosis. In Chapter VI we detail the
identification of K777, a dipeptide vinylsulfone containing Michael acceptor, as a potent
and selective inhibitor of SARS-CoV-2 which has progressed to Phase II clinical trials for
the treatment of COVID-19. In sum, armed with the knowledge that over 30% of marketed
drugs use a covalent mechanism of action,’ that successful drug molecules often exert
prolonged residence on their primary targets,’”” and observation that covalent drug
discovery has been revitalized in recent years,’? we are optimistic that this work will serve
to both aid in the development of new covalent lead molecules that may progress to the

clinic and expand upon established approaches for covalent drug discovery.
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CHAPTER 1II
SYNTHESIS AND KINETIC CHARACTRIZATION OF DIPEPTIDE SUBSTRATES
FOR TRYPANOSOMA CRUZI’S CRUZAIN*
A. Introduction
Introduction

American trypanosomiasis, more commonly known as Chagas disease, is a deadly
parasitic infection (~10,000 deaths/yr) caused by Trypanosoma cruzi (T. cruzi). This
parasite is endogenous to the Americas and results in 30,000 new cases each year, 8,000
of which are newborns that become infected during gestatation./”” Although
approximately 6-7 million people are estimated to be infected with 7. cruzi, another 70
million reside in areas at risk for exposure.’”

T. cruzi is transmitted to humans via insect vectors called triatomines, more
generally referred to as kissing bugs.’? These insects are common in parts of Mexico,
Central, and South America where they have adapted to residing in or near domiciles.’?”
In particular, the passage of the parasite to humans, or other mammals such as raccoons

and dogs, occurs through the entry of kissing bug parasite-laden fecal matter into a bite

wound or mucosal membrane.

*This work has been published in and is reprinted in part with permission from: Chenna,
B.C.,, Li, L., Mellott, D. M., Zhai, X., Siqueira-Neto, J. L., Calvet Alvarez, C., Bernatchez,
J. A., Desormeaux, E., Alvarez Hernandez, E., Gomez, J., McKerrow, J. H., Cruz-Reyes,
J.,and Meek, T. D. (2020) Peptidomimetic Vinyl Heterocyclic Inhibitors of Cruzain Effect
Antitrypanosomal Activity, Journal of Medicinal Chemistry 63, 3298-3316. Copyright
2021 by American Chemical Society.
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The metacyclic trypomastigote form of the parasite (Figure 15) then enters the cells of the
mammalian host and transforms into its amastigote form, which allows efficient
multiplication within the infected tissue. Subsequently, the newly produced amastigotes
can transform into the trypomastigote form and enter the blood stream. Once in the
bloodstream, the parasite can travel through the vessels and localize in other tissues
throughout the body, such as the heart. 7. cruzi infection is often clinically silent for

decades (known as the chronic phase of infection), but ultimately leads to dangerous and
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Image credit to the CDC, DPDx, and Dr. Alexander J. da Silva and Melanie Moser
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potentially fatal complications of the gastrointestinal system (megaesophagus or

megacolon)’?

and/or the cardiovascular system (dilated cardiomyopathy with heart
failure).’”” While vector control has been fairly successful for the control and limiting of
spread of triatomines,’/% 1!/ the therapeutic options for treatment of Chagas disease are
limited./”® Specifically, the two molecules that are approved to treat 7. cruzi infection
(benznidazole (Roche) and nifurtimox (Bayer)), are riddled with harmful side-effects,
which afflict nearly 40% of patients and range in severity from gastrointestinal issues,
sleep disturbance, appetite loss, weight loss, and dermatologic reactions, such as skin
sensitivity.//> /73 Moreover, these treatments have been shown to only work during the
early stages of infection and are largely ineffective following ~3 weeks of infection.’?#
With the treatment regimen lasting upwards of 2 months and high frequency of severe
side-effects, many patients (30-50%)’?° fail to comply for the full duration of treatment.
Therefore, there is an urgent need to develop new therapeutics for Chagas disease that act
on all stages of the parasite’s lifecycle.

One well-validated target for 7. cruzi therapeutic intervention is the cysteine
protease cruzain. This protease, a member of the family C1 clan CA cysteine proteases,
has been shown to play an essential role in the ability of 7. cruzi to carry out host infection
and maintain infection of the host.’’ In addition, cruzain is also expressed in all life form

stages of the parasite’!’

making it an ideal target for the development of 7. cruzi
therapeutics.’!$

In general, proteases are highly sought-after drug targets for human bacterial,’’®

parasitic,’?’ and viral.’?//?} infectious diseases because of the often essential roles they
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play in the progression of disease. These enzymes catalzye the hydrolytic cleavage of the
amide bond of peptides and proteins and often employ a nucleophilic active site residue
to catalyze this bond breakage. While there are four major classes of proteases (cysteine,
serine, aspartic, and metalloproteases) I will be solely discussing cysteine proteases
hereafter.

Cysteine proteases have a highly conserved catalytic dyad comprising a catalytic
cysteine and histidine residue. Initiation of catalysis begins either by deprotonation of the

catalytic cysteine by the catalytic histidine to generate a thiolate (as is the case in
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Figure 16. Chemical Mechanism of a Generic Cysteine Protease

cruzain’??) or the enzyme may have a resting active site cysteine thiolate primed for attack

onto the carbonyl oxygen of the peptide bond (Figure 16). Regardless of the route of
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thiolate formation, this reactive nucleophile (pK. = ~4.5) undergoes addition to the
carbonyl center of the peptide bond to form a tetrahedral intermediate. Subsequent
collapse of the tetrahedral intermediate is followed by concurrent pronation of the amine
product. Then, activation of a water molecule by the active site histidine allows for its
addition into the electron poor thioester-enzyme carbonyl center. Collapse of the resulting
tetrahedral intermediate allows release of the peptide product and regenerates the enzyme
to its thiol(ate)-imidazole/ium resting state.

One highly implemented strategy to block cysteine proteases is using
peptidomimetic and non-peptidomimetic covalent inhibitors and inactivators. The design
of such molecules is often predicated on the concept of installing an electrophilic
“warhead” which can undergo covalent bond formation (reversible or irreversible) with
the active site thiol(ate) of the protease. These warheads range from common Michael
acceptors like a,[3-unsaturated esters to, aldehydes, halomethyl ketones, epoxides, nitriles,
and activated esters, to name a few.’?> While the determination of what warhead to employ
and the design of new warheads for protease inhibitors is critical, an equally important
facet is elucidation of the key determinants of binding specificity required for particular
proteases. This thereby allows medicinal chemists to install a high level of selectivity into
the warhead containing peptidomimetic or non-peptidomimetic scaffold.

Proteases contain specific binding pockets (S2, S1, S1’, Sz’ etc.) that corresponds
to a recognition residue (P2, P1, P1’, P2’), wherein the scissile amide bond connects P; to
P\’ (Figure 17).72% 27 These binding pockets confer a high level of specificity for

substrates, thus providing a specific recognition sequence for each enzyme.’?® Together,
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the ability of scientists to produce molecules that leverage both the substate specificity
conferred by the enzyme subsites and to target the active site nucleophilic thiol(ate) with
electrophilic “warheads” has resulted in the successful development of potent inhibitors
and inactivators against proteases.’? 13

In the case of the cysteine protease cruzain, the development of small molecule

inhibitors and inactivators has been extensively pursued, but unfortunately none of the

S2

Figure 17. Generic Protease Active Site Nomenclature
Cartoon representation of the active site and binding pockets of a cysteine
protease. Labeled are the position of the recognition residues (P) and binding
pockets (S) in respect to Berger and Schechter nomenclature.
molecules identified to date have progressed to the clinic. These molecules have ranged
in both their structure (peptidic and non-peptidic) and have also included a large variety

of electrophilic warheads that allow reaction (reversible and irreversible) with the active

site Cysas of cruzain.® ¥ 137-134 Albeit noncovalent competitive inhibitors of cruzain have
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135,136 g1, the most

been identified using high throughput screening and virtual docking,
successful molecule at targeting this enzyme is K777 (N-Me-pip-Phe-hPhe-VSPh), a
peptidic molecule containing a vinyl sulfone warhead that undergoes irreversible thio-
Michael addition with the active site Cys»s thiolate of cruzain.’*? Unfortunately, this
molecule stumbled in preclinical trials for Chagas disease therapy as it induced vomiting
in monkeys even at low dosages.””” However, it was found that the HCI salt of the
molecule acidified (pH = 3-4) the saline or water solutions it was dissolved in, likely
causing the vomiting; but subsequent neutralization of the solution to neutral pH dissipated
the vomiting.’3”

Of interest to us was the lack of specificity of K777 for cruzain versus human
cathepsins and the irreversible nature of its covalent inactivation. It has been shown that
K777 exerts nanomolar binding and robust irreversible inactivation of cathepsins B, K and
particularly L./3¢ This is because from a structural perspective cruzain is similar to that of

human cathepsin L and exhibits similar substrate specificity to it./3% 140

Both enzymes
have a strong preference for charged residues such as arginine and lysine in their P1 site,
but are also tolerant to hydrophobic groups. /3% /4’ Therefore, if a molecule is a potent
inhibitor or inactivator of cathepsin L it will also likely target cruzain. A recent example
of this is with Gallinamide A, (2S,3S-N,N-dimethylisoleucine-Leu-Leu-Ala-vinyl-
methylmethoxypyrrolinone), a natural product, which potently inactivates cathepsin L (K;

=5 nM and kinac/Ki = 9 x 10°) and tightly binds to (ICso = 0.3 nM) and likely inactivates

cruzain.’3?
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One reprieve in developing molecules for the selective targeting of cruzain may
lie in the S2 subsite of the enzyme. This S2 subsite contains a glutamic acid (Gluzos)
residue which has the ability to form hydrogen bonds with charged species and has been

A.

S2_ Glu208

SN P " SNTY n 0 °
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Figure 18. The S2 Subsite of Cruzain Provides Binding Specificity.

A. Cartoon binding pockets of cruzain whereby a phenylalanine binds to the Sz subsite.
Single letter amino acid codes as well as numbering of these residues correspond to the
cruzain sequence in its mature form. Upon binding of a hydrophobic residue such as a
phenylalanine as shown in A. Gluxs swings outwards towards solvent as the
hydrophobic character of the Phe disallows interaction. B. Binding of an arginine in P>
allows engagement of Gluzs via forms hydrogen bonds with the guanidinium group of
the arginine residue.

coined a “specificity residue” (Figure 18)./#/ While this Gluzes allows cruzain to accept
both hydrophobic and basic charged amino acids, it still has a preference for hydrophobic

residues owing to the predominant nonpolar character of this subsite (Figure 18)./%5 3
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Therefore, the acceptance of charged residues often results in an increased K, which has
been postulated to partly be due to the energetic cost required to desolvate Gluzos when
interacting with these basic residues.”* Work from Chen et al. sought to modify the
dipeptide scaffold of K777 to exploit this “specificity residue” by replacing the P> Phe of
the molecule with a P> Arg. This substitution resulted in enhanced selectivity of the
molecule (WRR-483) towards cruzain versus other human cathepsins,’#’ but resulted in
poor oral bioavailability and subsequent analogs failed to remedy this issue.’# Therefore,
we posit that the use of non-natural amino acids containing a mixture of hydrophobic and
cationic character may assist in both minimizing the desolvation penalty of binding to the
S site and produce selective cruzain inhibitors. Towards this end, we sought to understand
the kinetics involved in the binding and catalysis of dipeptidic molecules comprising
varied polarities in the P; and P> positions and identify acceptable candidates to
incorporate into inhibitor scaffolds. Herein, I detail the synthesis and characterization of a
set of dipeptide substrates that assisted in deciphering an optimized peptide sequence in
the development of a class of cruzain inhibitors which we coin peptidomimetic vinyl

heterocycle inhibitors or PVHIs.
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B. Experimental Methods

i. General Synthetic Chemistry Methods and Compound Characterization

All reagents and starting materials were obtained from commercial suppliers and used
without further purification unless otherwise stated. Reactions were run under an
atmosphere of nitrogen or argon and at ambient temperature unless otherwise noted.
Reaction progress was monitored using thin-layer chromatography and by analysis
employing an HPLC—-MS (UltiMate 3000 equipped with a diode array coupled to an MSQ
Plus single or ISQ-EM single quadrupole mass spectrometer, Thermo Fisher Scientific)
using electrospray positive and negative ionization detectors. Reported liquid
chromatography retention times (tR) were established using the following conditions:
column: Phenomenex Luna Sum C18(2) 100 A, 4.6 mm, 50 mm; mobile phase A: water
with 0.1% formic acid (v/v); mobile phase B: MeCN with 0.1% formic acid (v/v);
temperature: 25°C; gradient: 0—100% B over 6 min, then a 2 min hold at 100% B; flow: 1
mL min!; and detection: MS and UV at 254, 280, 214, and 350 nm. Semi-preparative
HPLC purification of compounds was performed on a Thermo Fisher Scientific UltiMate
3000 with a single wavelength detector coupled to a fraction collector. Purifications were
conducted using the following conditions: column: Phenomenex Luna SpumC18(2) 100 A,
21.2 mm, 250 mm; mobile phase A: water with 0.1%formic acid (v/v); mobile phase B:
MeCN with 0.1% formic acid (v/v); temperature: room temperature; gradient: 0—100% B
over 30 min, then a 5 min hold at 100% B; flow: 20 mL min—1; and detection: UV (350
nm).'H/"*C NMR magnetic resonance spectra were obtained in CDCl3,CD30D, or

DMSO-d6 at 400 MHz/100 MHz at 298 K on a Bruker AVANCE III Nanobay console
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with an Ascend magnet unless otherwise noted. The following abbreviations were utilized
to describe peak patterns when appropriate: br = broad, s = singlet, d = doublet, q= quartet,
t = triplet, and m = multiplet. All final compounds used for testing in assays and biological
studies had purities that were determined to be >95% as evaluated by their proton NMR
spectra and their HPLC/MS based on ultraviolet detection at 254 nm. Masses detected
were in the range of 100—1000 Da and were detected in the positive or negative mode,

depending on the ionization of the molecule.

ii. Synthetic Methods and Compound Characterization

Boc-L-homophenylalanine-AMC; tert-butyl (S)-(1-((4-methyl-2-ox0-2H-chromen-7-
yl)amino)-1-oxo-4-phenylbutan-2-yl)carbamate. A round bottom flask charged with Boc-
L-homophenylalanine (1.5 g, 5.64 mmol) and 7-amino-4-methylcoumarin (627.2 mg, 3.58
mmol) was purged with N> gas yielding positive pressure. Anhydrous dichloromethane
(50 ml) and tetrahydrafuran (15 mL) was added followed by the addition of N,N-
diisopropylethylamine (915 pL, 5.25 mmol). Propylphosphonic anhydride in a 50% wt.
solution of ethyl acetate (3.2 mL, 5.37 mmol) was added dropwise at 0°C resulting in a
yellow color. The reaction was The reaction was allowed to react for 30 h and was
monitored by TLC (3:1 hexanes:ethyl acetate) or LC-MS analysis. Solvents were removed
and the yellow oil was solubilized in DCM (~60 mL) and washed with water (25 mL, 4x)
and brine (25 mL, 2x). The organic layer was dried over Na;SO4 and solvents removed

under reduced pressure to yield an off white solid. The crude amide directly used for the
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next reaction without purification. LC-MS Rt: 5.59 min, m/z 437.3 ((M+H]", C25sH2sN2Os™

Calcd 437.21

H:N-L-homophenylalanine-AMC-TFA. (S)-1-((4-methyl-2-ox0-2H-chromen-7-
yl)amino )-1-oxo-4-phenylbutan-2-aminium-TFA. A round bottom flask charged with
Boc-L-homophenylalanine-AMC (60 mg, 0.137 mmol) was purged with N> gas yielding
positive pressure. Anhydrous dichloromethane (6 mL) was added followed by the
dropwise addition of trifluoroacetic acid (2 mL) at 0°C. The reaction was monitored via
TLC (3:1 hexanes:ethyl acetate) and was complete following 1.5 h. The solvents were
removed under reduced pressure and co-evaporated with chloroform (15 mL, 4x) and ether
(15 mL, 2x) to yield a tan solid. LC-MS analysis verified the formation of the desired

amine. The product was directly used for the next reaction without purification.

(S2) Cbz-L-phenylalanine-L-homophenylalanine-AMC. Benzyl ((S)-1-(((S)-1-((4-
methyl-2-0x0-2H-chromen-7-yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)carbamate. A round bottom flask charged with “H3N-L-
homophenylalanine-TFA (60 mg, 0.138 mmol) and Cbz-phenylalanine-OH (49.5 mg,
0.166 mmol) was purged with N> gas yielding positive pressure. Anhydrous
dichloromethane (4 mL) was added followed by the addition of N,N-
diisopropylethylamine (120 pL, 0.69 mmol). Propylphosphonic anhydride in a 50% wt.
solution of ethyl acetate (164 pL, 0.276 mmol) was added dropwise at 0°C resulting in a

yellow color. The reaction was allowed to react for 45 min or until no starting material
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remained via TLC (3:1 hexanes:ethyl acetate v/v) and LC-MS analysis. Solvents were
removed and the yellow oil was solubilized in DCM (~20 mL) and washed with water (10
mL, 4x) and brine (10 mL, 1x). The organic layer was dried over Na,SO4 and solvents
removed under reduced pressure to yield a yellow solid. The crude was purified via
preparative HPLC to yield the desired amide (50.1 mg, 59% yield) as a white powder. 'H
NMR (400 MHz, DMSO) § 1.91 —2.17 (m, 2H), 2.41 (d, J= 1.2 Hz, 3H), 2.56 — 2.89 (m,
3H), 3.07 (dd, J=13.7, 4.1 Hz, 1H), 4.30 — 4.60 (m, 2H), 4.84 — 5.11 (m, 2H), 6.28 (d, J
= 1.5 Hz, 1H), 7.10 — 7.39 (m, 14H), 7.45 — 7.60 (m, 2H), 7.68 — 7.85 (m, 2H), 8.40 (d, J
=7.7Hz, 1H), 10.46 (s, IH). LC-MS Rt: 5.88 min, m/z 618.4 ([M+H]", C37H35N30¢" Calcd

618.3.

(S3) Cbz-L-leucine-L-homophenylalanine-AMC. benzyl ((S)-4-methyl-1-(((S)-1-((4-
methyl-2-ox0-2H-chromen-7-yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)- 1 -oxopentan-
2-yl)carbamate. A round bottom flask charged with "H3N-L-homophenylalanine ® TFA
(64 mg, 0.142 mmol) and Cbz-Leucine-OH (49.1 mg, 0.185 mmol) was purged with N>
gas yielding positive pressure. Anhydrous dichloromethane (4 mL) and tetrahydrafuran (4
mL) was added followed by the addition of N,N-diisopropylethylamine (124 pL, 0.71
mmol). Propylphosphonic anhydride in a 50% wt. solution of ethyl acetate (164 pL, 0.276
mmol) was added dropwise at 0°C resulting in a yellow color. The reaction was allowed
to react for 45 min and no starting material remained via TLC (3:1 hexanes:ethyl acetate
v/v) and LC-MS analysis. Solvents were removed and the yellow oil was solubilized in

DCM (~20 mL) and washed with water (10 mL, 4x) and brine (10 mL, 1x). The organic
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layer was dried over Na;SO4 and solvents removed under reduced pressure to yield a
yellow solid. The crude amide was purified via preparative HPLC to yield (48.9 mg, 59%)
as a white powder. '"H NMR (400 MHz, DMSO) 6 0.90 (t, /= 6.9 Hz, 6H), 1.50 (t,J= 7.3
Hz, 2H), 1.68 (t, J= 7.0 Hz, 1H), 2.02 (d, J = 32.8 Hz, 2H), 2.41 (s, 3H), 2.54 — 2.79 (m,
3H), 4.15(q,J="7.8 Hz, 1H), 4.47 (s, 1H), 5.06 (s, 2H), 6.27 (s, 1H), 7.09 — 7.41 (m, 9H),
7.49 (t,J = 8.9 Hz, 2H), 7.64 — 7.86 (m, 2H), 8.25 (d, J = 7.7 Hz, 1H), 10.42 (s, 1H). LC-

MS Rt: 5.88 min, m/z 584.3 ([M+H]*, C34H37N30¢" Caled 584.3

Boc-L-4-pyridylalanine-AMC. tert-butyl  (S)-(1-((4-methyl-2-oxo0-2H-chromen-7-
yl)amino)-1-oxo-3-(pyridin-4-yl)propan-2-yl)carbamate. A round bottom flask charged
with Boc-L-4-pyridylalanine-OH (325 mg, 1.22 mmol) and 7-amino-4-methylcoumarin
(164.5 mg, 0.939 mmol) was purged with N> gas yielding positive pressure. Anhydrous
dichloromethane (6 mL) and tetrahydrafuran (14 ml) was added followed by the addition
of N,N-diisopropylethylamine (600 pL, 3.44 mmol). Propylphosphonic anhydride in a
50% wt. solution of ethyl acetate (1.125 mL, 1.89 mmol) was added dropwise at 0°C
resulting in a yellow color. The reaction was allowed to react for 15 h and product
formation was monitored via TLC (1% MeOH:DCM v/v) and LC-MS analysis. Solvents
were removed under reduced pressure and the yellow oil was solubilized in DCM (~30
mL) and washed with water (15 mL, 4x) and brine (15 mL, 2x). The organic layer was
dried over Na;SO4 and solvents were removed under reduced pressure. The resulting
yellow solid was deemed pure enough (~94% via LC-MS, 425 mg) to proceed directly to

the next step. LC-MS Rt: 2.84 min, m/z 424.26 ([M+H]", C23H25N305" Calcd 424.2
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NHz-L-4-pyridylalanine-AMC*TFA. (S)-1-((4-methyl-2-ox0-2H-chromen-7-
yl)amino)-1-oxo-3-(pyridin-4-yl)propan-2-aminium®*TFA. A round bottom flask charged
with Boc-L-4-pyridylalanine-AMC (150 mg, 0.353 mmol) was purged with N> gas
yielding positive pressure. Anhydrous dichloromethane (10 mL) was added followed by
the dropwise addition of trifluoroacetic acid (3 mL) at 0°C. The reaction was monitored
via TLC (1% MeOH:DCM v/v) and was complete following 1.5 h. The solvents were
removed under reduced pressure and co-evaporated with chloroform and ether to yield a
yellow solid. LCMS analysis verified the formation of the product. The product was

directly used for the next reaction without purification.

(S5) Cbz-L-phenylalanine-L-4-pyridylalanine-AMC. Benzyl ((S)-1-(((S)-1-((4-
methyl-2-0x0-2H-chromen-7-yl)amino)-1-oxo-3-(pyridin-4-yl)propan-2-yl)amino)-1-

0x0-3-phenylpropan-2-yl)carbamate. A round bottom flask charged with "H3N-L-4-
pyridylalanine ® TFA (154 mg, 0.352 mmol) and Cbz-phenylalanine-OH (137.3 mg,
0.459 mmol) was purged with N gas yielding positive pressure. Anhydrous
dichloromethane (10 mL) and tetrahydrafuran (2 ml) was added followed by the addition
of N,N-diisopropylethylamine (367.9 pL, 2.11 mmol). Propylphosphonic anhydride in a
50% wt. solution of ethyl acetate (419.1 puL, 0.704 mmol) was added dropwise at 0°C
resulting in a yellow color. The reaction was allowed to react for 45 min or until no starting
material remained via TLC (1% MeOH:DCM v/v) and LC-MS analysis. Solvents were

removed and the yellow oil was solubilized in DCM (~30 mL) and washed with water (15
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mL, 4x) and brine (15 mL, 1x). The organic layer was dried over Na,SO4 and solvents
removed under reduced pressure to yield a yellow solid. 100 mg of the crude was purified
via preparative HPLC to yield (32.94 mg, 39%) as a white powder. 'H NMR (400 MHz,
DMSO) 6 2.33 —2.45 (m, 3H), 2.72 (dd, J=13.9, 10.5 Hz, 1H), 2.85 -3.09 (m, 2H), 3.14
(dd,J=13.9,5.4 Hz, 1H), 4.14 - 4.37 (m, 1H), 4.68 —4.89 (m, 1H), 4.96 (s, 2H), 6.29 (d,
J=1.5Hz, 1H), 7.25 (ttd, J=22.3, 14.7, 13.7, 6.4 Hz, 12H), 7.39 — 7.54 (m, 2H), 7.75 (d,
J = 8.7 Hz, 2H), 8.25 — 8.56 (m, 3H), 10.52 (s, 1H). LC-MS Rt: 3.57 min, m/z 605.3

(IM+H]*, C35H32N406" Calcd 605.23.

N-methyl-piperazine-L-phenylalanine-OH. (4-methylpiperazine-1-carbonyl)-L-
phenylalanine. A round bottom flask charged with methyl (4-methylpiperazine-1-
carbonyl)-L-phenylalanine (500 mg, 1.64 mmol) was purged with N> gas yielding positive
pressure. Anhydrous methanol (8.5 mL) and tetrahydrofuran (8.5 mL) was added followed
by the addition of 0.5 M LiOH in H>0 (17 mL, 8.5 mmol). The reaction was monitored by
TLC (5% MeOH:DCM v/v) and after 3.5 h the reaction was stopped and solvents were
removed under reduced pressure. The reaction mixture was dissolved in acidified water
(0.5 M HCI, 10 mL) to neutralize the unreacted LiOH and the solvent was removed under
reduced pressure. The crude compound was then transferred to the next reaction step

without purification.

(S7) N-methyl-piperazine-L-phenylalanine-L-homophenyl- alanine-AMC. 4-methyl-

N-((S)-1-(((S)-1-((4-methyl-2-o0x0-2H-chromen-7-yl)amino)- 1 -oxo-4-phenylbutan-2-
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yl)amino)-1-oxo-3-phenylpropan-2-yl)piperazine-1-carboxamide. A round bottom flask
charged with *H3N-L-homophenylalanine ® TFA (105 mg, 0.313 mmol) and N-methyl-
piperazine-phenylalanine-OH (160 mg, 0.55 mmol) was purged with N> gas yielding
positive pressure. Anhydrous dichloromethane (10 mL) was added followed by the
addition of N,N-diisopropylethylamine (274 pL, 1.57 mmol). Propylphosphonic
anhydride in a 50% wt. solution of ethyl acetate (377 pL, 0.626 mmol) was added
dropwise at 0°C resulting in a yellow color. The reaction was allowed to react for 45 min
and no starting material remained via TLC (1:1 ethyl acetate: hexanes v/v) and LC-MS
analysis. Solvents were removed and the yellow oil was solubilized in DCM (~20 mL)
and washed with water (10 mL, 4x) and brine (10 mL, 1x). The organic layer was dried
over Na;SO4 and solvents removed under reduced pressure to yield a yellow solid. The
crude amide was purified via preparative HPLC to yield (21.1 mg, 11%) of a white
powder. 'H NMR (400 MHz, CDCl3) § 1.94 —2.16 (m, 6H), 2.31 (s, 4H), 2.32 — 2.41 (m,
5H),2.42 (d,J=1.2 Hz, 4H), 2.73 (t, J= 7.4 Hz, 2H), 2.85 — 3.04 (m, 2H), 3.25 (ddd, J =
12.7,10.6,4.9 Hz, 3H), 3.41 (ddt, J=12.5, 5.6, 2.9 Hz, 3H), 4.36 (dt, /= 8.7, 5.3 Hz, 1H),
4.60 (td, J = 8.5, 4.5 Hz, 1H), 4.78 (d, /= 4.4 Hz, 1H), 6.20 (d, /= 1.4 Hz, 1H), 6.60 (d,
J=8.2Hz, 1H), 7.12 - 7.40 (m, 10H), 7.52 (d, J= 8.5 Hz, 1H), 7.68 — 7.82 (m, 2H), 9.16

(s, TH). LC-MS Rt: 3.29 min, m/z 610.1 ((M+H]", C3sH3oNsOs" Calcd 610.3.

Boc-L-4-pyridylalanine-L-homophenylalanine-AMC. tert-butyl ((S)-1-(((S)-1-((4-

methyl-2-oxo0-2H- chromen-7-yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)-1-oxo-3-

(pyridin-4-yl)propan-2-yl)carbamate. A round bottom flask charged with *H3N-L-
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homophenylalanine ®* TFA (146 mg, 0.325 mmol) and Boc-L-4-pyridylalanine-OH (104
mg, 0.39 mmol) was purged with N> gas yielding positive pressure. Anhydrous
dichloromethane (10 mL) was added followed by the addition of N,N-
diisopropylethylamine (283 pL, 1.63 mmol). Propylphosphonic anhydride in a 50% wt.
solution of ethyl acetate (387 uL, 0.65 mmol) was added dropwise at 0°C resulting in a
yellow color. The reaction was allowed to react for 45 min and no starting material
remained via TLC (1:1 hexanes:ethyl acetate v/v) and LC-MS analysis. Solvents were
removed and the yellow oil was solubilized in DCM (~20 mL) and washed with water (10
mL, 4x) and brine (10 mL, 1x). The organic layer was dried over Na,SO4 and solvents
removed under reduced pressure to yield a yellow solid. The crude amide was moved
directly to the next step with no purification. LC-MS Rt: 3.57 min, m/z 581.7 ((IM+H],

C33H36N4O¢ Calced 581.3.

NH;-L-4-pyridylalanine-L-homophenylalanine-AMC*TFA. S)-1-(((S)-1-((4-methyl-
2-0x0-2H-chromen-7-yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)-1-oxo-3-(pyridin-4-

ylDpropan-2-aminium ¢ TFA. A round bottom flask charged with Boc-L-4-
pyridylalanine-L-homophenylalanine-AMC (172 mg, 0.294 mmol) was purged with N
gas yielding positive pressure. Anhydrous dichloromethane (10 mL) was added followed
by the dropwise addition of trifluoroacetic acid (5 mL) at 0°C. The reaction was monitored
via TLC (1:1 hexanes:ethyl acetate) and was complete following 1.5 h. The solvents were

removed under reduced pressure and co-evaporated with chloroform (15 mL, 4x) and ether
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(15 mL, 2x) to yield a tan solid. LC-MS analysis verified the formation of the desired

amine. The product was directly used for the next reaction without purification.

(S8) Cbz-L-4-pyridylalanine-L-homophenylalanine-AMC. Benzyl ((S)-1-(((S)-1-((4-
methyl-2-0x0-2H-chromen-7-yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)-1-oxo-3-

(pyridin-4-yl)propan-2-yl)carbamate. A round bottom flask charged with NH- L-4-
pyridylalanine-L-homophenylalanine-AMC-TFA (227 mg, 0.379 mmol; excess weight is
due to residual TFA salts) was purged with N> gas yielding positive pressure. Anhydrous
ethanol (4 mL) was added followed by the addition of a solution of sodium bicarbonate
(127 mg, 1.52 mmol) in water (4 mL). Subsequently, a solution of benzyl chloroformate
(107 uL, 0.76 mmol) in 1,4 dioxanes (4 mL) was added dropwise and the reaction was
allowed to react overnight. Solvents were removed under reduced pressue and the reaction
mixture was solubilized in dichloromethane (30 mL) and washed with H>O (10 mL, 3x),
brine (10 mL, 2x). The organic layer was dried over Na;SO4 and solvents removed under
reduced pressure to yield an orange oil. The crude amide was purified via preparative
HPLC to yield (45.9 mg, 20%) as a white powder. IlH NMR (400 MHz, MeOD) & 1.88 —
2.27 (m, 2H), 2.44 (d, J= 1.3 Hz, 3H), 2.68 (ddddd, /= 20.0, 15.3, 12.7, 7.8, 3.3 Hz, 2H),
2.96 (dd, J=14.1,9.2 Hz, 1H), 3.22 (dd, J = 13.9, 5.3 Hz, 1H), 4.50 (dd, J = 8.8, 5.3 Hz,
1H), 4.57 (dd,J=9.1, 5.3 Hz, 1H), 5.05 (d, /= 3.5 Hz, 2H), 6.21 (d,J= 1.5 Hz, 1H), 7.01
—7.37 (m, 12H), 7.47 (dd, J= 8.7, 2.1 Hz, 1H), 7.55 - 7.72 (m, 1H), 7.78 (d, J = 2.0 Hz,
1H), 8.33 (d, J=5.1 Hz, 2H).LC-MS Rt: 3.79 min, m/z 617.5 ([M+H]", C3sH34N4O¢ Calcd

617.3.
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Boc-L-phenylalanine-AMC. tert-butyl (S)-(1-((4-methyl-2-ox0-2H-chromen-7-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate. A round bottom flask charged with
Boc-L-phenylalanine (380 mg, 1.43 mmol) and 7-amino-4-methylcoumarin (193 mg, 1.1
mmol) was purged with N> gas yielding positive pressure. Anhydrous tetrahydrafuran (30
mL) was added followed by the addition of N,N-diisopropylethylamine (958 pL, 5.5
mmol). Propylphosphonic anhydride in a 50% wt. solution of ethyl acetate (1.31 mL, 2.2
mmol) was added dropwise at 0°C resulting in a yellow color. The reaction was allowed
to react for 15 h was monitored by TLC (3:1 hexanes:ethyl acetate) or LC-MS analysis.
Solvents were removed and the yellow oil was solubilized in DCM (~80 mL) and washed
with water (30 mL, 4x) and brine (30 mL, 2x). The organic layer was dried over Na;SO4
and solvents removed under reduced pressure to yield a yellow solid. The crude amide
was purified via preparative HPLC (363 mg, 78%) LC-MS Rt: 5.31 min, m/z 423.3

(IM+H]*, C24H26N205" Caled 423.2.

H)N-L-phenylalanine-AMCe*TFA. (S)-1-((4-methyl-2-oxo0-2H-chromen-7-yl)amino)-
1-ox0-3-phenylpropan-2-aminium®*TFA. A round bottom flask charged with Boc-L-
phenylalanine-AMC (40 mg, 0.095 mmol) was purged with N> gas yielding positive
pressure. Anhydrous dichloromethane (3 mL) was added followed by the dropwise
addition of trifluoroacetic acid (1 mL) at 0°C. The reaction was monitored via TLC and
was complete following 1.5 h. The solvents were removed under reduced pressure and co-

evaporated with chloroform (15 mL, 4x) and ether (15 mL, 2x) to yield a tan solid. LCMS
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analysis verified the formation of the desired amine. The product was directly used for the

next reaction without purification.

(S9) Cbz-L-phenylalanine-L-phenylalanine-AMC. benzyl ((S)-1-(((S)-1-((4-methyl-2-
ox0-2H-chromen-7-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)carbamate. A round bottom flask charged with "H3N-L-phenylalanine
*TFA (40 mg, 0.092 mmol) and Cbz-phenylalanine-OH (33 mg, 0.11 mmol) was purged
with N2 gas yielding positive pressure. Anhydrous dichloromethane (5 mL) and was added
followed by the addition of N,N-diisopropylethylamine (80 upL, 0.46 mmol).
Propylphosphonic anhydride in a 50% wt. solution of ethyl acetate (110 pL, 0.18 mmol)
was added dropwise at 0°C resulting in a yellow color. The reaction was allowed to react
for 45 min and no starting material remained via TLC (3:1 hexanes:ethyl acetate v/v) and
LC-MS analysis. Solvents were removed and the yellow oil was solubilized in
dichloromethane (~20 mL) and washed with water (10 mL, 4x) and brine (10 mL, 1x).
The organic layer was dried over Na2SO4 and solvents removed under reduced pressure
to yield a yellow solid. The crude amide was purified via preparative HPLC to yield (34.2
mg, 62%) as a white powder. 'H NMR (400 MHz, DMSO) & 2.41 (s, 3H), 2.72 (dd, J =
13.9, 10.5 Hz, 1H), 2.87 - 3.05 (m, 2H), 3.11 (dd, J = 13.8, 5.8 Hz, 1H), 4.30 (td, J = 9.6,
9.0,4.2 Hz, 1H), 4.73 (q,J= 7.5 Hz, 1H), 4.96 (s, 2H), 6.28 (s, 1H), 7.06 — 7.39 (m, 15H),
7.39 —7.53 (m, 2H), 7.60 — 7.79 (m, 2H), 8.37 (d, /= 7.8 Hz, 1H), 10.47 (s, 1H). LC-MS

Rt: 5.68 min, m/z 603.4 ([M+H]*, C36H33N30¢6" Caled 604.2.
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Cbz-L-arginine(Mtr)-L-homophenylalanine-AMC. Benzyl ((S)-5-(3-((4-methoxy-
2,6-dimethylphenyl)sulfonyl)guanidino)-1-(((S)-1-((4-methyl-2-oxo-2H-chromen-7-

yl)amino)-1-oxo-4-phenylbutan-2-yl)amino)-1-oxopentan-2-yl)carbamate. =~ A round
bottom flask charged with "H3N-L-homophenylalanine ®* TFA (120 mg, 0.266 mmol) and
Cbz-Arginine (Mtr)-OH (180 mg, 0.346 mmol) was purged with N> gas yielding positive
pressure. Anhydrous dichloromethane (10 mL) and was added followed by the addition of
N,N-diisopropylethylamine (232 pL, 1.33 mmol). Propylphosphonic anhydride in a 50%
wt. solution of ethyl acetate (317 uL, 0.532 mmol) was added dropwise at 0°C resulting
in a yellow color. The reaction was allowed to react for 3 h and no starting material
remained via TLC (3:1 hexanes:ethyl acetate v/v) and LC-MS analysis. Solvents were
removed and the yellow oil was solubilized in DCM (~40 mL) and washed with water (10
mL, 4x) and brine (10 mL, 1x). The organic layer was dried over Na,SO4 and solvents
removed under reduced pressure to yield a yellow solid that was moved directly to the

next step. LC-MS Rt: 5.73 min, m/z 837.9 ([M+H]", C43H4sNsOoS™ Calcd 837.3.

(S10) Cbz-L-arginine-L-homophenylalanine-AMC. benzyl ((S)-5-guanidino-1-(((S)-1-
((4-methyl-2-0x0-2H-chromen-7-yl)amino)- 1-oxo-4-phenylbutan-2-yl)amino)-1-

oxopentan-2-yl)carbamate. A round bottom flask charged with Cbz-Arginine (Mtr)-L-
homophenylalanine-AMC (130 mg, 0.158 mmol) and phenol (450 mg, 4.8 mmol, 5%
wt/v) was purged with N> gas yielding positive pressure. Trifluoroacetic acid (6 mL) and
was added followed by allowing the reaction to proceed for 12 h. The solvent was removed

under a flow of N> gas and the crude product was subsequently purified by preparative
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HPLC to yield (34 mg, 34% yield) as a white powder. 'H NMR (400 MHz, MeOD) & 1.58
—2.00 (m, 4H), 2.00 — 2.33 (m, 2H), 2.34 — 2.53 (m, 3H), 2.52 — 2.84 (m, 2H), 3.20 (q, J
=6.3, 5.8 Hz, 2H), 4.23 (t, /= 6.5 Hz, 1H), 4.50 (dd, /= 9.2, 4.9 Hz, 1H), 5.13 (s, 2H),
6.23 (t,J=5.5Hz, 1H), 6.90 — 7.41 (m, 10H), 7.47 (d, J= 8.7 Hz, 1H), 7.66 (dt, J = 18.0,
8.3 Hz, 1H), 7.84 (d, J = 11.3 Hz, 1H), 8.53 (s, 1H). LC-MS Rt: 3.62 min, m/z 625.5

([IM+HT, C34H33NsOs Calcd 625.3.

(S11)  NMe-Pip-Phe-Phe-AMC.  4-methyl-N-((S)-1-(((S)-1-((4-methyl-2-ox0-2H-
chromen-7-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)- 1-oxo-3-phenylpropan-2-

yl)piperazine-1-carboxamide. A round bottom flask charged with "H3N-L-phenylalanine
*TFA (100 mg, 0.29 mmol) and N-methyl-piperazine-phenylalanine-OH (160 mg, 0.55
mmol) was purged with N> gas yielding positive pressure. Anhydrous dichloromethane
(15 mL) and was added followed by the addition of N,N-diisopropylethylamine (253 pL,
1.45 mmol). Propylphosphonic anhydride in a 50% wt. solution of ethyl acetate (345 pL,
0.58 mmol) was added dropwise at 0°C resulting in a yellow color. The reaction was
allowed to react for 45 min and no starting material remained via TLC (1:1 hexanes:ethyl
acetate v/v) and LC-MS analysis. Solvents were removed and the yellow oil was
solubilized in dichloromethane (~40 mL) and washed with water (10 mL, 4x) and brine
(10 mL, 1x). The organic layer was dried over NaxSO4 and solvents removed under
reduced pressure to yield a yellow solid. The crude amide was purified via preparative
HPLC to yield (24.6 mg, 14%) '"H NMR (400 MHz, CDCl;3) & 2.38 (d, J = 1.2 Hz, 3H),

2.54 (s, 3H), 2.55 — 2.78 (m, 4H), 2.81 — 3.04 (m, 1H), 3.02 — 3.28 (m, 3H), 3.32 — 3.60
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(m, 4H), 4.47 (dt, J = 8.7, 5.5 Hz, 1H), 4.87 (q, J = 6.9 Hz, 1H), 5.65 (d, J = 5.7 Hz, 1H),
6.16 (d, J= 1.4 Hz, 1H), 6.83 — 7.40 (m, 15H), 7.46 (d, J = 8.7 Hz, 1H), 7.54 — 7.72 (m,
2H), 8.30 (s, 1H), 9.45 (s, 1H). LC-MS Rt: 3.15 min, m/z 596.2 ((M+H]*, C34H37Ns0s"

Calcd 596.3.

iii. Enzyme Assays and Substrate Kinetics

All enzyme assays were performed at 25 °C. Initial rates of the peptidolytic reaction
catalyzed by cruzain were measured by monitoring the fluorescence generated by cleavage
of the dipeptide-AMC bond. Assays were conducted in 96-well plates (Greiner, flat-
bottom, clear black plates) in a total volume of 250 pL, containing either 50 mM MES
(pH 7.5), 50 mM TAPSO, 100 mM DEA, 1 mM CHAPS, 1 mM Na;EDTA, 5 mM DTT
and 10% DMSO (v/v) or 50 mM sodium acetate (pH 5.5), 50 mM MES, 100 mM TEA, 1
mM CHAPS, 1 mM Na;EDTA, 5 mM DTT and 10% DMSO (v/v). Substrates were
dissolved in 100% DMSO, and were then diluted 10-fold such that when added to reaction
mixtures, final DMSO concentration were 10% (v/v). Reactions were initiated with
addition of 25 pL of cruzain (final concentrations: 0.1 — 0.4 nM). Fluorescence was
measured on either a SpectraMax M5 (Molecular Devices) or a Synergy HTX (Biotek,
Wisnooki, VT) microplate reader (Aex = 360 nm, Aem = 460 nm). Initial rates were
determined from continuous kinetic time courses, and calculated from the earliest time

points, typically at less than 10 min.
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Replotting of the initial velocity data versus substrate concentration resulted in hyperbolic

plots which were fitted to eq. 1:

Ko + [S] 4

Where Vmax is the maximal velocity achieved, [S] is the molar concentration of the
substrate, and Kn is the substate concentration at which the velocity is half Vimax. Thereby

allowing determination of the rate of catalysis, or the kca using eq. 2:

Vmax = kcat [Et] eq' 2

Where, kcat is the number of molecules made per enzyme per a unit of time and [E(] is the

molar concentration of enzyme in the assay conditions.

C. Results and Discussion
i. Design and Synthesis of Dipeptide-AMC Substrates for Cruzain

In an effort to understand the tolerability for cruzain to bind nonnatural amino acid
containing substrates which may assist in inhibitor design, we prepared a small and
targeted dipeptide library for kinetic analysis. These peptides contained a C-terminal
fluorophore, 7-amino-4-methylcoumarin, which upon cleavage by the protease yields a
robust fluorescent signal (excitation: 360 nm, emission: 460 nm). As cruzain can tolerate

both hydrophobic and hydrophilic amino acids in its P2 subsite (Figure 19) we envisioned
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that the development of a substrate containing a mixture of hydrophobic and hydrophilic
character may be best suited to bind to the P2 site. Therefore, we proposed that the
nonnatural amino acid 4-pyridyl-alanine((4-Pyr)Ala) may comprise an ideal candidate for
this P2 site. In addition, we sought to identity the kinetic behavior of the peptidic scaffold
of the known potent covalent inactivator of cruzain, K777, to see how it compares to other
substrates produced. We employed solution phase synthesis to produce the substrates,
whereby initial coupling of the aniline of 7-amino-4-methyl coumarin to the carboxylic
acid of varied N-Boc protected amino acids using T3P (propylphosphonic anhydride) in a
mixture of DCM/THF with N,N-diisopropylethylamine (DIEA) afforded robust formation

of the desired Boc-AA-AMC molecule. Subsequent deprotection (30% v/v trifluoroacetic

) 1 AP Q\)i
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Figure 19. General Synthesis of Fluorogenic Dipeptide Substrates for Cruzain
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acid in dichloromethane (DCM)) was followed by coupling the desired Cbz-AA-OH or
N-MePip-AA-OH using T3P in DCM with DIEA to result in the formation of the desired

product(s) which were purified to homogeneity (>95%) with semi-preparative HPLC.

ii. Evaluation of Dipeptide Substrates

We previously conducted a detailed investigation of the catalytic mechanism of
cruzain utilizing three dipeptide substrates and by using solvent kinetic isotope effects in
both pre-steady state and steady state kinetic modes.’? As with other cysteine proteases,
our kinetic studies supported a double-displacement chemical mechanism in which a
thioester intermediate of Cys»s and substrate is first formed (enzyme acylation) concurrent
with the release of the amine product. This half-reaction is followed by enzyme-catalyzed
hydrolysis of the thioester (enzyme deacylation) to afford the carboxylate product. We
determined that for Cbz-Phe-Arg-AMC (Table 1. Kinetic Parameters of Peptide Substrates
for Cruzaina) (most optimal substrate in terms of values of kcat and kca/Km) and Cbz-Arg-
Arg-AMC (S6) enzyme-catalyzed deacylation comprised the slow steps of the reaction
(kcat = kdac), while the rates of the acylation of active site Cys»s (described by kac) were 10-
fold and 4-fold, respectively, more rapid than kca.”’? The parameter kca/Km contains the
individual rate constants found in the expression for k.c and therefore reports on the rates
of substrate binding and catalysis up to and including the acylation of active site Cysas.
Accordingly, this kinetic parameter comprises a useful guide for the selection of optimal
dipeptide scaffolds to be incorporated into inhibitors that are meant to form reversible

covalent complexes with Cyszs upon binding, a reaction that chemically mimics acylation.
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If our dipeptidic vinyl heterocyclic inhibitors do indeed inhibit cruzain by the addition of
the thiolate of Cysas to their olefinic replacements for the scissile amide bond, then the
values of kca/Kim (the specificity constants) for the fluorogenic substrates should provide
an approximate linear correlation with values of kinac/K1 (the “specificity constant” of
inactivation).” /44

We have kinetically characterized 12 dipeptide fluorogenic substrates of cruzain,
which are of the form Cbz/NMePip-P>-P1-AMC, for which Cbz is benzyloxycarbonyl;
NMePip is N-methyl-piperazinyl; P> = Phe, Leu, Arg, or 4-pyridyl-alanine((4-Pyr)Ala);

Pi= Phe, hPhe (homoPhe), Arg, Ala, and (4-Pyr)Ala; and AMC is 7-amino-4-

Table 1. Kinetic Parameters of Peptide Substrates for Cruzain®

kcat/ Km

Substrate Peptide ket (s K., (uM) @M s keat! Kmra Keatral
S1 Cbz-Phe-Arg-AMC 9.6+ 0.2 0.89 + 0.09 11 +1 1.0 1.00
S2 Cbz-Phe-hPhe-AMC 2.0+0.2 0.26 £ 0.06 8+2 0.730 0.21
S3 Cbz-Leu-hPhe-AMC 3.0+£0.2 0.8+0.2 4+1 0.36 0.21
S4 Cbz-Leu-Arg-AMC 8.4+04 22+0.3 3.8+0.7 0.35 0.88
S5 Cbz-Phe-4-PyrAla-AMC 7.5+£0.5 3.7+£0.5 2.0+£0.4 0.18 0.76
S6 Cbz-Arg-Arg-AMC® 7.2+0.1 3.7+0.4 1.9+0.2 0.17 0.75
S7 NMe-Pip-Phe-hPhe-AMC 4.0+0.1 3.1+0.3 1.3+0.1 0.12 0.42
S8 Cbz-4-PyrAla-hPhe-AMC 53+0.2 4.6+0.5 1.1+£0.1 0.1 0.55
S9 Cbz-Phe-Phe-AMC 0.26 + 0.01 0.34 + 0.06 0.8+£0.2 0.07 0.03
S10 Cbz-Arg-hPhe-AMC 49+0.1 6.8+0.4 0.7 +0.04 0.06 0.51
S11 NMePip-Phe-Phe-AMC 2.8+ 0.06 14+ 4 0.2 £0.04 0.02 0.29
S12 Cbz-Phe-Ala-AMC? 0.89 + 0.06 38+2 0.023 + 0.003 0.002 0.090

aData were obtained at pH 7.5, 25°C, 10% (v/v) DMSO. *Data obtained at 2% as
reported in®

methylcoumarin (Table 1). The largest specificity constant (kca/ Km) measured was that of
Cbz-Phe-Arg-AMC (11 uM's™!, relative kca/Km = 1.0). Substrates S2—S4 have values of
kea/ Km, which are 73—35% of that of Cbz-Phe-Arg-AMC, indicating that Cbz-Phe-hPhe-
AMC, Cbz-Leu-hPhe-AMC, and Cbz-Leu-Arg- AMC all comprise highly competent

substrates likely effecting rapid acylation of cruzain. The poorest substrate, Cbz-Phe-Ala-
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AMC (S12), demonstrated that a small side chain in the P; position is less preferable than
more bulky hydrophobic moieties. Conversely, the dipeptide Cbz-Phe-hPhe-AMC (S2)
exhibited a value of kca/Km = 8 uM ! s7!, indicating that a peptide substrate with the same
P, and P; amino acids as K777 is an excellent substrate of cruzain and likely involves
rapid acylation. Interestingly, when the Cbz group of substrate S2 is replaced with
NMePip (S7), a substrate mimic of K777, kca/Km is 8-fold lower (1.3 uM ! s71). However,
its value of kca exceeded that of Cbz-Phe-hPhe-AMC (S2), suggesting that the NMePip
N-terminus of S7 acts to retard cruzain acylation in comparison to the Cbz group of S2.
While Cbz-Phe-Phe-AMC (S9) had a value of kca/ K that was only 7% of Cbz-Phe-Arg-
AMC, its K value of 0.34 uM indicated potent binding, albeit with slow turnover. This
may indicate that a P; Phe substitution leads to favorable binding, but this side chain
impedes either the acylation or deacylation step in catalysis. This was observed for
dipeptide~AMC substrates for the papain-like protease, human cathepsin C./* We
explored the viability of the (4-Pyr)Ala residue as a potential mimic of both Phe and Arg,
for the latter residue when the pyridine is protonated. Cbz-Phe-(4-Pyr)Ala-AMC (S5) was
found to be a good substrate (relative kca/Km = 0.10) but with a higher value of K (3.7
uM) compared to substrates containing Phe and hPhe in the P; residue. To leverage the
ability of cruzain to tolerate both charged basic and hydrophobic residues in the Pa,
position, we prepared Cbz-(4-Pyr)Ala-hPhe-AMC and Cbz-Arg-hPhe-AMC (S8 and
S10). These substrates displayed efficient turnover numbers (kca= 5.3 and 4.9 s !,
respectively) but poor values of Ky, (4.6 and 6.8 pM) in comparison to Cbz-Phe-Phe/hPhe-

AMC (0.26—0.34 uM). This demonstrates that the enzyme has a strong preference for
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substrates that contain a hydrophobic P> residue, but that the binding of basic aromatic
residues to the P; site is preferred versus the guandinium of arginine. Together, these
results indicated that dipeptide scaffolds in which P>= Cbz-Phe or NMePip-Phe and
Pi=Arg, hPhe, or (4-Pyr)Ala may be among the best to incorporate into the vinyl

heterocyclic framework.

iii. Translation of Dipeptide Substrates into Inhibitors
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Figure 20. Two-pronged Inhibitor Design Strategy.
Gold: development of selective peptide scaffold (P1-P3) for
binding to protease sub-sites (Si-S3); Grey: optimization of
tuned vinyl heterocycle with electron donating and withdrawing
groups.
Using the information gleaned in our dipeptide survey we produced heterocyclic
inhibitors of cruzain (prepared by Dr. Bala Chenna and Dr. Linfeng Li) which comprise

two portions: 1. a dipeptidic scaffold and 2. varied heterocycles adjacent to a vinyl group

to tune the reactivity of the vinyl, which, in theory, should allow for tunable thio-Michael
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addition with the active site Cyszs of cruzain (Figure 20). The discussion herein focuses
solely on the dipeptidic scaffold and the role it plays in the potency (Ki") of vinyl
heterocyclic inhibitors.

Analysis of the inhibition constant(s) for inhibitors containing a vinyl-2-pyridine
warhead and varied Pi, P2, P3 substituents to dipeptide AMC substrates with the same P1,
P>, and P; substitutions resulted in a near linear correlation (0.93 R?) between the Km and
the Ki* of these molecules (Figure 21). Close analysis revealed that in an analogous fashion
to the substrate studies that the hydrophobic character of a P> residue was a key driver of
potency, and this potency translated nicely from the dipeptide substrates to the inhibitors.
For example, the most potent inhibitor in the class of molecules analyzed, Z-F-hF-vinyl-
2-pyridine, bound a mere 1.5-fold tighter than its substrate counterpart Z-F-hF-AMC (S2)
(Ki* =0.17 uM versus Km = 0.26 uM). Analysis of dipeptide scaffolds containing polar P>
moieties bound on average ~10-fold weaker than that of their hydrophobic counterparts.
However, some P> polar substituents, such as arginine, exhibited a large decrease in the
binding of the inhibitor (Ki* = <100 uM), which, when compared to the most potent
molecule analyzed here (Z-F-hF-vinyl-2-pyridine), bound <100-fold worse. Conversely,
when comparing the substrate version of this inhibitor, Z-R-hF-AMC to Z-F-hF-AMC we
noticed a 26-fold increase in Km. While this change was still significant, the magnitude of
change seen between the two inhibitors was much greater, which may suggest that the
binding of Z-R-F-AMC to cruzain may be altered compared to the Z-R-hF-vinyl-2-

pyridine inhibitor.
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Figure 21. Comparison of K Versus Ki* Based on Dipeptide

Scaffold

However, by in large, we saw small perturbations between the values of and K;* and K
(~3-fold), suggestive that our substrate survey provided an excellent metric to guide our
inhibitor design efforts. Together, this work highlights the importance of having a sound
understanding of the substrate specificity of proteolytic enzymes prior to embarking on a

mechanism-based drug discovery campaign.
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D. Conclusions and Future Outlook

The design of mechanism-based inhibitors and inactivators for key proteolytic
enzymes strongly relies on a deep understanding of not only the catalytic mechanism of
the enzyme, but also substrate specificity. In the case of cruzain, the P subsite of the
enzyme contains a glutamate residue (Gluzeg) that results in its tolerance for charged
groups, which may lend useful in developing more selective inhibitors of this enzyme. We
designed, synthesized, and characterized cruzain substrates and corresponding inhibitors
containing varied Si, S> and S3 positions in an effort to further understand the substrate
specificity of this enzyme and how it relates to inhibitor design. We identified that use of
polar Sz residues, even those with mixed polar and aromatic character, resulted in a marked
decrease in the binding for substrates (Km) and inhibitors (K;") of cruzain. While these
polar S; moieties may provide enhanced selectivity for cruzain, this selectivity comes at a
penalty of decreased binding affinity. In addition, we also identified that the correlation
between inhibitor potency and the Michalis constant for our substrates aligned nicely.
Together this informed us that in order to design potent peptidic, mechanism-based
inhibitors/inactivators of cruzain, or possibly other proteases, it may be ideal to initially
identify and optimize a peptidic scaffold that complexes tightly to the enzyme followed
by conversion of that molecule to an inhibitor or inactivator. Therefore, future studies for
development of peptidic cruzain inhibitors/inactivators should focus on developing more
tailored libraries of non-natural dipeptide substrates that can identify other residues that

can aid in enhancement of substrate binding and also take advantage of the Gluzos residue
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in the S> subsite of cruzain via use of residues with varied polarities and structural
character.

While cruzain and many other proteases have been screened by libraries consisting
of 10’s of thousands and in some cases 100’s of thousands of peptides, these studies can
still miss important information. For example, in the work presented herein, the best
peptide in terms of kcor and kca/Kn is Z-F-R-AMC. This molecule would be easily
identified as a top contender for inhibitor design in a canonical fluorescent readout assay
with thousands of molecules as its catalytic rate is quite robust (9.6 sec’!) and it binds to
the enzyme well (0.9 uM). However, in this same assay one would not likely observe Z-
F-F-AMC as a top contender because of its poor kcat (0.3 sec™!) although it binds very well
to the enzyme target (0.34 uM). In the case presented herein, our linear correlation
between K and Ki* suggests that the ideal candidate for further drug elaboration would
be the Z-F-F- scaffold, not the Z-F-R scaffold. Thus, it would be important to develop
assays that would allow one to not only identify which peptide substrate gives the most
robust signal readout, but also which binds to the enzyme the most effectively.

This would require one to develop more targeted combinatorial libraries of
peptides using solid phase peptide synthesis to provide access to 100s or 1,000s of
different combinations of natural and unnatural dipeptides instead of 100’s of thousands.
This is for two main reasons: 1. synthetic strategy and 2. assay design. With respects to
synthesis, the development of combinatorial libraries is undoubtedly a powerful approach.
However, when one is producing 10’s or 100’s of thousands of molecules the

purification/characterization of each individual molecule becomes impractical, if not
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impossible. While solid-phase peptide synthesis, especially of small di- and tri-peptides,
generally produces a mostly pure molecule of interest, the yields (particularly isolated) are
often low. This can make it challenging for one to obtain sufficient amounts of materials
to conduct a kinetic study with multiple concentrations or in most cases know the precise
concentration of the substrate molecule that one puts into an assay well. Further, when
incubating a fixed concentration of a molecule with a fixed concentration of enzyme one
will preferentially select substrates which have high rates of turnover, but not necessarily
ones that bind tightly to the enzyme. Therefore, while it is important to know how
catalytically robust a substrate is for a particular enzyme, we may need to employ an
alternate approach to identify substrates that bind tightly to the enzyme. Ideally, this
approach would entail the development of a smaller library (100-1000 substrates
containing a variety of natural and unnatural amino acids) where one now has the ability
to feasibly produce higher quantities of substrates and possibly validate their purity via
LCMS. Together, these higher quantities and knowledge of relatively peptide purity would
allow one to vary the concentrations of the substrates in the assays and therefore obtain a
rapid assessment of kcat, Km, and kcat/Km for each substate. This smaller library could then
be counter screened against proteases with similar substrate specificity, such as cathepsin
L. This type of tailored library approach could prove powerful in the development of new

and selective scaffolds for cruzain inhibitor design.
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CHAPTER III CIS-EPOXYSUCCINATE IS A MECHANISM-BASED
INACTIVATOR OF ISOCITRATE LYASE FROM MYCOBACTERIUM
TUBERCULOSIS*

A. Introduction
i. Mycobacterium tuberculosis: Brief History of Disease and Research

At present, 1 out of every 4 people in the world are infected with Mycobacterium
tuberculosis (Mtb) and each year there are about 10 million new cases and 1.5+ million
deaths.’#® This obligate human pathogen is the causative agent of tuberculosis (TB) and
has been one of the world’s deadliest pathogens for thousands of years, despite the fact
that only ~5-10% of infected individuals progress into active and readily contagious TB
infection.’# Modern strains of Mtb can be traced back nearly 15,000 years, but earlier
progenitor stains likely existed as early as 3 million years ago,’#’ infecting early humans
and their ancestors (hominids).’# Some of the first documentation of TB infection comes
from early Egyptian art depicting tuberculosis-derived legions,’* which was corroborated
by the isolation of Mth DNA and cell wall lipids from Egyptian mummies identifying the
existence of Mtb of the spine (Pott’s disease, as defined by Sir Percivall Pott in 177975%)

in ancient Egyptian times.’"’

*This work has been published in and is reprinted in part with permission from: Pham, T.
V., Mellott, D. M., Moghadamchargari, Z., Chen, K., Krieger, 1., Laganowsky, A.,
Sacchettini, J. C., and Meek, T. D. (2021) Covalent Inactivation of Mycobacterium
tuberculosis Isocitrate Lyase by cis-2,3-Epoxy-Succinic Acid, ACS Chemical Biology 16,
463-470. Copyright 2021 by American Chemical Society.
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For tens of thousands of years, the etiological agent of TB was unknown and went
by many names ranging from “phthisis” in ancient Greece, “tabes” in ancient Rome, and
“schachepheth,” a word from ancient Hebrew that was used in the Biblical texts to describe
TB.!5? However, two things were constant throughout these times; wild speculation on
how the disease was contracted and how it could be cured. Early descriptions of TB
infection included fever, sweating, coughing, and blood-stained sputum.’?? Treatments
ranged from seeking fresh air, milk, and sea voyages, to more intriguing therapies such as
inhaling smoke, drinking elephant urine, consuming wolf livers, or butter boiled with
honey.’*

By the late 1600’s the Italian physician, Girolamo Fracastoro, proposed an early
precursor to germ theory, where fomites (inanimate objects that when contaminated with
an infectious agent can transmit the agent to a new host) may explain the spread of diseases
such as TB.??’ In response, Italy issued edicts in the early 1700’s referencing the infectious
nature of TB and subsequently forbade individuals with the designated infectious diseases
to be treated at public hospitals and instead sent them to designated hospitals to limit the
spread of disease.’?” In the 18" century, however, with the industrial revolution sweeping
Europe, there was a sharp increase in TB cases owing to overcrowded housing, poor
sanitation, malnutrition, and destitute work conditions. These were prime conditions for
the efficient spread of TB and allowed the mortality rate to climb to nearly 900 deaths per
100,000 people, ultimately resulting TB being the cause of one of every four deaths in
Europe and North America.’”? /9% Even though thousands of years had passed since the

first documented cases of TB infection, the standard of care for patient treatment had not
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much changed. Principally, the best treatment comprised bed rest and fresh air in
sanitoriums, a practice that lasted for another 100 years owing to a lack of viable
therapeutic options.’*’

During the decline of the industrial revolution, extensive research was occurring
in an attempt to both elucidate the causative agent of TB infection and identify treatment
opportunities. By the late 1700’s the caseous (or cheese-like) necrotic abscesses
(tubercles) that were often found in the lymph nodes and lungs of those infected with TB
were determined to be indicative of TB infection.’’? In a series of seminal studies by
scientists, the materials inside the smallest early tubercles, or military tubercles, from
deceased infected human hosts were isolated and transplanted into rabbits which lead to
extensive TB infection and support for the hypothesis that TB was infectious.’? In
addition, the sputum produced by infected individuals proved to cause TB infection in
guinea pigs and rabbit.”’® In one of the most well recognized and important discoveries
for TB, Robert Koch, who later won a Nobel Prize for his work, stained extracted tubercule
matter with an alkaline methylene blue solution which allowed visualization of rod-shaped
bacilli under a microscope, demonstrating that TB was caused by a bacteria.’?® %Y In
further work, he identified the presence of this bacilli in a variety of TB infected human
and animal samples and also cultured the bacilli on solid media.””® Together this work
underscored the bacterial nature of TB infection and paved the way for researchers to
directly study the bacilli responsible for this disease. This advance spurred on research

160

developments in testing for TB using tuberculin skin tests'®” and the development of a

vaccine from Calmette and Guérin (BCG),’%" /%2 which is still used today in some
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countries’® and was recently postulated to provide protection from severe COVID-19,/54

but awaits verification from clinical trials.
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Figure 22. First and Second Line Therapeutics Approved for Treatment of TB by

the US FDA

Further, the first anti-mycobacterial therapeutics, para-aminosalicylic acid (PAS) and

streptomycin, were discovered in the mid-1940s and finally provided viable treatment
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options for patients, particularly when co-administered.”®> Subsequent drug discovery
efforts yielded isoniazid and rifampicin, two front line TB therapeutics, as well as D-
cycloserine, ethambutol, pyrazinamide, and others.’’” However, unfortunately this time of
opulence for antibacterial drug discovery has now stagnated, not only for TB, but for most
bacterial diseases. This reduction in efforts and success in producing new antibacterial
agents was highlighted in the 1980s and 1990s as there was a sharp increase in global TB
cases and resistance to current frontline TB drugs.’5% /%7 This increase, greatly assisted by
the HIV epidemic’® resulted in a 16% increase in TB cases in the US from 1985-1990,7%
which was coupled with identification that 26% of TB isolates were resistant to at least
isoniazid, and that 19% were resistant to both isoniazid and rifampicin./%% /7 Together,
these concerns regenerated interest in developing therapeutics against this pathogen.’”’
Most recently, in 2012 a new drug, bedaquiline, an ATP synthase inhibitor, was approved
for treatment of multidrug-resistant TB,’””’ but this therapy produces frequent and
significant side effects that may limit its usage.””? In addition, it cannot be used in
conjunction with rifampicin as rifampicin treatment results in upregulation of cytochrome
P450 CYP3A4!7 which degrades bedaquiline to a less potent form.””# As rifampicin is the
most active of the frontline TB drugs,’”” this metabolic issue may further limit
bedaquiline’s therapeutic potential as this modified bedaquiline product is rapidly cleared
from the system leading to lower plasma concentration than required for therapeutic
efficacy.’’® While this progress is heading in the right direction, TB still poses a global
concern owing to the prevalence of its drug resistance. For example, in 2019 of the 10

million people that fell ill with TB, 0.5 million were diagnosed with TB resistant to the
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frontline drug rifampicin.’#® Of these 0.5 million resistant cases, 78% of the strains were

multidrug-resistant (resistant to rifampicin and isoniazid, MDR)./#6

Together, since the
initial infection of patients with TB thousands of years ago, we have been able to identify
the etiological agent that afflicted death and destruction to hundreds of millions of people
and have developed effective therapies to assist in treatment of this disease. However,

research on this complex pathogen must continue in order to gain enhanced understanding

of this bacterium in order to develop novel therapeutics to combat resistant strains of Mzb.

ii. Mtb Infection, Progression, and Key Discoveries

Owing to centuries of research conducted on Mth, the scientific community has
developed extensive knowledge about how this complex bacterium functions. One of the
key clinical features of Mtb infection is the formation of a granuloma.’”’” 178 A granuloma,
in its simplest sense, is an organized collection of macrophages, a type of white blood cell.
In the case of Mtb infection of the human host, initial inhalation of the aecrosolized bacilli
(1-10+ are required for infection) results in phagocytosis of the bacilli into alveolar
macrophages and dendritic cells.””® 75? Subsequent invasion of these macrophages into the
epithelial layer results in a local inflammatory response leads to the recruitment of
mononuclear cells from neighboring blood vessels.’®! These cells become infected by the
rapidly growing bacilli and form an early granuloma, a diagnostic characteristic of

Mycobacterial infection.
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Figure 23. Infection Cycle of Mtb in Human Host

Adapted with modification from Russell, D. G., Cardona, P. J., Kim, M. J., Allain, S., and
Altare, F. (2009) Foamy macrophages and the progression of the human tuberculosis
granuloma, Nat Immunol 10, 943-948.

Most infectious pathogens engulfed by phagocytic cells ultimately succumb to the harsh
conditions which ensue in the trafficking and maturation of the phagosome, ranging from
antimicrobial peptides, high concentrations of reactive oxygen and nitrogen species, and
acidic pH.’%? However, Mib is able to manipulate the phagosome by varied mechanisms
including pH modulation, quenching of reactive species, among others that are described
in detail elsewhere.’® 8% This bypass of traditional antimicrobial measures by host
phagocytic cells thereby allows Mtb to use these cells as a primary reservoir within the
human host granuloma. In addition, the oxygenated forms of mycolic acids that decorate

the cellular surface of Mtbh have been shown to play a role in the enrichment of foamy
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macrophages in Mtb infected granulomas.’$/-/8> This class of macrophages are referred to
as “foamy” owing to their high lipid content which has been proposed to possibly serve as
a carbon source for the granuloma-ridden bacterium.’%’ In about 90% of cases TB cases,
the bacilli remains in this latent and arrested state in the granuloma, but given the right
circumstances, such as immune collapse by coinfection with other pathogens like HIV,?%
or not fully understood perturbations within the granuloma that disrupt its integrity,
reactivation of the disease can occur.’%

In the shift to reactivation, initially cellular necrosis occurs at the core of the mature
granuloma and results in the establishment of caseous tissue, which has been identified to
contain cholesterol, cholesterol esters, triacylglycerols, and lactosylceramides.’®” This
lipid-rich environment provides the bacilli with a dense nutrient source, albeit under
hypoxic conditions.’8” While TB can remain in this stage for the rest of its lifecycle within
the host, it can also cause liquification and cavitation of this caseous tissue (thought to be
mediated in part by Mtb metalloproteases).’*® This ultimately results in the rupture of the
granuloma and release thousands of bacilli into the airways of the host, thus completing
the infection cycle.’%® On its face, this progression of TB infection may seem biphasic, but
ongoing research suggest this is far from the case. Instead, it is thought that mycobacterial
infection of granulomas is quite heterogeneous and activation/reactivation of infection
may be driven by a mixture of global and local perturbations to this granuloma-ridden
Mib."%° Thus, this heterogeneous character of infection likely plays an integral role in the
reactivation of TB infection in latent patients’*” but key immunological and metabolic

determinants of this reactivation are still poorly understood.’”” /8% 191
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While researchers have struggled to decipher the heterogeneity of TB infection in
individuals, much success has occurred in gleaning an enhanced understanding of how the
intracellular environments that Mtbh experience may perturb its metabolism and
gene/protein expression. Studies as early as the 1950s by Bloch and Segal’®? observed that
Mib harvested from the infected cells of mice preferentially catabolized fatty acid carbon
sources. This suggested that the intracellular environments the bacilli experienced in vivo
resulted in differential catabolism of carbon sources, likely due to altered gene expression
compared to Mtb grown in liquid medium. Sequencing of the Mrb genome in 1998,73 and
putative assignment of protein functions, was a critical juncture in enhancing the
accessibility to explore molecular functions and essentiality of enzymes and proteins
within the bacilli. One key identification in this genomic study was that Mrb contained a
very large number of lipid metabolism genes (comprising ~250 distinct enzymes),
including enzymes that were normally only found in mammals or plant systems.’*> When
compared to E.coli, it was seen that Mtb had a 5-fold increase in the number of encoded
enzymes for lipid metabolism, albeit having a similar genome size (4.1 Mbp’?? vs. 4.6
Mbp!?, respectively).’?” This strongly suggested that Mzb lipid metabolism plays a key
role in the ability of this bacterium to be such an effective pathogen. This genomic
information also allowed researchers to use approaches such as saturating transposon

mutagenesis to identify essential Mtb genes.!?® 7

This method leverages the lack of
specificity of the Himarl transposon to disrupt a gene via insertion of a transposable

element (inserts at TA dinucleotide sites, thus approximately 17,000 insertions possible in

Mib genome).”?d Then, using deep sequencing’?® or microarray hybridization,’?s one can
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identify genes that underwent transposition thereby suggesting which genes are
conditionally essential and non-essential genes.’?% /%7

This analysis has proven critical in defining new drug targets and elucidating new
metabolic pathways. One example of this is the important identification of the gene mce4

197 199" Subsequent biochemical

being required for the survival of Mrb in mice.
characterization of this gene identified it expressed an ATP-dependent transporter for
cholesterol import.??’ This finding resulted in the critical understanding that Mzb can
efficiently use cholesterol as a carbon source, thereby linking cholesterol import to the
ability of the bacterium to maintain a chronic infection.’”” The more recently, the use of
metabolomics has facilitated enhanced and in depth understanding of Mb metabolism.!”
201,202 This approach has resulted in significant advances in elucidating the precise roles
enzymes play under conditions ranging from hypoxia to where M¢b utilizes fatty acids and
cholesterol as carbon sources.’’* 24 This powerful approach has enlightened key flux
points in Mtbh metabolic networks and the critical players under these conditions, one of

which is the enzyme isocitrate lyase.!”® 203-209

iii. Isocitrate lyase: A Key Metabolic Enzyme for Mtb Persistence

The protein isocitrate lyase from Mtb has two isoforms that are expressed in Mtb
cells coined ICL1 and ICL2.?"” From a functional perspective, isocitrate lyase enzymes
catalyze the retro-aldol cleavage of the substrate D-isocitrate into glyoxylate and succinate
as products.?’” 2! This reaction comprises the first step of the glyoxylate shunt, an

anaplerotic bifurcation of the tricarboxylic acid cycle that is utilized by bacterium, plants,
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and protists.?’? This pathway provides microorganisms an efficient pathway to assimilate
two molecules of acetyl-CoA when using acetate, fatty acids, or ketogenic amino acids as
carbon sources while eliminating the loss of CO» via the decarboxylation of D-isocitrate
and alpha-ketoglutarate.”’ Seminal studies by Bentrup e al. identified that ic/l was
overexpressed in Mtb grown with fatty acids as a sole carbon source (acetate and
palmitate) while it was expressed much less robustly under glucose conditions.”’” Further,
through recombinant expression and purification of ICL1 and ICL2, it was identified that
both enzymes were active, with ICL1 being more active than ICL2, and both requiring
Mg?* for maximal activity.’’” Of interest, the ic/2 gene was identified to contain a
frameshift mutation in some strains of Mtb (H37Rv and the Euro-American strain 630)
which produces two distinct ICL2 derived gene products (Rv1915 and Rv1916) that were
postulated to yield inactive enzymes.’’® However, recent characterization of recombinant
Rv1916 revealed it was an active isocitrate lyase enzyme, suggesting that the activity was
not fully lost due to the frameshift mutation.’”” Further, in a more elegant study, full length
ICL2 from the CDC1551 Mtb strain was identified to require allosteric binding of acetyl

CoA to obtain full activity.?’*
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Figure 24. The TCA Cycle (blue) and the Glyoxylate Shunt (red) of
Mycobacterium tuberculosis

The glyoxylate shunt is primarily utilized for fatty acid metabolism of even chain fatty
acids. CS, citrate synthase; ACN, aconitase; ICL, isocitrate lyase; IDH, isocitrate
dehydrogenase; KOR, a-ketoglutarate ferredoxin oxidoreductase; KGD, o-
ketoglutarate decarboxylase; GabD1/D2, succinate-semialdehyde dehydrogenase;
SCoAS, succinyl-CoA synthetase; SDH, succinate dehydrogenase; FUM, fumerase;
MS, malate synthase; MDH, malate dehydrogenase.
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This underscores why previous recombinantly produced ICL2 enzymes, which were often
truncated to remove this additional domain (to which acetyl CoA binds) for enhanced
stability and solubility, exhibited weak catalytic activity compared to the ICL1 enzyme.?’’
From a cellular context, the early work of McKinney et. al identified that deletion of the
icl1/2 from Mtb resulted in clearance of the bacilli from the lungs of mice.?’® In addition,
ICLI is one of the most highly upregulated genes in Mtbh during mouse infection and in

Mtb infected macrophages by qRT-PCR analysis.?’”

This upregulated production was
further corroborated by producing an Mtb strain containing an ICL1/2-GFP (green
fluorescent protein) fusion protein which upon macrophage infection resulted in
heightened GFP signal (compared to non-infected cells), corresponding to enhanced ICL
expression.’/d Further biochemical experiments went on to identify that ic// and icl2 were
jointly required for virulence and in vivo growth of Mtb, thus verifying that the expression
of the ICLs comprise an essential process in the effective persistence of TB infection.”’¢
However, it intrigued the researchers that ICL1/2 activity was conditionally essential for
Mtb growth under propionate medium. This intrigue stemmed from the fact that typical

219 a

microorganisms breakdown propionate chiefly through the methylcitrate cycle,
pathway that canonically uses three enzymes: methylcitrate synthase (MCS),
methylcitrate dehydratase (MCD), and 2-methyl-isocitrate lyase (MCL)(Figure 25).

Together these three enzymes convert propionyl CoA into pyruvate and succinate which

can then be incorporated into the TCA cycle for energy production.
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Figure 25. Mth Catabolism of Odd Chain Fatty Acids is Conducted via the
Methycitrate Cycle and Methylmalonyl Pathways.

The catabolism of odd chain fatty acids is conducted via the methycitrate cycle,
whereby the MCL activity of ICL is essential for completing this pathway. The
methylmalonyl pathway is functionally independent of ICL, but requires cofactor
vitamin B12. MLS, malate synthase; PCC, propionyl-CoA carboxylase; MCD,
malonyl-CoA decarboxylase; ACN, aconitase; SDH, succinate dehydrogenase;
FUM, fumerase; MDH, malate dehydrogenase; ICL, isocitrate lyase; MMCE,
methylmalonyl-coenzyme A epimerase; PDHC, pyruvate dehydrogenase complex;
PCA, pyruvate carboxylase; PK, pyruvate kinase, PCK, phosphoenolpyruvate
carboxykinase; CS, citrate synthase; MCM, methylmalonyl-CoA mutase; MDH,
malate dehydrogenase; MEZ, malic enzyme; ICD, isocitrate dehydrogenase; SCS,

succinate synthase. Adapted and modified from Savvi et al. J. Bacteriol. 2008,
190(11) 3886-389.

However, analysis of the Mtb genome revealed that while it encodes for MCS and MCD
genes, it apparently lacks a MCL enzyme. This suggested that ICL may play a bifunctional
role in Mtb where it catalyzed the conversion of isocitrate to glyoxylate and succinate in
the glyoxylate shunt and of 2-methyl-isocitrate to pyruvate and succinate in the
methylcitrate cycle. Through incubating 2-methylisocitrate with whole cell lysates of
wild-type and icl mutant stains (Aic//, and Aicl1/2), Mufioz-Elias et al. identified that Mtb
MCL activity was specific to the presence of the genes that express ICL1 and 2 and that
this activity was upregulated under propionate growth conditions.??’ Further work by
Gould et al. showed that recombinantly produced ICL1 exhibited both ICL and MCL
activity (ICL2 exhibited poor activity) and resolved a crystal structure of an ICL1-C191S
mutant that had been treated with 2-methy-isocitrate.’?/ This structure revealed the
reaction products of pyruvate and succinate were bound in two of the four subunits,

consistent with the ability of ICL1 to bind to and catalyze the cleavage of 2-methyl-
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isocitrate.””! More recent studies demonstrated that full-length ICL2 with acetyl CoA
bound exhibited MCL activity of nearly identical efficiency to ICL1, suggesting that its
activity may be regulated in the intracellular content of fatty acids using acetyl CoA as a
signaling molecule to stimulate its activity.”’? Together, this information suggested that
the ICLs may play a critical role in the methylcitrate cycle via the retro-aldol cleavage of
2-methylisocitrate. However, initial experiments contradicted this hypothesis, and instead
postulated that the methylcitrate cycle may be dispensable in Mth. Observation that
deletion of two genes in the methylcitrate cycle (prpC and prpD), which are required for
conversion of propionyl-CoA to 2-methylisocitrate, did not cause growth defects in Mtb
infected mouse lungs, leading to the suggestion that the critical role of the ICLs in vivo
may be independent of their MCL activity. Follow-up experiments proposed that the
essentiality of the ICLs may instead owe to their elimination of toxic metabolites derived
from propionyl-CoA metabolism. In agreement with this, Eoh and Rhee,’”? in an elegant
13C metabolomics tracing study, identified that lack of the MCL activity of the ICLs was
the chief metabolic defect responsible for the bactericidal effects of acetate and propionate
carbon sources to Aicl Mtb strains. These defects were attributed to the depletion of
oxaloacetate from the TCA cycle and gluconeogenic pathways, accumulation of 2-methyl-
isocitrate which inhibits fructose 1,6-bisphophatase, among other enzymes,’?’ and
accumulation of propionyl-CoA and methylmalonyl-CoA which results in perturbations
to the NAD/NADH flux and perturbation of intracellular pH.?) Together, this collection
of work highlights the essentiality of the ICLs for Mtb persistence and growth under

carbon source conditions (cholesterol??? and fatty acids) similar to what it experiences in
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the granuloma, thus validating the ICLs as drug targets for anti-mycobacterial

development.

iii. Isocitrate lyase: Structure, Function, and Regulation

The identification of an enzyme that catalyzed the cleavage of isocitric acid into
glyoxylate and succinate was first reported in 1954 and cleverly named isocitrase.”?* In
the many years since, this enzyme has been identified to play a key role in the glyoxylate
212

shunt of organisms ranging from Archea, bacteria, fungi, nematodes, plants, to protists.

This homotetrameric enzyme requires an active site divalent cation (Mg?" or Mn?*) and

Figure 26. Helix Swapping of M#h ICL1

ICL1 crystal structure (PDB: 1f81) showing the helix swapping of the a12 and a13
helices of chain A and B of the structure.
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cysteine residue that resides in the signature ICL catalytic sequence motif (KKCGH) for
efficient catalysis.

In the case of Mtb ICL1, the formation of this homotetrameric structure, or dimer
of dimers, results from helix swapping of the al2 and a 13 helix with the
noncrystallographically related subunits of this unique a/p folded protein (Figure 26).?%

226 a5 well as the tetrameric

This helix swapping has been shown to occur in other ICLs
phosphoenolpyruvate mutase’?” and is proposed to assist in the formation of a stable
dimer.??® Close inspection of the active site of the apo enzyme reveals the ICL signature
sequence resides on a mobile loop that in its “open” state is exposed to solvent (Figure
27A). Visualization of the active site cavity of M¢b ICL1 reveals a quite small and highly
electronegative space (Figure 27B). In particular, the region of residues seen to complex
the Mg?" divalent cation (Asp 108, Glu 155) and surrounding area (Asp 153 and Glu 182)
are key contributors to this overwhelmingly electronegative active site (Figure 27A). This
adds an additional challenge from the perspective of drug design as ICL enzymes by
generality have a very stringent tolerance with respect to both the size and charge of the
molecule it will tolerate in its active site cavity. These stringencies may explain why high-
throughput screening against Mth ICL1 both in the pharmaceutical industry and in
academia has led to no viable lead compounds. However, it has been seen that Mtb ICL1
will tolerate small polar covalent inhibitors such as 3-bromopyruvate and 3-
nitropropionate, which undergo alkylation with the catalytic Cysi91 of Mtb ICL1 and lock

the mobile active site loop (~15A) in a closed conformation. Owing to a lack of viable

lead pharmacophores, non-drug-like compounds like 3-brompyruvate and 3-
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nitropropionate still serve as benchmark standards for Mtb ICL1 inhibitor design. While
these molecules effect robust activity against the enzyme, they also exhibit toxicity 2%% 3¢
and thus it is necessary to develop new discovery approaches to develop specific inhibitors

for this sought after Mtb drug target.
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Figure 27. ICL1 Active Site Residues and Electrostatic Surface Map.

A. ICL monomer from PDB: 1f61 where key active site residues are shown in blue
and the ribbon form of the active site mobile loop is shown in lime green which
contains the ICL signature sequence KKCGH. B. Electrostatic surface potential
map for ICL1 monomer from PDB: 1f61 where the red is electronegative, white is
neutral, and blue is electropositive.
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Figure 28. ICL1 Loop Closure.
Morph of ICL1 loop closure with PDB: 161 and 6vb9 showing the conformational shift
that occurs following the binding of a substrate or inhibitor to the enzyme.

From an enzymology perspective, Mtb ICL1 carries out the retro-aldol cleavage of
the substrate D-threo-isocitrate (D-IC) to produce glyoxylate and succinate which desorb
from the enzyme in an ordered fashion (Figure 29A).*! In the reverse direction, initial
complexation of glyoxylate to the active site divalent Mg?* cation is followed by ordered
binding of succinate.’’’ Subsequent aldol condensation of the substrates forms the product
D-IC. Through combining detailed kinetic studies?’! with structural data,’?’ researchers
have been able to propose putative chemical mechanisms by which Mtb ICL1 catalyzes
the cleavage of D-IC and condensation to form D-IC (Figure 29B). Briefly, in the direction
of D-IC cleavage, the substrate binds to Mtb ICLI1, likely as a Mg?*-D-IC complex,?3? 233
following its positioning in the active site by unknown residues. The abstraction of a
proton from the C2 carboxylate of D-IC by an unknown catalytic base forms an aci-
succinate intermediate and glyoxylate. The collapse of this intermediate results in

abstraction of a proton from the Cysio thiol to from succinate and an active site thiolate.
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Subsequent ordered desorption of the product succinate is followed by the release of

glyoxylate, thereby reading the enzyme for another round of catalysis.

A. IC Succ Glx
k‘l k ks Tke by | kg
E k3 E
(E-IC <= E-Succ-Glx)
k4

B.

0 :C & QJ\(R o = QJ\I(R " g
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Mg** H H W Mg?¥ HZ \l Mg’ s

B CyS1g1 B:H Cys191 B:H W
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Figure 29. Proposed Kinetic and Chemical Mechanism of Mtbh ICL1 in the direction
of D-isocitrate cleavage.

Since the best-known molecules that blockade ICL enzyme activity via covalent
bond formation with the active site catalytic cysteine, we envisioned that development of
mechanism-based inactivators and less toxic inactivators of ICL may comprise a
reasonable strategy to target this protein. For example, two well-known ICL inactivators,

3-nitropropionate’*

and 3-bromopyruvate’* both exhibit toxicities. 3-Nitropropionate is
neurotoxic, and is a mechanism-based inactivator of succinate dehydrogenase,’?? whereas
3-bromopyruvate reacts readily with thiols, as well as the active site cysteines of other
enzymes such as glyceraldehyde-3-phosphate dehydrogenase.?*” In an effort to thwart this

toxicity and develop more specific molecules for ICL inactivation we used the approach

of developing mechanism-based inactivators (MBIs). As discussed in Chapter I, MBIs
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comprise molecules that masquerade as enzyme substrates, but upon specific enzyme
catalysis produce a reactive species which can undergo reaction with the enzyme.” This
may be a viable strategy to target M¢b ICL1 owing to both its nucleophilic active site thiol
and the active site loop closure of Mth ICL1 which will, in theory, entrap the reactive
species of the MBI within the active site cavity until it undergoes reaction with the
enzyme. Therefore, we designed a possible mechanism based inactivator of the Mtb ICLs,

2-vinyl-(2R,3S)-isocitrate (2-VIC) (Figure 30). This molecule was found to be

OO ;
) N
Q y— O OJ(?/\ HO 28" Cysyg1
Mgz+’o|\_| Hsﬁ Mgz+'o \v’-sW OH
‘B Cys1o1 HB Cys191 Va3 H:B

Figure 30. Proposed Mechanism of 2-VIC Inactivation of ICL1

synthetically complex to produce (26 linear steps), but indeed served as a mechanism-
based inactivator of M¢h ICL1 and 2 as determined by using kinetics, protein mass
spectrometry, and X-ray crystallography. From a mechanistic perspective, inactivation of
Mtb 1CL1 by 2-VIC is proposed to be initiated in an identical fashion to D-IC catalysis,
whereby an unknown base abstracts a proton from the carbon-2 hydroxyl of 2-VIC to form
an aci-succinate intermediate and the reactive metabolite 2-vinyl glyoxylate. Collapse of
the aci-succinate intermediate unmasks a Michael acceptor, 2-vinyl-glyoxylate (2-VG),
that efficiently forms a covalent adduct with Cysio1?/ While this molecule proved to be

an efficient Mtb ICL MBI, one challenge we encountered was that 2-VIC was liable to
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free thiols and that 2-VIC mediated inactivation was readily reversible upon incubation of
the enzyme with thiols. We postulate the latter to owe to the ordered release of Mtbh ICL
product release which exposes the active site of Mtb ICL1 during the dissociation of
succinate,’? thereby resulting in the apparent interception of 2-VG by free thiols in vitro
in lieu of its reaction with Cysyo1. This thiol reactivity could in part account for its lack of
anti-mycobacterial activity. We therefore sought to develop more durable covalent
inactivators of the Mtbh ICLs that might arise from succinate analogs bearing an
electrophilic group.

Towards this end, we analyzed a panel of di-carboxylic acids and found that cis-
olefinic-di-carboxylic acids, some with substitution at carbon-2, effected uncompetitive
inhibition versus D-IC while their trans-di-carboxylic acid counterparts were D-IC
competitive inhibitors. Structural similarity suggested that (2R,3S)-epoxy-succinate (cis-
EpS) could bind to the succinate sub-site of Mtbh ICL1, and the proximity of Cysio to the
epoxide group may result in the formation of a covalent adduct concomitant with opening
of the epoxide ring. Here we report that cis-EpS is a selective and potent covalent
inactivator of Mtbh ICL1, whose action is potentiated by the binding of isocitrate,

glyoxylate, or glycolate.
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B. Experimental Methods

i. Protein Expression and Purification

A plasmid containing Mtb icll was a gift from Dr. Andrew Murkin of Buffalo University,
NY.?!! This construct contains the ICL1 gene (Uniprot: POWKK6) with an N-terminal,
thrombin-cleavable Hiss epitope tag. The recombinant protein was expressed in E.coli
BL21(DE3) cells, and was expressed and purified as previously described.?’ ?/° Pure
ICL1 was stored in a buffer of 50 mM Tris-HCI (pH 7.0), 150 mM NaCl, and 10% glycerol
at —80 °C, or in 25 mM Tris-HCI (pH 7.5), 75 mM NaCl, 0.5 mM DTT and 50% (v/v)
glycerol at —20 °C. For mass spectrometry, ICL1 was further purified via gel filtration
(HiLoad® 26/600 Superdex® 200 pg, GE Healthcare), in which the column was pre-
equilibrated with 50 mM HEPES (pH 7.5) and 150 mM NaCl. Fractions containing the
pure tetramer were pooled, concentrated, and stored at -80°C. For crystallography, the
Hise epitope tag was removed by incubation with thrombin, in both the presence and
absence of D-isocitrate to protect the tag-free ICL1 from further proteolysis. Truncated
ICL2 (Uniprot: Q8VJU4) was expressed and purified as previously described.?’’ E. coli
isocitrate dehydrogenase (ICDH) gene was obtained from an Aska (-) clone containing the

icd gene in a pCA24N plasmid.?/! 236

ii. Enzyme Assays
Unless otherwise specified, all assays were conducted in clear 96-well plates consisting of
250-pL reaction mixtures containing 50 mM HEPES (pH 7.5), 5 mM MgCl, and 1 mM

DTT at 37°C. In the direction of isocitrate cleavage, product glyoxylate was reacted with
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10 mM phenyl-hydrazine-HCI to form its phenyl-hydrazone product, which was measured
spectrophotometrically at Aszznm (€324 = 17,000 M'em™). In the direction of isocitrate
synthesis, product isocitrate was converted to a-ketoglutarate using a coupled-enzyme
assay containing 100 nM E. coli isocitrate dehydrogenase and 0.25 mM NADP.
Absorbance of the product NADPH was measured spectrophotometrically at A3z4o nm (€340
= 6,220 Mlecm™!). Alternately, isocitrate synthesis was measured using a two-enzyme
coupled system containing 0.1 units of bovine isocitrate dehydrogenase (Sigma Aldrich),
0.3 mM NADP", 0.1 units diaphorase from Clostridium kluyveri (Sigma Aldrich) and 50
UM resazurin in the assay buffer described above, but without the addition of 1 mM DTT.
The formation of D-isocitrate, concomitant with NADPH formation by isocitrate
dehydrogenase, was followed by the conversion of NADPH to NADP™, and resazurin was
converted to resorufin by diaphorase catalysis, allowing the detection of resorufin at
525/598 nm (ex/em). This assay was conducted at 25°C in black clear-bottom 96-well
half-volume plates (Greiner) with a final reaction volume of 150 pL. All
spectrophotometric and fluorescent measurements were recorded on a Biotek® Synergy

M2 plate reader equipped with temperature control.

iii. Native and Denatured Mass Spectrometry

Samples of 22.5 uM ICL1 in 50 mM HEPES, 150 mM NaCl, (pH 7.5) were incubated
with cis-Eps (112.5 uM) alone or with cis-Eps (112.5 uM) and glyoxylate (1 mM) or
glycolate (1 mM) overnight. The protein was then exchanged into a volatile buffer, 200

mM ammonium acetate (pH 7.4), using a Micro Bio-Spin 6 device (Bio-Rad). For analysis
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of native protein, instrumental parameters were tuned to preserve non-covalent
interactions, and to minimize gas-phase activation on a Thermo Exactive Plus with an
extended mass range Orbitrap mass spectrometer. Gas-phase activation was achieved with
increasing collision voltage in source (150 V) and HCD cell (200 V). Proteins were also

denatured using 1% formic acid and introduced into the mass spectrometer.

iv. Intrinsic Protein Fluorescence

ICLI (1 uM monomers) in 50 mM HEPES and 10 mM MgCl, (pH 7.5) was combined
with either cis-EpS (1 uM) or cis-EpS (1 uM) and glyoxylate (100 uM). Reaction mixtures
(200 pL) were excited at Aex = 295 nm, and the intrinsic fluorescence emission spectra (Aem
=315-380 nm) was determined at multiple time points (room temperature) using a Biotek
Synergy plate reader and black clear-bottom 96-well plates (Greiner). The Amax of ICL1
fluorescence was determined to be 325 nm. All data were corrected by subtracting the
background fluorescence observed in a sample of buffer. Upon addition of ligand the
spectrum was recorded multiple time points. Each spectrum was normalized, assigning
the fluorescent intensity of protein alone at 325 nm to 1. For the samples containing both
cis-EpS and glyoxylate, we subtracted the glyoxylate spectrum in order to elucidate the
relative fluorescent change resulting from cis-EpS binding to ICL1. Relative fluorescent
change of ICL1 at 325 nm in response to ligand binding were plotted using Fi = (Fo -
Frnin)*exp(-kobs *t) + Fmin in which F, Fo, and Fuin are the respective protein fluorescence
measured at time t, t=0, respectively, and kobs 1S the apparent first-order rate constant of

diminution of fluorescence.
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v. X-Ray Crystallography

Samples of tag-free ICL1 (10 mg/ml) in 50 mM Tris (pH 8.0), 10 mM MgCl,, and 1 mM
DTT were treated with 2 mM cis-epoxy-succinic acid for 1 h prior to set up for
crystallization. Crystals were produced by the hanging-drop vapor diffusion method at 17
°Cin 0.1 M Tris-HCI (pH 8.0), 0.2 M sodium acetate, and 20-30% PEG4000 mixed at 1:1
or 1:3 volume ratio with the protein solution. For the X-ray data collection, crystals were
flash-frozen in liquid nitrogen after cryoprotection with 20% glycerol added to the mother
liquor. High-resolution diffraction data for ICL1-EpS co-crystals were collected at
beamline 191D of the Structural Biology Center (SBC, Advanced Photon Source, Argonne
National Laboratory). Detailed information about the data transformation and structural

refinement is described in’*

vi. Analysis of Kinetic Data

Time courses of enzyme inactivation were fitted to eq. 3, a modification of an equation
for fitting time-dependent inhibition wherein the final steady-state rate is zero, due to
apparent irreversible inactivation. [P] is the concentration of glyoxylate, vi is the initial
rate (mODY/s) or ([GIx]/s), ¢ is the time of reaction, and kobs is the apparent first-order rate
constant of inactivation obtained at each concentration of inactivator. Values of kobs (the
maximal observed rate constant (s!)) were re-plotted using eq. 4, wherein [I] is the
concentration of inactivator, Kinact 1S the maximal rate constant of inactivation, and Kinact’
is the mechanism-dependent, apparent concentration of inactivator at which the observed

rate constant of inactivation is half that of kinact.
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vi(l—e_kobst)

Kobs

[P] = (eq. 3)

kobs = (kinact[l]) /(Kinact (1 + Ka/[A])+[I]) (eq. 4)

Apparent values of kobs vs. [isocitrate] or [succinate] as shown in Fig. 1¢ were respectively
fitted to eq 5 and 6, and Kinae:” at variable concentrations of D-isocitrate or succinate [A],
wherein K, are the Michaelis constants of the two substrates, were fitted to eqs 7 and 8 for

uncompetitive and competitive inactivators, respectively.

Ka
kops' = Kobs (1 + m) (eq. 5)
[4]
Kovs' = kovs (1+2) (eq. 6)
Ka
Kinact' = Kinact (1 + m) (eq. 7)
Ka
kinact’ = Kinact (1 + m) (eq. 8)

Data of [glyoxylate] vs. time at changing-fixed concentrations of cis-EpS were also fitted

globally, that is, all concentrations of the inactivator simultaneously, to eq. 9, for which
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K1 is the inhibition constant for binding of I to E-GIx, and kinact and Kinact are limiting

values as defined below.

%
Ka+[A](1+’£L‘]) —tk; [
[P]= [ 2211 - exp( Lﬁa)] (eq.9)
kinacell] Kinact(1+f(7])+[l]
Kinact(l'"%)"'[l]

C. Results and Discussion
i. Identification of cis-EpS as a Covalent Inactivator of ICL1

In this section, I will briefly detail initial work my co-author and former lab mate
Dr. Truc Pham conducted which led to the initial identification of cis-EpS as an ICLI
inactivator. The kinetic mechanism of ICL1 is ordered uni-bi; desorption of succinate
(Succ) from (ICL-Succ-Glx) precedes that of glyoxylate (Glx) (Figure 31. Therefore, we
sought to uncover if succinate bound to the enzyme in its synperiplanar or antiperiplanar
form. Thus, we analyzed the compounds maleate and fumarate, which are the fixed
constrained isomers of succinate in their cis and trans forms, respectively. From this we
identified that maleate exhibited uncompetitive inhibition of ICL1 versus isocitrate,
consistent with its binding to the succinate site with a 2-fold improvement in affinity
(maleate: Kii = 300 = 20 uM; succinate: Ki; = 650 = 50 uM). In the reverse reaction of
ICL1, maleate was a competitive inhibitor versus succinate (Kis = 190 £ 10 pM).
Accordingly, maleate binds exclusively to the ICL1-GIx complex. The ratio of Kii/Kis

provides a measurement of the desorption rate of glyoxylate (k7) from ICLI1-GIx with

95



respect to kcar of the forward reaction (Kii/Kis = k7/kcar = 1.6 = 0.2). Consequently, the
release of glyoxylate from ICL1-Glx is likely the rate-limiting step for the forward
reaction, so that at saturating concentrations of isocitrate the predominant enzyme species
will be ICL1-Glx, to which succinate, maleate, and their analogs bind.?’* 2!/ Conversely,
the fixed trams-isomer of maleate, fumarate, was a poor competitive inhibitor versus
isocitrate (Kis = 1.9 + 0.4 mM), suggesting that the cis-isomer of but-2-en-1,4-dioic acid
is preferred, and that succinate binds to the ICL1-Glx complex in a synperiplanar
conformation. This encouraged the evaluation of other compounds which maintained the
synperiplanar conformations of succinate, such as (2R,3S)-epoxy-succinate (cis-EpS), as
potential covalent inactivators of ICL. Incubation of ICL1 with cis-EpS in the presence of
200 pM isocitrate (~5Km) demonstrated time-dependent loss of enzyme activity
commensurate with increasing concentrations of cis-EpS (0.16 — 2.0 uM) as shown in
Figure 1b. The time courses of glyoxylate formation at each concentration of cis-EpS were
fitted to eq. 3, from which replotting of the apparent rate constants of inactivation (kobs)
versus [cis-EpS] using eq. 4 indicated hyperbolic binding (inset, Figure 31.). From this
replot we obtained values of: Kinact = (1.09 + 0.009) x 102 57! and Kinact = 0.7 + 0.1 uM.
These data indicated saturation of cis-EpS at sub-micromolar concentrations, a signature
of a two-step inactivation mechanism. Global nonlinear regression analysis was conducted
by fitting the time-course data in Figure 1b to eq. S11 ([isocitrate] =200 uM). This resulted
in values of Kinact = (9.2 + 0.4) X 107 s7!, Kinact = 0.62 + 0.03 pM, and Ki1 = 2.0 £ 0.2 uM.

Similarly, time-dependent inactivation of ICL2 by cis-EpS under the same conditions
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resulted in a diminished binding affinity and a lower apparent rate of inactivation
compared to ICL1 (apparent Kinact = 35 = 2 pM and kinact = (1.4 £ 0.1) x 1073 s71).

In contrast, trans-2,3-epoxy-succinate (trans-EpS) exhibited competitive
inhibition of ICL1 versus isocitrate (Kjs = 0.8 + 0.2 mM), but was not an inactivator. After
overnight incubation with up to 100 uM trans-EpS, no effect was observed on the catalytic
activity of ICL1. Hence, trans-EpS binds preferentially to free ICL1, similar to that of the
competitive inhibitor (2R)-malate.”’’ The value of K;; of racemic trans-EpS was twice that
of (2R)-malate, suggesting that only the (R,R)-isomer of trans-EpS binds to ICL1. The
differential binding of frans-EpS and cis-EpS to the respective free ICL1 and ICLI1-
glyoxylate complexes suggested that these geometric isomers structurally resemble
different features of the substrate isocitrate, wherein frans-EpS more closely mimics the
substrate isocitrate and cis-EpS serves as a succinate analog, reminiscent of the different
sub-site binding by inhibitors glycolate and maleate.

We next evaluated the effect of isocitrate concentration (25-200 pM) on the values
of kobs. At 0.25 pM cis-EpS the ko»s of ICL1 inactivation reached an apparent maximal kobs
value as fixed concentrations of isocitrate exceeded 6K (Figure 31.) providing additional
evidence that cis-EpS acts as an uncompetitive inactivator of ICL1. In contrast, increasing
concentrations of succinate (0 — 4.0 mM) resulted in a hyperbolic decrease in apparent
values of kobs (Figure 31.), highlighting that the binding of succinate to the ICL1-Glx
complex blocks the binding of cis-EpS, and the diminution of kops arises from apparent

saturation of the ICL1-Succ-Glx complex. The mode of inactivation of cis-EpS in the
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presence of isocitrate and succinate supports the conclusion that cis-EpS preferentially

binds to the ICL1-GIx complex.
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Figure 31. Proposed Kinetic Mechanism of ICL1 and Time-Dependent Inactivation
of ICL1 with cis-EpS

a) Ordered uni-bi kinetic mechanism of ICL1. The E-Glx-cis-EpS complex proceeds to
form a covalent adduct. (b) Time-dependent inactivation of ICL1 by variable
concentrations of cis-EpS in the presence of 200 uM D-isocitrate and 2 nM ICL1. The
curves drawn through the experimental data points were obtained by fitting data to eq. 3
for each concentration of cis-EpS. (Inset) Replot of the observed rates of inactivation (kobs)
were fitted to eq. 4, yielding: kinact = (1.09 £ 0.009) x 102 s! and Kinaet = 0.7 £ 0.1 uM. (¢)
Inactivation of ICL1 by cis-EpS in the presence of fixed concentrations of isocitrate or
succinate. Values of kobs obtained from time courses at 0.25 uM cis-EpS at changing-fixed
concentrations of isocitrate (blue) and succinate (red), plotted as [S]/Kwm, were fitted to egs.
5 and 6, respectively. (d) Replots of the apparent values of kinact and Kinact values obtained
at variable concentrations of isocitrate. The curve drawn through the data points for the
plot of Kinace vs. [D-isocitrate] is from linear regression via fitting to eq. 7, while kinace vs.
[D-isocitrate] was fitted to a straight line.
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Apparent values of kops versus [isocitrate] and [succinate] in Figure 1c were fitted to egs.
5 and 6, respectively, for which eq. 5 describes an increase in the rate of inactivation as
isocitrate concentration is increased, akin to uncompetitive inhibition, while eq. 6
describes its decrease as the concentration of succinate is increased, akin to competitive
inhibition. Fitting of kqbs versus [isocitrate] data to eq. 7 led to limiting values of kinact =
(9.5 £0.5) x 102 57!, Kinact = 260 £ 30 nM, and kinact/Kinact = 36,000 £ 6,000 M 57!, As
shown in Figure 31., apparent values of kinact” and Kinact', obtained from global fitting of
the time-course data with various concentrations of cis-EpS at 25-200 uM isocitrate
demonstrated that the value of Kinact', but not kinact’, was dependent on the concentration
of isocitrate. Upon extrapolation of concentrations of isocitrate to infinity, the limiting
values of the kinetic parameters became Kinact = 250 + 10 nM, Kinact = 1.0 £ 0.1 x 102 571,
and kinact/Kinact = 40,000 £ 6,400 M's'!. These kinetic parameters of inactivation are the

largest yet observed for an inactivator of ICLI.

ii. Inactivation of ICL1 by cis-EpS is Potentiated by Added Glyoxylate or Glycolate

To elucidate the role of glyoxylate in cis-EpS inactivation of ICL1, we monitored
the time-dependent change in intrinsic protein fluorescence of ICL1. This fluorescence
change likely arises in part from the closure of the active site loop of (Trpos is proximal to

22 allowing

the bound glyoxylate), which moves approximately 15 A upon ligand binding,
one to monitor substrate, inhibitor, or inactivator binding to ICL1.?’ In the presence of

cis-EpS alone, mixed with ICL1 at a 1:1 molar ratio, we observed a slow decrease in

fluorescence intensity, (half-life = 53.3 min, Figure 32a, c) indicative of active site loop
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closure. Conversely, supplementation of 100 uM glyoxylate to ICL1 and cis-EpS ata 1:1
molar ratio resulted in a more rapid loss of signal (half-life = 5.4 min, Figure 32b, c).
Analysis of ICL1 inactivation with or without glyoxylate (Figure 32c), demonstrated that
the rate of inactivation upon glyoxylate addition is 10-fold faster (kobs = 2.2 x 10 7! vs.
kobs = 2.2 x 10* s!). This was further corroborated by kinetic analysis of cis-EpS
inactivation of ICL1 with the glyoxylate analog, glycolate (Glc), which when added at 100
uM with cis-EpS, exhibited a 8.5-fold faster apparent rate of inactivation when compared
to its absence (not shown). These data indicate that the ternary ICL1-Glx/Glc-cis-EpS
complex is far more favorable to afford reaction of the epoxide of cis-EpS with Cysio1

than the binary ICL1- cis-EpS complex.
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Figure 32. ICL1 Inactivation is Potentiated by Glyoxylate and is Covalent and
Irreversible

(a) 1 uM ICL1 in the absence of added co-ligands (blue line) displayed fluorescence
maxima at Amax = 325 nm, which is slowly diminished upon binding of 1 uM cis-EpS alone
in a time-dependent fashion. (b) Rapid time-dependent loss in fluorescence of 1 uM ICL1
in the presence of 1 uM cis-EpS and 100 uM glyoxylate. (¢) Replots of the apparent time-
dependent inactivation kinetics exhibited by cis-EpS from the decrease in intrinsic
tryptophan fluorescence in (a) and (b). Curves drawn through the data points were obtained
by fitting the data to Ft = (Fo - Fmin)*exp(-kobs™t) + Fmin yielding apparent kobs rates of 2.2
x 107 sec’! in the presence of cis-EpS and glyoxylate, and 2.2 x 10 sec™! in the presence
of cis-EpS alone. (d) Deconvoluted mass spectra of WT ICL1 versus ICL1 incubated with
cis-EpS overnight at 25°C. Theoretical and measured mass of monomer bound cis-EpS
are 48919.07 Da and 48918.32 Da (15.26 ppm), respectively, consistent with the addition
of one molecule of cis-EpS (132.01 Da) per monomer of ICL1 (48,787.52 Da). Mass
spectrometry analysis was conducted in collaboration with Zahra Moghadamchargari in
the laboratory of Dr. Arthur Laganowsky.
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iii. Inactivation of ICL1 by cis-EpS is Irreversible

Pre-incubation of ICL1 (monomer concentration of 0.5 uM) with cis-EpS (0-2
uM) with or without added glycolate (100 pM) for 20 h revealed stoichiometric loss of
ICLI activity (molar ratio of > 1:1) (data not shown). Further, repeated spin-dialysis of
inactivated enzyme (4 rounds over 72 h, equivalent to a 12,500-fold dilution) to remove
unbound cis-EpS did not lead to any appreciable recovery of enzyme activity. Therefore,
the inactivation was apparently irreversible, and the molar ratio of inactivator:ICL1

monomer was 1:1 (data not shown). Co-incubation of 1 uM ICL1 and 1 pM cis-EpS with
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Figure 33. Mass Spectra for cis-EpS Bound ICL1 Monomer Treated with Glycolate.

The mass spectra shown for cis-EPS bound ICL1 monomer (A) treated in the presence of I mM
glycolate, and (B) treated in the presence of 1 mM glycolate after a four-day incubation at 4 0C.
The star indicates a truncated monomer with a measured mass of 47190 Da. Mass spectrometry
analysis was conducted in collaboration with Zahra Moghadamchargari in the laboratory of Dr.
Arthur Laganowsky.
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I mM DTT or 1 mM reduced glutathione (pH 7.5, t < 20 hrs) caused no change in the
ability of cis-EpS to inactivate ICL1, or the reactivation of ICL1 activity, indicating
stability of the ICL1 adduct to free thiols.

The mode of binding of cis-EpS to ICL1 was investigated using high-resolution
mass spectrometry (MS). Both denatured MS and collision-induced dissociation (CID) of
tetrameric ICL1 following incubation of ICL1 with cis-EpS showed covalent addition of
cis-EpS to ICL1 at a 1:1 molar ratio (Figure 32d, Figure 33). Further, the modification of
ICL1 by cis-EpS was observed in the same 1:1 ratio in presence of the competitive
inhibitor glycolate, even following four days of incubation at 4°C (Figure 33). Together,
these results demonstrated that cis-EpS inactivation of ICL1 is covalent and irreversible.
The uniformity and efficiency of this modification makes cis-EpS a possible active site

titrant not only for ICL1 from Mtb, but for other isocitrate lyases as well.

iv. Cis-EpS Inhibits Growth of Mycobacterium tuberculosis in Cell Culture

In collaboration with Dr. Inna Krieger in Dr. James Sacchettini’s lab, we identified
that treatment of M. tuberculosis (mc2 7000 strain) cell culture (grown on acetate as a sole
carbon source) with cis-EpS, resulted in an MICso of 100 = 10 uM (Figure 34). No
inhibition of M. tuberculosis growth by cis-EpS was observed when cultures were grown
on dextrose as a carbon source, indicating that the effect of cis-EpS was specific to the
growth conditions where ICL activity has been shown to be essential for the survival of
Mtb.?% In addition, at a similar concentration range tested, trans-EpS had no effect on

mycobacterial growth.
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Figure 34. Inhibition of Mtb mc? 7000 Growth by cis-EpS

Effects of cis-EpS on Mtb mc? 7000 grown using acetate as a carbon source. The dose-
response curve of cis-EpS-induced growth inhibition was fitted to equation y = 100 —
100/(1+ [I]/ICs0) where y is normalized inhibition (%) and [I] is the concentration of cis-

EpS (x-axis) and ICso represents the concentration of cis-EpS that achieves 50%
inhibition (ICso = 100 + 10 uM).

v. Crystal Structures of ICLI Treated with cis-EpS

Tag-free ICL1 was co-crystallized with cis-EpS, and crystals belonging to the
P21212; space group with the tetramer of ICL1 in the asymmetric unit were produced and
diffracted to high resolution (1.88A, Table 6). In all four subunits of the treated ICL1
tetramer, electron density corresponding to a covalent adduct attached to Cysio1 was
present. This adduct apparently resulted from the attack of the sulfur of Cysio1 on the 2R-

carbon of (2R,3S)-cis-EpS, with attending ring-opening of the epoxide to form the S-
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malyl-Cysi91 (Mal-Cysi91)-ICL1 complex (Figure 35a). The S-malylated active sites of
ICL1 also contained a second ligand, bound to the active site Mg?* ion. We modeled it as
glyoxylate, its presence likely resulting from the addition of isocitrate to ICL1 during the

thrombin-catalyzed removal of the His6 tag. After refinement, a positive electron density
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Figure 35. Crystallographic Analysis of ICL1 Inactivation by cis-EpS.

(a) Crystal structure of ICL1 covalently inactivated by cis-EpS. Cis-EpS-treated ICL1
resulted in a S-malatyl-Cysio1 adduct (Mal-Cysi91) shown in magenta, surrounded by
proximal protein residues (dark gray carbons); oxygens are shown in red, nitrogens in
blue, sulfur in yellow and Mg?" in green. Hydrated glyoxylate (GIx-OH>) is coordinated
to the Mg?" ion. Solid lines indicate potential hydrogen bonds and electrostatic
interactions. Polder omit electron density maps of glyoxylate hydrate and the Mal-Cysio;
adduct are shown as gray mesh and contoured at 7c. (b) Crystal structure of ICL1 with
non-covalently bound cis-EpS shown in blue, surrounded by proximal protein residues
(light gray). Polder omit electron density maps of glyoxylate, cis-EpS, and Cysio1 are
shown in gray and contoured at 10, 7, and 8 o respectively. (¢) Overlay of the ICL1-cis-
EpS covalent structure (contact-making residues, carbons in dark grey and ligand in
magenta) with the non-covalently bound cis-EpS structure (contact making residues,
carbons in light grey and ligand in blue). (d) Formation of D-isocitrate by incubating
varied concentrations of ICL1 in the presence of saturating succinate.
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peak appeared off the C2 carbon of refined glyoxylate. Similar electron density
coordinated to Mg?* was observed by Ray et al. in their 3-NP modified ICL1 structure
(PDB: 6C4A),?** which was modeled as pyruvate. However, based on the fact that our
sample was exposed to isocitrate, which would yield glyoxylate upon cleavage, and in
accordance with our hypothesized reaction mechanism (Figure 37), we modeled Mg?*-
bound glyoxylate as glyoxylate hydrate which refined well into the electron density
(Figure 35a).

The Mal-Cysi91 adduct occupies the succinate sub-site, and like succinate, the
malyl group is positioned to form hydrogen bonds with NH1 and NH2 of Argzs, OG1 of
Thrss47, ND2 of Asnsiz, OG of Sersis, OG of Sersi7, ND1 of Hisie3, the backbone nitrogen
of Glyio2, OH of glyoxylate hydrate, and Mg?*-coordinated water (Figure 35a). These
hydrogen-bonding interactions with other residues of the active site of ICL1 are similar to
those observed between 3-nitropropionate and ICL1 (PDB: 1F8I). Since Moynihan and
Murkin?/! showed that Cysio; is a thiolate when glyoxylate is bound to ICL1, where its
apparent catalytic role is to deprotonate succinate, it is likely that the thiolate form of
Cysi91 attacks cis-EpS.

To investigate the interaction of cis-EpS with ICL1 in the absence of glyoxylate,
we produced crystals of the cis-EpS-treated ICL1 that were prepared with no exposure to
substrates or products of ICL1 at any step of purification or removal of the He tag. To our
surprise, we discovered that the active sites of all four subunits not only contained intact
cis-EpS bound non-covalently to ICL1, but also exhibited electron density for an apparent

two-carbon keto acid, reminiscent of glyoxylate, coordinated to the Mg?* ion (Figure 35b).
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Inspection of the electron density after refinement, revealed a positive peak of ~ 4o in the
Fo-Fc electron density map between the Cysior and 2R-carbon of the cis-EpS,
demonstrating that trace amounts of the inactivator reacted with ICL1, but the majority of
protein molecules are bound to intact cis-EpS. Attempts to refine a covalent adduct
between Cysi91 and cis-EpS resulted in a negative peak of 4o in the F,-F. electron density
map, indicating that the intact cis-EpS molecule was the best-fitted ligand. This intact cis-
EpS molecule formed nearly identical hydrogen bonds to those seen in the covalently-
bound cis-EpS structure (Figure 35 a, b). The 2R-carbon of the intact cis-EpS is positioned
3.3 A away from the sulfur of active site Cysioi, but nevertheless remains sufficiently
proximal to the thiolate for attack on the epoxide (Figure 35b). In contrast to the ICL1-
Mal-Cysi91 structure, owing potentially to the absence of a hydroxyl group of Mal-Cysio1,
no hydrogen bonds were formed between the bound two-carbon keto-acid and intact cis-
EpS. To determine the identity of the keto-acid co-ligand coordinated to ICLI, we
subjected the protein to high-resolution native mass spectrometry. Analysis of purified
recombinant ICL1 showed that the homo-tetrameric complex had an additional mass of
310 Da per tetramer compared to the calculated mass of the ICL1 tetramer (195,148 Da
vs. 195,461.78 Da), equating to an addition of 77 = 17 Da (90.38 ppm) per subunit (Figure
36B). When the tetrameric complex was dissociated in the gas phase, the measured mass
of one subunit, 48,787.94 Da, was nearly equal to the calculated mass of un-liganded
ICL1, 48,787.52 Da, suggesting the ligand bound to the protein non-covalently. This mass

shift per subunit is in agreement with the mass of glycolate (76.02 Da) and glyoxylate
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(74.00 Da), both of which can coordinate to the Mg?" of ICL1, and are also present in the

recombinant expression host, E. coli.
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Figure 36. Nano-ESI-MS of Tetrameric ICL1 Obtained Under Activating
Energy Conditions.

The collision-induced dissociation spectra of (A) ICL1 in the presence of cis-EpS and
(B) free ICL1. The mass spectra shown in A demonstrates that ICL1 is bound to cis-
EpS. ICL1 was incubated with cis-EpS overnight, buffer exchanged into 200 mM
ammonium acetate (pH 7.4), and then introduced into a Thermo Exactive Plus system
with an extended mass-range Orbitrap mass spectrometer. The inset is the expansion
of peaks at lower values of m/z which show ejected monomers. The theoretical and
observed masses of free and cis-EpS-bound ICL1 are 48919.07 and 48918.32 (15.26
ppm) Da, respectively. B. The tetramer of ICL1 has a calculated mass of 195.148 Da,
whereas the observed mass was 195,461.78 Da, indicating an addition of 7717 Da
(90.38 ppm) per monomer. When dissociated into monomers the observed mass was
48,787.94 Da, nearly equal to the calculated mass of an unmodified ICL.1 monomer,
48,787.52 Da, suggesting that a non-covalent ligand is bound to the protein. This mass
spectrometry analysis was conducted in collaboration with Zahra Moghadamchargari
in the laboratory of Dr. Arthur Laganowsky.

To test if this molecule was glyoxylate, we monitored the formation of D-isocitrate

upon succinate addition, quantifiable by a coupled assay which reports on isocitrate

formation. We observed formation of D-isocitrate that approximated a 1:1 molar ratio with
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respect to the ICL1 monomer concentration, identifying the molecule as glyoxylate
(Figure 35d). These biochemical data agree with our mass spectrometry and structural
data; under our purification conditions, recombinant ICL1 apparently retains bound
glyoxylate, which enables cis-EpS to bind to the ICL1-Glx complex, as per the ordered
mechanism. Further, the limited prevalence of the ICL1-cis-EpS covalent adduct, and the
ability to capture this transient intermediate in crystallo, may arise from the diminished
rate of inactivation in the absence of exogenous glyoxylate as seen in Figure 32 a, c. This
slowed rate suggests an altered protonation state of Cysio: and/or differing accessibility to
a water molecule that is required for cis-EpS inactivation of ICL1. Close inspection of the
F,-F. electron density corresponding to the C2 of glyoxylate in the non-covalent cis-EpS
structure revealed a weak positive density peak that was not present in all chains.
Conversely, the covalent structure exhibited a strong positive Fo-F. electron density peak
present near the C2 of glyoxylate, consistent with a hydrated form of glyoxylate,
suggestive that the appearance of this density occurs concomitantly with alkylation of

Cysi91 by cis-EpS. Taken together, these two structures provide direct insight into the

110



inactivation of ICL1 by cis-EpS, and allow one to propose plausible chemical mechanisms

by which this inactivation may proceed (Figure 37).
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Figure 37. Proposed Chemical Mechanism of cis-EpS Inactivation of ICL1

vi. Proposed Chemical Mechanism of cis-EpS Inactivation of ICL1

Nucleophilic attack of epoxides generally involves one of two chemical

mechanisms (a) protonation of the epoxide ring oxygen, followed by attack of the
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nucleophile on the more sterically-hindered carbon, as a result of the enhanced
stabilization of an incipient carbocation at the more substituted carbon, or (b) direct attack
of the nucleophile on the least sterically-hindered carbon of the epoxide ring.??”

The protonation of an epoxide oxygen prior to nucleophilic attack lowers the
activation energy of the nucleophilic addition, as was shown for HIV protease to allow

efficient covalent reaction to proceed both computationally??$

and experimentally with
1,2-epoxy-(4-nitrophenoxy)propane.’® However, in lieu of ring oxygen protonation, it has
been suggested by Meara and Rich? that hydrogen-bonding of the epoxide-ring oxygen
of the trans-epoxysuccinylamide group of an E-64 analog is sufficient to induce reaction
with the Cyszs thiolate of papain. Alternately, E-64 inactivation of a similar cysteine
protease, cathepsin B, has been proposed to use a proton relay between Hisi99 and a water
molecule to protonate the alkoxide formed following ring opening of the epoxide.’*’ In
support of direct thiolate attack onto the epoxide, model reaction studies identified that the
thiolate of methanethiol, a formidable nucleophile mimicking the thiolate of cysteine,
reacts with the anionic oxirane 2-carboxylate (k= 0.01 min™'),”* albeit at a 60-fold slower
rate than that of cis-EpS inactivation of ICL1 (kinae: = 0.6 min'!). In addition, direct attack
of the Cysiis thiolate of MurA onto the epoxide antibiotic fosfomycin results in highly
efficient alkylation of the enzyme (kinact 7.4 min'!), underscoring the ability of an active
site thiolate to react efficiently with an unactivated expoxide.®”

When glyoxylate is bound to ICL1, we propose that the chemical mechanism of

inactivation by cis-EpS proceeds by the mechanisms shown in Figure 37, similar to that

proposed for the mechanism of inactivation of cathepsin B by E-64 or MurA by
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fosfomycin for which there is no pre-protonation of the ring oxygen of the epoxide.
Initially glyoxylate is coordinated to the Mg?* of ICL1 as suggested by native-protein mass

spectrometry, structural, and kinetic data.?’!> 2#?

Glyoxylate likely binds to the protein
during its heterologous expression in E. coli, and remained bound during the purification
process. Subsequently, the binding of cis-EpS to the succinate site of the enzyme results
in loop closure of the active site, and formation of hydrogen bonds with the carboxylate
groups of cis-EpS in a nearly analogous fashion to that of succinate. Based on our
crystallographic data, the presence of glyoxylate hydrate in the cis-EpS modified structure
(Figure 35a) indicates that water may be involved in the inactivation of ICL1 by cis-EpS.
Therefore, we propose that thiolate attack of Cysi91-S™ onto the pro-R carbon of cis-EpS
results in alkylation of ICL1 and ring opening of the epoxide ring. The alkoxide produced
from ring opening then abstracts a proton from an active site water molecule to form the
S-malylated product and a hydroxide ion (Figure 37). Subsequent attack of the hydroxide
ion onto the proximal glyoxylate aldehyde, followed by proton abstraction from a metal-
bound water forms glyoxylate hydrate as seen in our crystal structures. This metal-bound
water has previously been proposed to protonate the C2 hydroxyl group of D-isocitrate in

the direction of D-isocitrate synthesis.”/? 242

This C2 hydroxyl group of D-isocitrate is
derived from glyoxylate in this synthesis, and as such, it is likely that the deprotonated
oxygen of glyoxylate produced upon hydroxide addition could be protonated by the same
metal-bound water. An additional possibility is that glyoxylate becomes hydrated prior to

epoxide ring opening, and one of its gem-hydroxyl groups could protonate the alkoxide of

the ring-opened cis-EpS. However, this mechanism is less consistent with our
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crystallographic snapshot data (Figure 35b), wherein the epoxide ring is closed, but a small
subset of the density also shows alkylation of ICL1 by cis-EpS. The observed densities
seen on the C2 of glyoxylate and between Cysio1 and cis-EpS are present in similar
magnitudes, suggesting that alkylation and hydration likely occur in concert as proposed
in Figure 37.

Alternately, when the bound co-ligand is glycolate, we propose that the S-
malylation of ICL1 proceeds under the same mechanism seen in Figure 5, except that the
hydroxide ion product is unable to form an adduct with glycolate, but could potentially
react with and become a ligand of the divalent magnesium ion (not shown). Otherwise,
these alkylation mechanisms are identical, which is in accord with the identical values of
kinact (0.01 s!) for cis-EpS inactivation ascertained at 2-fold the values of Km for D-
isocitrate (effectively the E-glyoxylate complex) and Kjs for glycolate, while Kinact for
glycolate is nearly twice that observed for the E-glyoxylate complex. These results suggest
that the attack of the Cysior thiolate on cis-EpS comprises the slowest step of ICL1

inactivation regardless if glyoxylate or glycolate is bound to the enzyme.

D. Conclusions and Future Outlook

We have discovered that cis-EpS is a potent and selective inactivator of M¢b ICL1
as determined by kinetics, mass spectrometry, protein fluorescence, and crystallographic
characterization. Kinetic studies demonstrated that time-dependent inactivation of ICL1
by cis-EpS is 35-fold and 750-fold, more efficient than 3-bromopyruvate and 2-vinyl

isocitrate, respectively. Indeed, cis-EpS is apparently the most potent inhibitor or
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inactivator yet discovered for M¢b ICL1 (limiting values of: Kinact = 250 nM, kinact = 0.01
s1). We found that ICL1 co-purifies with glyoxylate, explaining why inactivation of the
enzyme is observed even in the absence of exogenous glyoxylate, albeit at a slower rate.
High-resolution crystal structures of ICL1 both alkylated by cis-EpS and bound to intact
cis-EpS provided insight into the mechanism of the enzyme inactivation which likely
requires activation of the cis-EpS epoxide ring oxygen to afford effective reaction with
the thiolate of Cysi91 of ICL1.

Cis-EpS also inhibited Mtb cell growth in M9-acetate media, albeit at relatively
higher concentrations (MICso = 100 pM) (Figure 34). Even though the anionic nature of
cis-EpS probably led to limited cellular uptake of the compound, exploration of amide and
ester derivatives of cis-epoxy-succinate is ongoing to identify ICL1 inactivators of higher
cellular permeability and improved anti-mycobacterial activity, while maintaining the

apparent selectivity of cis-EpS.
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CHAPTER IV
MECHANISM-BASED INACTIVATION OF MYCOBACTERIUM TUBERCULOSIS

ISOCITRATE LYASE 1 BY 5-DESCARBOXY-5-NITRO-D-ISOCITRIC ACID

A. Introduction

As detailed in Chapter 111, Mycobacterium tuberculosis (Mtb), the etiological agent
of tuberculosis (TB), currently afflicts a quarter of the world’s population, and is the
leading cause of death from an infectious disease.’#® The success of this pathogen can be
attributed to many factors, but one of its most impressive feats lies in its ability to persist
in human macrophages, often undetected for decades, in a state of metabolic dormancy.’#
In this carbon-limited environment, M¢bh consumes lipids, imported cholesterol, and other
carbon sources and nutrients it can scavenge or import from its host.??” 24246 This shift in
nutrients results in metabolic remodeling of M¢b and strong upregulation of ic//, the gene
which encodes isocitrate lyase-1.2” 27 This enzyme, and its ortholog ICL2, catalyze the
retro-aldol cleavage of D-isocitrate (D-IC) to produce glyoxylate (Glx) and succinate
(Succ), and of 2-methylisocitrate to form pyruvate and succinate (Figure 38A).%13: 221 22
These reactions shift the flux of the TCA cycle through the anaplerotic glyoxylate shunt,
and activate the methylcitrate cycle, respectively.?’? 2/¢ Deletion of icl/l and icl2 has been
shown to clear Mtb infection from the lungs of mice,?/% and also to enhance the efficacy
of front-line anti-tubercular drugs, highlighting a possible role of the ICLs in multi-drug

and extreme-drug resistant Mrb.?> 26 Thus, the essentiality of ic/l and icl2 for the
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persistence of Mtb infection and their absence in humans makes the ICLs attractive and
validated drug targets.

Mechanism-based inactivators of enzymes comprise a class of molecules that
structurally mimic the substrate of an enzyme, but through inadvertent catalysis are
transformed into electrophilic species which inactivate the target enzyme by the formation
of a covalent adduct.” We previously characterized 2-vinyl-D-isocitrate as a highly
efficient mechanism-based inactivator of the Mzb ICLs.?”*> Upon catalysis, the retro-aldol
cleavage of the C2-C3 bond of 2-vinyl-D-isocitrate unmasks an electrophilic 2-
vinylglyoxylate species that effects covalent alkylation of the active site Cysio1 of ICL1
(Figure 38B). Unfortunately, this alkylation was readily reversible by free thiols, thereby
eliminating its prospect as a therapeutic agent. As such, we sought to design mechanism-
based inactivators that undergo more durable covalent inactivation, by producing a more

stable adduct with the active site Cysio1 of ICL1.
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Figure 38. Catalysis of and Effects of Mechanism-Based Inactivators on Isocitrate
Lyase 1

A. Proposed catalytic mechanism of ICLI retro-aldol cleavage of D-isocitrate (R = H) or
methylisocitrate (R = Me) to produce the products of glyoxylate and succinate or pyruvate
and succinate, respectively.?> B. Mechanism-based inactivation of ICL1 by 2-VIC.?!® C.
Proposed mechanism of 5-NIC catalyzed-scission by ICL1 to produce glyoxylate and 3-
nitropropionic acid.

Inspired by the work of Schloss and Cleland®*” and Ray et al.,”** we envisioned
that replacement of a carboxylic acid in the C3 or C5 position of isocitrate with a nitro
group would produce a mechanism-based inactivator of ICL1. Previous work by Schloss
and Cleland demonstrated that an isocitrate analog containing a nitro group in the C3

position of isocitrate (3-NIC) to replace the 3-carboxy group comprised an unstable and

poor substrate of Pseudomonas indigofera ICL, which collapses without catalysis into
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glyoxylate and 3-nitroproponic acid, particularly at elevated pH and in the presence of
divalent magnesium ions.?*” Recently, 3-nitropropionic acid (3-NP) was identified to form
a covalent adduct with the catalytic Cysio1 of ICL1 which may explain why 3-NIC
exhibited such low rates of catalysis as measured by glyoxylate production (0.8% when
compared to D-IC catalysis).?* Therefore, in an effort to explore a more viable nitro-
analogue of isocitrate to act as a mechanism-based inactivator that upon ICL catalysis
elaborates the electrophile 3-NP, we  synthesized (2R,3S)-2-hydroxy-3-
(nitromethyl)succinic acid (5-NIC). We hypothesized that ICL1 catalysis of 5-NIC would
produce glyoxylate and the ICL1-reactive molecule 3-NP in the active site of the enzyme
(Figure 38C), and subsequently lead to robust inactivation of ICL1. Herein, we describe
the synthesis, kinetic, crystallographic, and mass spectrometric characterization of 5-NIC,

a potent mechanism-based inactivator of ICLI.

B. Experimental Methods and Materials
i. Materials
All chemical reagents used were obtained from commercial vendors and used without

purification unless otherwise specified.

ii. Protein Expression and Purification
A plasmid containing Mtb icl/l was a gift from Prof. Andrew Murkin of Buffalo
University, NY. This construct contains the ICL1 gene (Uniprot: POWKK6) with an N-

terminal, thrombin-cleavable His6 epitope tag. The recombinant protein was expressed in
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E.coli BL21(DE3) cells, and expressed protein was purified as previously described.’# 2!/
215 Pyre ICL1 was stored in a buffer of 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 10%
glycerol at —20 °C. For mass spectrometry, ICL1 was further purified via gel filtration
(HiLoad® 26/600 Superdex® 200 pg, GE Healthcare), with elution using a buffer of 50
mM HEPES (pH 7.5) and 150 mM NaCl. Fractions containing the pure tetramer were
pooled, concentrated, and stored at -80°C. For crystallography, the Hise epitope tag was
removed by overnight incubation with thrombin at 4°C followed by removal of thrombin
(1 mL benzamidine-Sepharose 4 fast flow, GE Healthcare), and unprocessed protein (5

mL HisTrap HP, GE Healthcare) to yield pure, tagless ICL1.

iii. Inactivation Kinetics

Unless otherwise specified, all assays were conducted in 96-well half-volume clear plates
(Greiner) consisting of 100-uL reaction mixtures containing 50 mM HEPES (pH 7.5) and
10 mM MgCl; at 37°C. In the direction of isocitrate cleavage, product glyoxylate was
reacted with 10 mM phenylhydrazine to form its phenylhydrazone product, which was
measured spectrophotometrically at A324 nm (€324 = 17,000 M-'ecm™).?”* For continuous
analysis of ICL1 activity, 2-4 nM of the enzyme in 50 mM HEPES (pH 7.5), 5 mg/mL
BSA, 10 mM MgCl,, pH 7.5 was added to a reaction mixture containing variable
concentrations of 5-NIC (0-100 uM) and 200 uM D-isocitrate. For protection studies a
fixed concentration of 5-NIC (10 pM) was used with the ICL1 competitive inhibitors D-
malate and hydroxycitrate. Nonlinear regression analysis of the resulting data was fitted

using Graphpad Prism 8 to the equations specified below.
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iv. Intrinsic Protein Fluorescence

ICLI (2 uM of ICL1 monomer) in 50 mM HEPES, 10 mM MgCl, | mM DTT (pH 7.5)
was combined with 5-NIC (0-20 uM). Reaction mixtures (200 pL) were excited at Aex =
295 nm, and the intrinsic fluorescence emission spectra (Aem = 315-380 nm) was
determined at multiple time points (37°C) using a Biotek Synergy plate reader with black,
black-bottom, 96-well plates (Corning). All data were corrected by subtracting the
background fluorescence observed in a sample containing buffer. Upon addition of ligand,
the spectrum was recorded at multiple time points. The area under the curve of each
spectrum was determined, corrected for photobleaching, and normalized to a time zero
control. These relative fluorescent changes of ICL1 in response to ligand binding were
plotted using F; = (Fo - Fmin)*exp(-kobs *t) + Fmin in which Fy, Fo, and Fmin are the respective
protein fluorescence measured at time t, t=0, respectively, and kobs is the apparent first-

order rate constant of diminution of fluorescence.

v. ICL1 Denaturing Mass Spectrometry

ICLI (22.5 uM) in 50 mM HEPES (pH 7.5) and 150 mM NaCl was incubated with either
500 uM 5-NIC or with 500 uM glyoxylate in the presence of 500 uM 3-NP for 1.5 h at 37
°C. The buffer in these mixtures were then exchanged into 200 mM ammonium acetate
(pH 7.4) buffer using a (Micro Bio-Spin 6 Column, Bio-Rad). The samples were treated
with 0.5% formic acid, and denatured mass spectra were collected using Thermo Exactive

with extended mass range (EMR). Mass spectra were deconvoluted using Unidec.#
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vi. Determination of the pK; of 5-NIC Inactivation.

Assays were conducted in clear 96-well half-volume clear plates (Greiner) consisting of
100-pL reaction mixtures containing 25 mM MES/25 mM Tris-HCI (pL 5.5-8.6) and 10
mM MgCl, 10 mM phenylhydrazine, and 1 mM DTT and 200 uM D-isocitrate for 5-NIC
inactivation at 37°C. For steady-state analysis the substrate D-isocitrate was dissolved in
water, and 5-puL aliquots of variable concentrations (5-5000 uM) were added to the assay
buffer. For inactivation, 5-NIC was dissolved in water, and 5-pL aliquots of variable
concentrations (2-100 uM) were added to the assay wells. Subsequently, the reaction was
initiated by the addition of ICL1 (2 nM for steady-state kinetics and 4 nM for inactivation
kinetics) that had been diluted into 25 mM MES/25 mM Tris-HCI, 5 mg/mL BSA, 10 mM
MgCl (pH: 5.5-8.6). Nonlinear regression analysis of the resulting data was fitted using

Prism 8 and the equations as specified.

vii. Determination of pK, Values of 5-NIC and 3-NP

The fractional conversion of 5-NIC and 3-NP to their nitronate forms was analyzed in
various buffers: 50 mM HEPES/citrate, 150 mM NaCl (pH: 6.22-8.19), 50 mM
HEPES/CHES, 150 mM NacCl (pH: 9.22-10.03), 50 mM HEPES/CAPS, 150 mM NaCl
(pH: 11.03), or 50 mM HEPES/Na-Pi, 150 mM NaCl (pH: 12.02-13). Addition of 50 uM
of the respective compound to a 1-mL quartz cuvette containing the appropriate buffer

allowed for monitoring of nitronate formation at 232 nm using a SpectraMax M2 Plate
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reader. Normalization and replotting of the data versus pH allowed fitting of the data to

eq. 16 to determine the acid dissociation constant for both compounds.

viii. Analysis of Kinetics of 5-NIC Nitronate Formation and Protonation

The rate of nitronate formation for both 5-NIC and 3-NP was determined by incubation of
50 uM of'the respective compound with 50 mM HEPES/citrate, 150 mM NaCl (pH = 6.2-
8.2), 50 mM HEPES/CHES, 150 mM NacCl (pH = 9.2-10.0), 50 mM HEPES/CAPS, 150
mM NaCl (pH: 11.0), or 50 mM HEPES/Na-Pi, 150 mM NaCl (pH = 12-13) in a I-mL
quartz cuvette. Nitronate formation was monitored at 232 nm using a SpectraMax M2
plate reader. The protonation of the 5-NIC and 3-NP nitronate was conducted by
incubating the compounds with 0.1 N NaOH at RT for 10 min, followed by adding 50 uM
(5 pL) of the molecules to 10 mM potassium phosphate buffer (pH: 7.0) (995 pL), and
monitoring the change of absorbance at 232 nm. Fitting of data to equation 14 was used
to determine the rate of protonation and the half-lives of 5-NIC and 3-NP nitronate species,

respectively.

ix. Mass Spectrometry Analysis of Deuterium Incorporation into 5-NIC

A stock solution of 5-NIC (10 mM) or 3-NP prepared in ddH>O, and was either added to
99.9% D>0O (Millipore Sigma) or ddH2O to a final concentration of 50 uM. Subsequently,
the molecules were incubated for the specified time, and analyzed using an ISQ EM
(ThermoFisher Scientific), equipped with an injector (Harvard Apparatus 11 plus), in

which the sample was injected at a flow rate of 0.250 mL/min allowing analysis using
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negative mode ionization (15V CID, sheath gas; 50 psig, aux gas; 2 psig, sweep gas; 0.5
psig, vaporizer; 350°C, ion transfer tube; 300°C). Data were acquired over 5 min in the
range of 185-200 m/z for 5-NIC and D-IC and 105-150 m/z for 3-NP. The ions were

normalized to the highest intensity ion observed in the spectral ranges collected.

x. Crystallography Analysis of 5-NIC Treated ICL1

Tag-free ICL1 (11 mg/mL) in 50 mM Tris (pH 8.0), 10 mM MgClz, and 1 mM DTT was
treated with 1.2 mM 5-NIC overnight at room temperature prior to setting crystal drops.
Crystals were produced in 5-7 days by the hanging-drop vapor diffusion method at 17 °C
in 0.1 M Tris-HCI (pH 8.0), 0.2 M sodium acetate, and 20-30% PEG4000 mixed at 1:1 or
1:3 volume ratio with the protein solution. For the X-ray data collection, crystals were
flash-frozen in liquid nitrogen after cryoprotection with 20% glycerol added to the mother
liquor. High-resolution diffraction data for ICL1-5-NIC co-crystals were collected at the
191D beamline of the APS synchrotron. Data were indexed, integrated and scaled using
HKL2000 suite.””” The phase was solved by molecular replacement using previously
solved ICL1 closed form structure as a search model. Final model was produced by
iterative building in Coot and refinement using Phenix refine software.’’ >/ Data and

refinement statistics are listed in Table 7. Graphical rendering was conducted using UCSF

Chimera.?”?

xi. Analysis of Kinetic Data

Time courses of inactivation by 5-NIC and 3-NP the data were fitted to:
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P = (=2-)(1 — e kovs*t) (eq. 3)

kobs

Where P is the concentration of the product glyoxylate, V, is the initial rate, koss is the

observed rate of inactivation, and ¢ is time.

The observed rate constants of inactivation (kobs) were then replotted vs. inactivator

concentration and fitted to:

— Kinact*!
kobs (K1(1+%)+1) (eq' 10)

where kinact 1S the intrinsic maximal rate of inactivation, I is the concentration of
inactivator, K is the concentration of inactivator that gives 0.5 kinact, S is the substrate
concentration, and K, is the Michaelis constant for the substrate. For inactivation at pH
7.5 in HEPES buffer the K used was (37 uM), as we previously reported.”’? For pH rate
studies we employed mixed buffers, and the values of K were experimentally determined
for each pH value used by fitting the observed kinetics rates vs. substrate concentration,

and fitting the data to the Michaelis-Menten equation (data not published).

When plots of kobs vs. [I] were not hyperbolic (lack of saturation with I), the second-order

rate constant was approximated from fitting the data to:
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_ kinact Km
Kons = ( K, )(Km n S) ! (eq.11)

In which K is the experimentally determined Michaelis constant under the given
conditions, S is substrate concentration in the assay, and I is inhibitor or inactivator

concentration.

Determination of the fractional protection of ICL1 from hydroxycitrate and D-malate is

given by the following;
kno ligand [L]
. ( e ) (n_> (eq. 12)
lgan K} +[L]"

in which Aobs no ligand 1S the rate of the enzyme inactivation in the absence of inhibitor, kobs
ligand 1S the rate of the enzyme inactivation in the presence of added inhibitor or inactivator,
a is a proportionality factor that represents the maximal degree of protection, [L] is the
concentration of added inhibitor or inactivator, Kqis the apparent dissociation constant of

L, and # is the Hill coefficient.

Data of partition analysis of 5-NIC-treated ICL1 were fitted to:

126



v [5NIC]
o= (Egaem) (eq.13)

In which [SNIC] is the concentration of 5-NIC in uM, [Ei] is the enzyme concentration in

uM, and p is the partition coefficient.

For nonlinear fitting of the partition ratio we fitted the data to:

v; (([Et] + [SNIC] + K’ ) — /([E; + [5NIC] + K2)Z — 4[E,|[5NIC]

201+ p)IE] ) (ea- 19

To obtain the protonation rate of 5-NIC and 3-NP and the observed decrease in protein

fluorescence, the data were fitted to the following:
P = (Ymax - Ymin)e(_kom*t) + Ymin (eq 15)

Where Ymin is the lower-bound rate value at a given time, Ymax is the upper-bound rate

value at a given time, kobs 1S the apparent observed rate, and t is time.

To obtain the rate of deuterium incorporation into 5-NIC by mass spectrometry, data were

fitted to eq. 16:
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v
P=Y,. + ( m‘”‘) (1 — e~Fobset) (eq.16)

Ymin

In which Ymin is the lower-bound rate value at a given time, Ymax is the upper-bound rate

value at a given time, kobs 1S the apparent observed rate, and t is time.

To determine values of pKa of 5-NIC and 3-NP, we incubated 50 uM of each molecule in
mixed buffers, and monitored the change in absorbance at 232 nm until signals were stable
and had plateaued. The data were then normalized to the largest value of absorbance,

followed by fitting to eq. 17:

1
P = Total 1 (eq.17)

1+ (10(pH—pKa))

In which Total is the highest value observed and pK. is the apparent acid dissociation

constant.

For pH-rate profiles the steady-state Michaelis-Menten kinetics were determined at each

pH value and the -log(Kw) was plotted versus pH followed by fitting to eq. 18:

c
P = log (1 T (L0@Rai-pM) } 10(pH_pr)> (eq.18)
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in which c is the pH-independent limiting value, and pKar and pKy are the apparent acid
and base dissociation constants.

For inactivation with 5-NIC the rates of inactivation were fitted using eq. 3, and
resulting values of kobs were then replotted vs [5-NIC], followed by fitting to eq. 10 in
cases in which a hyperbolic curve was observed, and to eq. 11 in which a hyperbolic curve
was absent. Upon obtaining the values of Kinact, K1, and kinact/K1 using the experimentally
determined K values at each pH value, the data were plotted as pKi vs. pH and fitted to

eq. 18.

C. Results and Discussion
i. 5-NIC Effects Time-Dependent Inactivation of ICL1

Reactions in assay mixtures containing variable concentrations of 5-NIC (0-100
uM) and 200 uM (~5.5Km) D-IC were initiated by the addition of ICL1. The resulting
kinetic data were consistent with time-dependent inactivation kinetics, as exemplified by
the concave-downward, curvilinear time courses shown in Figure 39A. Increasing
concentrations of 5-NIC resulted in more rapid conversion of initial inhibition to complete
loss of ICL1 activity, and at 10 uM 5-NIC, ICL1 activity was eliminated after ~1000 s.
Global fitting of the data in Figure 39A to eq. 3, followed by replotting of the individual
observed rates of inactivation (kobs) vs. 5-NIC concentration resulted in a hyperbolic
dependence of 5-NIC concentration (Figure 39B). The observation of apparent saturation
by 5-NIC is a hallmark of two-step, time-dependent inactivation (Figure 39B). Fitting of

these data to eq. 10 resulted in K1 = 6.5 = 0.7 uM (the concentration of 5-NIC which gives
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Figure 39. ICL1 Inactivation by 5-NIC and 3-NP.

A. Representative inactivation kinetics of ICL1 in the presence of variable concentrations
of 5-NIC with fixed D-isocitrate. Curves drawn through the experimental data points
(white) correspond to fitting of data to eq. 3. B. Replot of the rate of inactivation (kobs) Vs.
[5-NIC] from data in 2A, which were fitted to eq. 10 as shown by the curve drawn through
the experimental data points. C. A. Representative kinetic traces of glyoxylate formation
(mAbs at 234 nm) at variable concentrations of 3-NP at fixed 200 uM D-isocitrate, under
identical assay conditions used for 5-NIC inactivation studies as in Figure 2A. Data were
fitted to eq. 3 to determine the kobs constants of ICL1 inactivation by 3-NP. B. The replot
of kqbs values vs. inactivator concentration was fitted to eq. 10, yielding limiting values of
kinact = 0.65 + 0.04 min™!, K1 =3.1 + 0.4 uM, kinact/K1 = (2.5 £ 0.3) x 10" uM! min’".

half-maximal inactivation), and a maximal rate of inactivation kinact = 0.49 £ 0.02 min’!,
yielding a value of kinact/K10f (7.5 £0.9) x 1072 uM! min"!. The value of kinact/Ki (the larger
the value the more efficient the inactivator), known as the specificity constant of

inactivation, is analogous to the specificity constant of substrate catalysis, kca/Km. Thus,
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comparison of these two values provides the relative efficiency of the inactivator vs.
steady state substrate turnover. In the case of ICL1, the kca/Km is 27 £ 7 uM™! min! is
~390-fold more efficient than that of 5-NIC inactivation (kinact/K1= (6.9 £ 2) x 1072 uM-!
min'). The value of K; (which is the “Michaelis constant” of mechanism-based
inactivation) is ~6-fold lower than Kp.ic (37 uM). Accordingly, while 5-NIC binds more
tightly to ICL1 than D-IC, the 390-fold difference of kca/ Km and kinac/K1 arises from the
slower rate of inactivation vs. substrate turnover (kca/kinact = 2000), suggesting that any
chemical steps which contribute to the value of kinact are much slower than product
formation. This is typical for mechanism-based inactivators.” However, when comparing
5-NIC to our previously reported ICL1 mechanism-based inactivator 2-VIC,?/? we see that
5-NIC effects 21-fold more efficient inactivation (kinact/Ki= (7.5 £ 0.9) x 1072 uM™! min’!
versus kinac/Ki of (3.5 £ 0.7) x 1073 uM! min!). In addition, under identical assay
conditions employed for 5-NIC inactivation, we determined that the rate of ICLI
inactivation by 3-NP was slightly (3.3-fold) more efficient than 5-NIC inactivation
(kinact/K1= (2.5 £ 0.3) x 10! uM! min™!) which predominantly resulted from 3-NP binding
2.5-fold more tightly to the enzyme than 5-NIC, while the rate of 3-NP inactivation (kinact)
was only 1.3-fold faster (Figure 39C,D). These results lead us to speculate that the slightly
diminished rate of Kinact for 5-NIC compared to 3-NP may result from the prerequisite
catalytic step of C2-C3 bond scission of 5-NIC to produce glyoxylate and 3-NP which

ultimately leads to the inactivation of ICL1.
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ii. Intrinsic Tryptophan Fluorescence of ICL1 Inactivation by 5-NIC.

In previous studies of ICL1 we have shown that intrinsic tryptophan fluorescence
reports on the closure of the active site loop of ICL1 which occurs upon ligand binding.’#
213 Therefore, we analyzed the rate of decay of fluorescence intensity (kobs) upon
incubation of fixed concentrations of ICL1 (2 puM) with variable 5-NIC (0-20 uM) to
determine the rate of 5-NIC inactivation in the absence of exogenous D-IC. We observed
that the apparent rate (kobs) of 5-NIC inactivation in the absence of substrate was up to 4—
fold faster compared to the rate of kops in the presence of 200 uM D-IC (ICL1, 4 nM) with
the same 5-NIC concentrations (Figure 40C). To ensure that the decay in fluorescence
reports on the inactivation rate, we diluted ICLI-treated with 5-NIC 200-fold, and
analyzed the residual activity in the presence of saturating D-IC (1 mM). Samples treated
with 10 and 20 uM 5-NIC recovered less than 2% initial activity, whereas samples treated
with 5 uM 5-NIC maintained ~20% initial activity, consistent with the incomplete
saturation of tryptophan fluorescence seen at 5 uM 5-NIC (data not shown). Overall, these
data indicate that 5-NIC binds to the active site of ICL1, and that the rate of inactivation

in the absence of substrate is enhanced, consistent with it being competitive versus D-IC.

iii. 5-NIC Inactivation is Competitive Versus D-isocitrate and is Abrogated by Competitive
Inhibitors of D-isocitrate.

Assessment of 5-NIC inactivation of ICL1 in the presence of fixed 5-NIC
concentrations (5-20 pM) and varied concentrations of D-IC (15-300 uM) resulted in a

hyperbolic decrease of the apparent kops constant with respect to increasing D-IC
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concentration, consistent with 5-NIC being competitive versus D-IC (data not shown).
Replotting of the 1/kobs values versus D-IC concentration showed that the apparent rate of
kobs decreased as a function of increasing D-IC concentration, wherein 1/kops reaches its
minimal value as D-IC concentration approaches zero (Figure 40D). Figure 40D is in effect
a Dixon plot of inactivation wherein D-IC acts like a competitive inhibitor. To further
confirm the competitive nature of binding of 5-NIC versus D-IC, ICL1 was treated with
10 uM 5-NIC and variable concentrations of the D-IC-competitive inhibitors D-malate and
hydroxycitrate. With both competitive inhibitors a decrease in the curvilinear behavior of
5-NIC inactivation was observed as the concentration of the inhibitors was increased
(Figure 40E). In the case of D-IC -malate (0-6 mM), nearly complete protection of ICL1
from 5-NIC inactivation was provided (appKq = 843 £ 112 uM). Although this binding
constant is 2.7-fold higher than the reported inhibition constant of D-malate versus ICL1
(Ki =310 =+ 30 uM),?”’ this is in agreement with the tighter binding of 5-NIC compared to
the substrate D-IC. The more potent D-IC competitive inhibitor hydroxycitrate (Ki= 8
uM)’# afforded complete protection versus inactivation by 5-NIC with an apparent
dissociation constant of 52 uM (data not shown). Collectively these data suggested that 5-
NIC inactivation is competitive vs. D-IC, and that 5-NIC likely binds to the active site of

ICL1 in a similar fashion to D-IC.

133



2000
g 1500
< & ® 5uM5-NIC
E H o 7.5uM5-NIC
N = -~ 10 uM 5-NIC
© - 2 -
g @~ 5uM5-NIC .x% 1000 20 M 5-NIC
S @ 10uM5-NIC N
20 uM 5-NIC 500
T T T T T T T T T T
250 500 750 1000 1250 1500 50 100 150 200
Time (Sec) D-Isocitrate (uM)
C. : 104
0.30 5ol — D
0.25+ § “
s"“ # appKa=843 112 uM 949
% 024,
E o204 &8
c — 0 mM D-malate 0.6
< &0
N D-Malats (mm ~ 0.2 mM D-malate 2
®  0.154 S
" — 0.4 mM D-malate

0104 // —~ 3 mM D-malate
= 6 mM D-malate
] % 024
Z

D00 0.0 T T T T T
250 500 750 1000 1250 1500 1750 2000 0.0 0.5 1.0 15 2.0 25

Time (sec)

5-NIC (uM)

Figure 40. Analysis of ICL1 Inactivation by 5-NIC

A. Apparent time-dependent inactivation of 5-NIC versus ICL1 as determined by the
diminution of the intrinsic protein fluorescence signal. Curves drawn through the data
points were obtained by fitting the data to eq. 15. B. Replotting of 1/kobs obtained from
treating ICL1 with variable concentrations of D-IC in the presence of fixed
concentrations of 5-NIC. C. Representative protection of ICL1 inactivation by 5-NIC
with increasing concentrations of D-malate at a fixed concentration of D-IC. Curves
drawn through points (white) correspond to fitting to eq. 3. (Inset) Replot showing the
apparent Kq of D-malate in the presence of D-IC and 5-NIC as fitted to eq. 12. D.
Residual activity of ICL1 (1 pM) following an overnight incubation of ICL1 in the
presence of varied 5-NIC (0-2.5 uM). The dotted line represents a partition coefficient
of 0.25 £ 0.02 which was obtained when fitting the data to eq. 13. Data were fitted to
eq. 14.
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iv. 5-NIC Inactivation of ICL1 is Covalent and Irreversible and has a Partition Coefficient
of Less Than 1.

Having identified that 5-NIC likely functions as a mechanism-based inactivator of
ICL1, we sought to determine if this inactivation was covalent and irreversible. Analysis
of ICL1 treated with 5-NIC (5K7) followed by successive rounds of dialysis (125,000-fold
dilution) for over 72 h, resulted in negligible recovery of ICL1 activity (< 6%) compared
to the untreated control, suggesting that 5-NIC forms a stable, effectively irreversible,
covalent adduct with ICL1, although not all turnovers of 5-NIC result in covalent bond
formation. In an effort to determine the efficiency of 5-NIC inactivation we measured the
partition ratio. This ratio reports on the fraction of the putative electrophilic product of 5-
NIC that forms a covalent adduct with ICL1 versus the fraction that dissociates. Following
a 20-h pre-incubation of ICL1 (1 pM) with varied concentrations of 5-NIC (0-2.5 pM),
reaction mixtures were diluted 100-fold into assay buffer containing saturating D-IC (1
mM) to evaluate the residual enzyme activity (vi/vo) (Figure 40D). At the highest
concentration of 5-NIC tested (2.5 uM) only ~2% enzyme activity remained, but
consistent with our dialysis experiment, complete loss in activity was never observed.
When fitting the data to eq. 12 we determine the partition coefficient to be 0.25 + 0.03,
which demonstrates that 1.25 molecules of 5-NIC are required to inactivate 1 molecule of

ICL1 monomer, underscoring the high efficiency of 5-NIC inactivation of ICL1.

v. Mass Spectrometry of ICLI treated with 5-NIC.
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To further verify the covalent addition of a catalytic product of 5-NIC to ICL1, we
subjected the protein to denaturing mass spectrometry. Analysis of untreated ICL1

produced a mass of 48790.78 + 1.4 da, consistent with the theoretical mass of the ICL1

A 100+ P
9 ) (_) I1cL1 monomer
,OJ\/\K‘,O "

® ICL1-thiohydroxamat
adduct

%

492 496

Figure 41. 5-NIC Effects Covalent Modification of ICL1 Like That of 3-NP.

A. ICLI treated with 3-NP and subjected to denatured mass spectrometry produced an
ICL1 species with an additional mass of 100.2 + 0.4 Da per monomer, consistent with
the formation of a thiohydroxamate adduct. B. ICL1 treated with 5-NIC produced two
major species comprising apo ICL1 and an ICL1 adduct with an additional mass of 100.9
+ 1.9 Da per monomer, consistent with the formation of the thiohydroxamate adduct
seen in 3-NP treated ICL1. Mass spectrometry analysis was conducted by Zahra
Moghadamchargari from the laboratory of Dr. Arthur Laganowsky.

monomer (48,787.52 Da) (Figure 41). Following incubation of 5-NIC with ICL1 followed
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by denaturing electrospray mass spectrometry, we observed a mass of 48891.67 + 1.9 Da,
an addition of 100.9 + 1.9 Da per monomer (Figure 41B). This mass shift is consistent
with the reaction of Cysi91 with the nitronate of 5-NIC derived 3-NP, and the subsequent
elimination of a water molecule to form a Cysi9i-thiohydroxamate adduct, as previously
seen by the Murkin group.?** To verify this, we treated ICL1 with 3-NP, and the resulting
mass of 3-NP-treated ICL1 was 48890.95 + 0.4 Da, an addition of 100.2 + 0.4 Da per
monomer (Figure 41B). This is consistent with the 5-NIC adduct produced being
analogous to that seen for 3-NP-inactivated-ICL1. Together, this suggests that 5-NIC
inactivation of ICL1 likely occurs in a stepwise fashion wherein ICL1 initially cleaves the
C2-C3 bond of 5-NIC to form both glyoxylate and 3-NP in the active site of the enzyme,
followed by the reaction of the ICL1 Cysi91 thiolate with the nitroic acid of 3-NP to form

a thiohydroxamate adduct as the final product.

vi. The nitronate form of 5-NIC is not required for ICLI binding.

Deprotonation of the C4 carbon of 5-NIC would produce the nitronate form of 5-
NIC (N-5-NIC), which may be the preferred form for efficient binding to ICLI. If this
were the case, the maximal affinity of 5-NIC would occur near pH 9.4 (the experimentally
determined pKa of 5-NIC is 9.4 + 0.09, Figure 42A). Plotting the pKi of 5-NIC inactivation

vs. pH (Figure 42D) yielded values of pKa = 6.1 £ 0.2 and pKa = 7.6 = 0.1, which do not
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indicate that N-5-NIC is preferred for binding, rather, deprotonation of a group of pKs =
7.6 £ 0.1, well below the value of 9.4 + 0.09 for “chemical” deprotonation of 5-NIC

eliminates binding and inactivation. This finding is consistent with the results of
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Figure 42. 5-NIC pH Dependence of UV Spectra of 5-NIC and 3-NP and pH
Rate Profiles of D-IC and 5-NIC

A. The pK. of 5-NIC was determined by monitoring the formation of its nitronate at
232 nm at pH 6-12. The change in absorbance at 232 nm, which reports on de-
protonation, were normalized and plotted vs. pH, from which fitting of the data to eq.
17 yielded pKa. = 9.4 + 0.09. B. The pK. of 3-NP was determined in an analogous
fashion to A and yielded a pKa of 9.3 £ 0.06. A. Plotting of the pKm of D-IC versus
pH which was fitted to eq. 18 yielding limiting values of 5.7 + 0.2 and 6.4 + 0.1. B.
Plotting of the pKj of 5-NIC versus pH which was fitted to eq. 18 yielding the limiting
values of 6.1 £ 0.2 and 7.6 £ 0.1.

Moynihan et al. who suggested that the nitronate form of 3-NP, P3N, was not required for
ICL1 binding, but rather was generated in the active site of ICL1 upon binding.?!/
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vii. Formation of the 5-NIC Nitronate Enhances ICLI Inactivation Efficiency but
Undergoes Rapid Protonation.

Previous work has shown that treatment of ICL with the nitronate form of 3-NP
(P3N) (Figure 44A) results in a marked enhancement in the rate (kovs) of ICL
inactivation.”* ?#” Formation of P3N occurs via incubation of 3-NP with 0.1 N K/NaOH,
and the subsequent dilution of this preformed P3N into 10 mM potassium phosphate (K-
Pi) buffer (pH = 7.0) results in a prolonged half-life (~15 min) of the nitronate species,
thus allowing for facile analysis into its effect on ICL activity. Ray et al. identified this
P3N species exerted ~100-fold more efficient inactivation of ICL1 compared to untreated
3-NP, suggesting that the anionic P3N species is a key intermediate in ICLI
inactivation.?* Owing to the presumed ability of 5-NIC to be converted to its nitronate
form (N-5-NIC) (Figure 44A) under basic conditions, we sought to determine if the
formation of N-5-NIC, followed by addition to ICL1, effects similar enhancement in the
rate of inactivation. Surprisingly, incubation of ICL1 with preformed N-5-NIC in K-Pi
buffer (pH 7.0) only yielded a mere 1.7-fold enhancement in inactivation efficiency when
compared to 5-NIC under the same conditions (kinac/K1= 1.7 £ 0.3 x 10~ uM™! min’! versus
9.9 x 10* uM! min’!, respectively) (Figure 43). While this result suggests that the
nitronate form of P3N, derived from N-5-NIC, likely serves as a reaction intermediate in
ICL1 inactivation, we sought to determine why such a small enhancement in inactivation
efficiency was observed. We initially hypothesized a key difference may be due to the rate
of N-5-NIC protonation in solution when compared to P3N. Consistent with this

hypothesis, the protonation of preformed N-5-NIC proceeded ~86-fold faster than that of
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preformed P3N (k= 3.8 x 10! sec! versus k = 4.4 x 1073 sec!) under the same conditions

(Figure 44C). Owing to this significant difference in the rate of protonation for the two

molecules, we investigated the ability of deuterium to incorporate into samples of 5-NIC
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Figure 43. Time Courses of 5-NIC Inactivation in Presence and Absence of N-
5-NIC in 10 mM K-Pi Buffer.

A. Representative plot of ICL1 (2 nM) inactivation in the presence of variable [5-
NIC] with fixed D-IC (200 uM) in 10 mM K-Pi buffer (pH 7.0). The curves (white)
drawn through the experimental data were fitted using eq. 3 to yield apparent kobs
values. B. Replotting of kobs vs. [S-NIC]. The line drawn through the experimental
data was from fitting to eq. 11 to give kinac/Ki = (6.0 = 0.1) X107 uM! min!. C.
Representative plot of ICL1 (2 nM) inactivation in the presence of variable [5-NIC]
pretreated with 0.1N NaOH with fixed D-IC (200 uM) in 10 mM K-Pi buffer (pH
7.0). The curves (white) drawn through the experimental data were fitted using eq.
3 to yield apparent kobs values. D. Replotting of kops vs [5-NIC] that had been treated
with 0.1N NaOH. The line drawn through the experimental data was from fitting to
eq. 11 giving a value of kinac/K1 of (1.1 £ 0.04) x102 pM! min’!
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Figure 44. Carbon-4 of 5-NIC Undergoes Rapid Incorporation of Deuterium when Incubated in

D,0

A. The structures of 3-NP and 5-NIC and their respective nitronate forms (P3N and N-5-NIC). B.
The rate of nitronate to nitro conversion at 50 uM 5-NIC and 3-NP upon preincubation in 0.1N
NaOH, followed by dilution (100-fold) into 10 mM K-Pi buffer (pH 7.0). Curves were fitted to eq.
15 to determine the rate of conversion. C. Direct infusion mass spectrometry analysis of 50 uM 5-
NIC incubated with either H>O or D>O for 26 h. D. NMR analysis of the C4 protons of 5-NIC
following 26 h incubation in D2O. E. Direct infusion mass spectrometry analysis of the formation
of the 5-NIC m/z 196 species using negative mode ionization. The curve drawn through the
experimental data points is from fitting the data to eq. 16 F. Proposed conversion of 5-NIC in D,O
to produce the diminished signal of the C4 protons observed in NMR and the m/z 196 species
observed in mass spectrometry studies.

and 3-NP dissolved in D>O by direct infusion mass spectrometry using negative mode

ionization. Following 26 h incubation, we identified that 5-NIC underwent near total

conversion to a +3 m/z ['D] species compared to the mass of 5-NIC incubated in H,O

(Figure 44C).
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We tentatively assign this species to 5-NIC-Ds, as this +5 m/z species would undergo the
loss of a deuterium from either the C1 or C3 carboxylic acid of 5-NIC-Ds during negative
mode ionization to form the +3 m/z [ ‘D] species (Figure 44F). Conversely, even following
72 h incubation, no substantial conversion of 3-NP to a +1 or +2 m/z ['D] species was
observed (not shown). Subsequent NMR analysis confirmed the incorporation of
deuterium at the C4 position of 5-NIC, demonstrating that robust interconversion between
the nitro and nitroic acid/nitronate forms of 5-NIC occurs in bulk D>O solution (Figure
44D). In agreement with the MS studies, 3-NP yielded no detectible deuterium
incorporation, suggesting that the rate of 5-NIC tautomerzation occurs more rapidly
compared to that of 3-NP (not shown).

We next monitored the rate of formation of the +3 m/z ['D] 5-NIC species over
time using direct infusion mass spectrometry. Incubation of 5-NIC in D»O, followed by
injection at discreet time points, identified the initial rapid formation of a +1 m/z ['D]
species, consistent with the facile proton/deuteron exchange from solvent for groups on
the C1, C2, and C3 of 5-NIC (C1 and C3 carboxylic acids and C2 hydroxyl. However,
after 5 h, near quantitative conversion of 5-NIC to its +3 m/z ['D] species occurred at a
rate of 0.01 = 0.001 min"!, which reported on the incorporation of deuterium into the C4
of 5-NIC (Figure 44C,E). Close analysis of the three dimensional structures of 5-NIC and
3-NP shows that the C2 hydroxyl of 5-NIC is poised to serve as a potential intramolecular
proton donor which could assist in the conversion of N-5-NIC to 5-NIC. Consistent with
this, Porter and Bright reported that a hydroxyl group in the 2-position of 3-NP (3-nitro-

2-hydroxy-propionate, 3-NHP) exhibited a 16-fold faster rate of protonation (in pH 7.5
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buffer) when compared to 3-NP (in pH 7.0 buffer).?”* Comparison of the three dimensional
structure of 3-NHP and 5-NIC revealed that the C2-hydroxyl oxygen atom resides
respectively 2.4 and 3.2 A away from the carbanion that would be formed in the
tautomerization of both molecules, suggesting that the proton or deuterium of this

hydroxyl, instead of solvent, may assist in the intramolecular protonation of both
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Figure 45. Three-dimensional Structures of 5-NIC, 3-NHP, and 3-NP with their
Respective Nitronate Forms and sKIEs of N-5-NIC and P3N Protonation.

A. The 5-NIC and nitronate N-5-NIC form of the molecule. The distance of the C2
hydroxyl oxygen to the presumed carbanion at the C4 is shown via a dotted line. B. The
3-NHP and nitronate N-3-NHP form of the molecule. The distance of the C2 hydroxy
oxygen to the presumed carbanion at the C3 is shown via a dotted line. C. The 3-NP and
nitronate P3N form of the molecule. D. Representative plot of protonation of 5-NIC
following preincubation in 0.1N NaOH (10 min) and 100-fold dilution into 10 mM K-Pi
buffer (pH 7.0) as determined by its absorbance of 232 nm. The curves drawn through the
experimental data were from fitting to eq. 15. The kn/kp determined for the reaction was
1.3+0.01. E. Representative plot of 3-NP protonation under identical conditions as those
used for 5-NIC. The curves drawn through the experimental data were from fitting to eq.
15. The kun/kp determined for the reaction was 4.3 + 0.2.

143



molecules (Figure 45A,B)). To test this hypothesis, we pretreated 3-NP and 5-NIC with
0.1 N NaOH, diluted the solution into 10 mM K-Pi buffer prepared in both H>O and D-O
(pL 7.0), and analyzed the rate of protonation by spectrophotometric measurement at 232
nm. We observed a solvent kinetic isotope effect (sKIE) for N-5-NIC protonation of kn/kp
= 1.3 = 0.01 whereas the sKIE of P3N protonation was much larger: kn/kp = 4.3 + 0.2
(Figure 45). We interpret this small normal sKIE effect for N-5-NIC protonation to be
consistent with a either an early or late transition state for proton transfer for 5-NIC, while
a more symmetric transition state exists for proton transfer in 3-NP. Together, these data
suggested that the 5-NIC C2 hydroxyl group likely accounts for the rapid protonation of
N-5-NIC, allowing the facile incorporation of deuterium into the C4 position of 5-NIC,
and as a consequence, limited enhancement in ICL1 inactivation was observed for the 5-

NIC nitronate when compared to the 3-NP nitronate.

viii. Crystallographic Analysis of 5-NIC Inactivated ICLI.

To further verify our kinetic and mass spectrometry data that suggested 5-NIC
serves as a covalent, mechanism-based inactivator of ICL1, we sought to determine the
crystal structure of the ICL1 treated with 5-NIC. In approximately one-week ICL1-5-NIC
co-crystals formed via hanging-drop vapor diffusion method which diffracted to high
resolution (~1.8A), and were of the P21212; space group. Fo-Fc difference electron density
showed positive peaks in the closed active site of ICL1. We identified electron density
consistent with a molecule covalently bound to Cysi91 of ICL1 apparently resulting from

the attack of the Cysio1 sulfur onto the C3 of 3-NP, a product of the retro-aldol cleavage
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Figure 46. 5-NIC Inactivation of ICL1 Produces a Cysy9i-thiohydroxamate Adduct and
Glyoxylate Hydrate.

A. Structure of ICL1 covalently bound to the 5-NIC-derived product 3-NP, which underwent
subsequent dehydration, and glyoxylate hydrate which is bound to the divalent Mg?* ion. The
thiohydroxamate adduct is shown with carbons in light blue and the surrounding protein residues
(gray carbons) whereby red signifies oxygen atoms, nitrogen atoms shown in blue, sulfur atoms
shown in yellow, and Mg?" shown in green. Solid lines indicate potential hydrogen bond contacts
and electrostatic interactions. B. Crystal structure as shown in A. with 2Fo-Fc omit map density
contoured at 1.5 o for Cioi-thiohydroxamate and 1.2 o for glyoxylate hydrate. C. Overlay of 5-
NIC-treated ICL1 (gray) with the 3-NP-treated ICL1 structure!” dark gray carbons and magenta
Cio1-thiohydroxamate adduct.
of 5-NIC (Figure 46A). Consistent with the mass spectrometry analysis, this adduct was
lacking one oxygen atom from the presumed nitro group, as previously reported for
exogenously-added 3-NP by Ray et al.?*? Therefore, we modeled this adduct as (E)-3-
(hydroxyimino)propanoic acid whereby the C3 forms a covalent bound with the sulfur of
Cysi91, in which this ligand refined favorably into the electron density (Figure 46B). This
Cysi91-thiohydroxamate adduct observed is within hydrogen bonding distance to ND1 of
Hisio3, NH1 of Argas, OG1 of Sersis, OG1 of Sersi7, ND2 of Asnsiz, OG1 of Thrss7, the

backbone nitrogen of Glyi92, and Mg?*-coordinated water. When directly comparing our
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Figure 47. X-Ray Crystal Structures of ICL1 Treated with 5S-NIC (chains C and D)

A. Chain C, as seen in Figure 46, exhibits strong density for the Cysioi-thiohydroxamate
adduct (1.5 o) and the glyoxylate hydrate (1.2 ). B. Chain D exhibits weaker density for
the Cysioi-thiohydroxamate adduct (0.9 o) and strong density for glyoxylate in its aldehyde
form (1.9 o) demonstrating that this active site of ICL1 exhibits lower occupancy of the
covalent adduct between Cysior and the thiohydroximate species which in turn led to a
minimization of density appearance off the C2 of glyoxylate. C. Blowup of 2Fo-Fc omit
density map of chain C contoured at 1.2 ¢ and fit to glyoxylate hydrate. D. Blowup of 2Fo-
Fc omit density map of chain D contoured at 1.9 ¢ and fit to glyoxylate.

structure with that of 3-NP covalently bound to ICL, the covalent ligands overlay nicely
as active site adducts, and apparently form hydrogen bonds with the same key residues of

ICLI (Figure 46C). In addition, we visualized strong density for a keto acid coordinated
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to the active site divalent Mg?* ion in the ICL1 active site, consistent with Glx being one
of the cleavage products of 5-NIC. After the refinement of glyoxylate, Fo-Fc difference
electron density displayed a positive peak off of its C2 carbon. In our previous work we
identified similar density on the C2 of glyoxylate upon inactivation of ICL1 by cis-
epoxysuccinate (cis-EpS), that we assigned as the hydrate of glyoxylate.”* Subsequent
diminishment of this C2 density in a crystallographic snapshot of cis-EpS inactivation
allowed us to propose a model whereby water may serve as proton donor of the alkoxide
which results from ring opening of the cis-EpS epoxide, followed by addition of the
resulting hydroxide to the aldehyde of glyoxylate. Therefore, the presence of this
additional density of the C2 carbon of glyoxylate in our 5-NIC structure suggested that the
water molecule abstracted from 3-NP, in order to form the Cysioi-thiohydroxamate
adduct, could undergo addition to the aldehyde of glyoxylate, forming the gem-diol seen
in the structure. Thus, we modeled the acid coordinated to Mg?* of ICL1 as glyoxylate
hydrate which fits well into the density. In addition, one active site of ICL1 underwent
incomplete inactivation as visualized by the lack of strong homogeneous electron density
between Cysio1 and the active site ligand. In this active site we observed a diminished
level of density off of the C2 of glyoxylate, suggesting that hydration likely occurs
concomitant with the dehydration of the nitronic acid of 3-NP (Figure 47 and Figure 48).
Collectively, our structural data coupled with our kinetic and mass spectrometry data
allows the proposal of a putative chemical mechanism as to how 5-NIC inactivation of

ICLI precedes (Figure 48).
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ix. Proposed 5-NIC Inactivation Mechanism of ICLI.

From a biochemical perspective, the nitro group has been shown to undergo
various chemical transformations in the active sites of enzymes and in cells resulting in its
formation into an electrophilic species. Some of the earliest reported cases of covalent
modification of enzymes by nitro groups came from the laboratory of Harold Bright, who
found that a variety of nitro- containing compounds underwent covalent addition to N5 of
the flavin cofactor of D-amino acid oxidase.””? Subsequent studies from Bright, and a host
of others, identified many nitro compounds as substrates, inhibitors, and suicide substrates

233 In particular, the molecule 3-NP, and derivatives thereof, has

of numerous enzymes.
been extensively used in studies and has been identified as a substrate analog, mechanism-
based inactivator, and covalent modifier of various enzymes,”” including ICL1 and
succinate dehydrogenase.?’?” 23% 247 Recently, the Schreiber laboratory identified
nitroisoxazole ligands as masked electrophiles in which the nitro group undergoes
dehydration in the reductive intracellular environment to yield a nitrile oxide, which
ultimately affords efficient covalent modification of a selenocysteine of glutathione
peroxidase 4, a cancer target.”’% In addition, it has been uncovered in Mrb that
benzothiazinones molecules, containing a nitro group off the C8 of the benzothiazinone
pharmacophore, effect covalent inactivation of the enzyme decaprenylphosphoryl-/3-D-

ribofuranose-2'-epimerase (DprE1, DprE2), a key enzyme in cell wall biosynthesis. This

molecule is then proposed to be transformed from its native nitro to a strongly electrophilic
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and reactive nitroso through the FAD-dependent conversion, which undergoes subsequent
covalent addition to Cyssos of the enzyme.?>’

In the case of the mechanism-based inactivator 5-NIC, we propose that similar to the
inactivation of DprE1 by the benzothiazinone, BTZ043, ICL1 catalysis unmasks the 5-
NIC nitro electrophile which results in covalent addition to its active site Cysio1. Owing
to the elegant work conducted on inactivation of ICL by 3-NP,?** 247 and mechanistic

analysis of D-IC cleavage,’” we were able to subsume these findings into a putative
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Figure 48. Proposed Inactivation Mechanism of ICL1 by 5-NIC

mechanism for the inactivation of ICL1 by 5-NIC (Figure 48). Initially, binding of 5-NIC
competes with substrate D-IC for access to the active site of ICL1. Subsequently,
abstraction of a proton from the C2 hydroxyl group of 5-NIC initiates C2-C3 bond

cleavage resulting in the formation of glyoxylate and an aci-3-nitropropionate
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intermediate. This intermediate then abstracts a proton from the catalytic Cysio1, resulting
in the formation of the thiolate of Cysi91 and 3-NP in the ICL1 active site. Tautomerization
of the 5-NIC derived 3-NP to its P3N form, followed by protonation by an unknown acid,
yields the nitronic acid form of P3N. Consequent attack of the nascent Cysioi thiolate in a
Michael-like addition, forms a covalent bond with 3-NP. The elimination of water from
the nitronic acid leads to the formation of the stable thiohydroxamate adduct as is observed
in the crystal structure (Figure 4), and supported by our mass spectrometry studies (Figure
41) as well as prior literature.?** We then propose that the water molecule produced by the
dehydration of the P3N nitronic acid in the formation of the thiohydroxamate adduct is
activated by an unknown base, and undergoes reaction with the aldehyde group of
glyoxylate. Subsequent protonation of the resulting alkoxide by a water-bound Mg?*
results in the formation of glyoxylate hydrate, as seen previously,’? and in Figure 46A,B.
This water-bound magnesium has been proposed to protonate the C2 hydroxyl of

glyoxylate in the aldol condensation between glyoxylate and succinate to synthesize D-

IC.242

D. Conclusions and Future Outlook

The development of mechanism-based inactivators of enzymes requires a detailed
understanding of an enzymatic mechanism and, often, elaborate synthetic chemistry. We
prepared the compound (2R, 3R)-2-hydroxy-3-(nitromethyl)succinic acid, or 5-NIC, which
is in effect a composite of glycolate and 3-nitropropionic acid (3-NP). 5-NIC proved to be

the most potent mechanism-based inactivator of mycobacterial ICL1 to date. 5-NIC
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undergoes retro-aldol cleavage by ICL1 to generate 3-NP in its active site, which
subsequently reacts with the Cysio; thiolate to covalently modify ICL1, as determined by
kinetics, mass spectrometry, and crystallography. Akin to 3-NP, the nitronate form of 5-
NIC (N-5-NIC) is not required for productive binding to ICL1, but does affect more robust
inactivation of ICL1, likely through enrichment of the P3N species proposed to be required
for ICL1 inactivation. As we observed limited enhancement in inactivation efficiency for
the nitronate form of 5-NIC compared to the nitronate form of 3-NP (P3N), we used a
combination of absorbance spectroscopy, mass spectrometry, NMR, and solvent kinetic
isotope effects to uncover that not only was the rate of N-5-NIC protonation more rapid
that P3N, but also that the rapid protonation of N-5-NIC may be due to an intramolecular
proton transfer from its C2 hydroxyl to the C4 carbon of the nitronate. Together, this work
highlights the development, characterization, and unique physiochemical properties of a
masked electrophilic isocitrate substrate surrogate which effects robust covalent
inactivation of a key mycobacterial enzyme.

Moving forward, we seek to further optimize and develop mechanism-based
inactivators for key Mtb enzymes such as ICL1. One of the principal challenges we, and
others’”? have faced is the limited ability to translate these molecules from potent in vitro
molecules into whole cell active anti-mycobacterial agents. Thus, one key area to focus
on may be the development of activatable pro-drug forms of these molecules. One
approach that is often used in drug design it to take advantage of intracellular esterases. In
the case of 5-NIC we noted that one key liability may be its di-acid character which

prohibits its entry and thus development of ester prodrugs may be one possible approach.
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At present there are 40 putatively predicted esterases, a number of which have been
verified using activity based protein profiling with serine reactive fluorophosphonate

238 as well as using far-red fluorogenic substrates.””” While these studies indeed

probes
identified various hydrolases in the cells that can de-esterify substrates, two key features
seen with these Mib esterases is that they prefer longer chain (fatty acyl) esters?? and that
there is a significant decrease in Mtb esterase activity under hypoxic conditions. While the
former issue may not pose critical concerns for drug-design purposes, the latter may. The
addition of long chain fatty acyl esters to a molecule will markedly enhance the cLogP of
a molecule, which may assist in the ability of the molecule to more effectively traverse the
highly hydrophobic mycolic acid decorated Mtb cell wall. However, even if this molecule
can now traverse the cell wall more effectively, there will now be the concern of the
molecule not undergoing efficient activation by esterases owing to their low expression
under the hypoxic state that Mtb resides in most of its life cycle. Of further importance,
the vast majority of TB infections are latent (~90%) whereby the bacilli reside in a
quiescent state in the hypoxic environment of the granuloma. Thus, new therapeutics for
TB treatment must have the ability to treat both actively replicating and bacteria that is
not only an active state, but also a hypoxic and quiescent state. Therefore, more clever

approaches that simple esterification of a molecule may be required to result in efficient

delivery of molecules to Mtb, particularly bacilli that are residing within granulomas.
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CHAPTER V
RV1151C FROM MYCOBACTERIUM TUBERCULOSIS IS A PROTEIN LYSINE

DESUCCINYLASE AND LONG-CHAIN FATTY DEACYLASE

A. Introduction

The post-translational modification (PTM) of the e-amine of lysine residues serves
as a rapid chemical switch by which organisms can modulate the function of proteins.?5
261 Generally, these modifications are affixed to lysine residues of a protein by an acyl
transferase enzyme or a chemical ligation event with a reactive metabolite such as succinyl
CoA.?*? The subsequent reversal of these acyl modifications, via the hydrolysis of an
amide bond, is catalyzed by either a NAD"-dependent sirtuin-like enzyme or a metal
dependent histone deacetylase.?”® In addition to these classes of enzymes, recent work
using activity-based protein profiling identified an orphan serine hydrolase enzyme that
removed various lysine acyl modifications from peptides and proteins, suggesting there
may be other uncharacterized enzymes that carry out lysine deacylation.?%?

Silent regulators of information (SIR) genes modulate of the post-translational
modification of lysine residues on proteins. These enzymes, conserved from prokaryotes
to eukaryotes, catalyze the hydrolysis of an amide bond of acyl modified lysine residues
in an NAD"-dependent fashion, liberating one molecule of nicotinamide and 2’-O-acyl-
ADP-ribose per deacylation event (Figure 49). In humans, there are seven known sirtuin
enzymes (SIRT1-7) that mediate the removal of a large array of acyl modifications.’%’

These enzymes, in addition to their drastically differing substrate specificities, have been
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demonstrated to play a role in diverse biological processes such as aging, gene regulation,
energy metabolism, signal transduction, and clinically relevant pathologies in areas such

as cancer, cardiovascular diseases, neurodegeneration, and metabolic disease.?%
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Figure 49. Proposed Chemical Mechanism of an NAD*-dependent Sirtuin.

Of the myriad of lysine PTMs that exist, one of the most extensively studied is
lysine acetylation (Kac).?” This modification is abundant in organisms ranging from
prokaryotes to eukaryotes, and has been shown to play a role in metabolic regulation

268 Recent

through modulating the activity of enzymes, such as acetyl CoA synthetase.
advances in mass spectrometry have elucidated dozens of new and structurally diverse
types of lysine acyl modifications that contain charged groups (glutararyl, malonyl, and
succinyl), variable chain lengths (propionyl, butryl, crotonyl, myristoyl, palmiytoyl, etc.)

and even cofactors such as biotin and lipoamide.?*’
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Figure 50. Chemical Structures of Select Lysine Post-Translational Modifications

that Exist in Nature

While the focus of this work is on small-molecule, amide-based, lysine PTMs, we would
be remiss to not mention that other important forms of lysine PTMs exist, such as
methylation and ubiquitination.?”? Collectively, many of these lysine PTMs, partially in
prokaryotic systems, have yet to be been functionally characterized with respect to the role

they may play on key modified protein targets and the ability of these diverse

functionalities to serve as substrates of deacylase enzymes.””’

Until recent years, lysine acylations were not heavily explored in prokaryotes as

researchers believed these modifications were not as prevalent or important in regulation
when compared to eukaryotic systems.’’?> However, proteomic data for many of gram

negative and positive bacterium highlights the abundance of lysine PTMs on many
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proteins that play critical roles in central carbon metabolism.?”? Of particular interest to us
is post-translational modification of the highly successful bacterial pathogen
Mycobacterium tuberculosis. This organism has been shown to undergo acetylation,
glutarylation, propionlyation, and succinylation on thousands of lysine residues on
hundreds of discreet proteins.’’3-2’ However, there still remains the possibility that Mzb
contains additional uncharacterized lysine PTMs of varying chemical diversity, which
may encompass hundreds, if not thousands, of additional modification sites. Characterized
modifications have been shown to reside on a range of proteins, but are particularly
enriched on enzymes that play key roles metabolic pathways within Mtb, suggestive that
some of these modifications may be involved in the regulation of cellular metabolism.?”3
276 In the case of Mib, akin to many other prokaryotes, there is only one annotated NAD*-
dependent SIR gene encoded in its genome. Although there are limited comprehensive
studies on the substrate specificity of bacterial Sir2 enzymes, many have demonstrated
efficient hydrolysis of chemically diverse lysine acyl modifications. For example, the
E.coli enzyme CobB has been identified to hydrolyze lysine acyl modifications ranging
from N-acetyl, to N-succinyl, N-lipoamide, and most recently N-2-
hydroxyisobutyrylation.?”’-?%” However, for many of these bacterial deacylases, such as
the Mtb deacylase, Rv1151c (which we name M¢-Sirt), have yet to have their substrate
specificity and kinetic mechanism characterized. Of particular interest to Mtb biology, is
the ability of M¢-Sirt to remove lysine modifications on essential proteins which may play
a role in the lifecycle of M¢b within the host. Work by Ritterhaus et al. demonstrated that

an acetyltransferase, Mt-PAT, plays a critical role in the survival of M¢b under non-
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replicating growth conditions, owing to its ability to remodel the metabolic state of Mtb
to favor reductive reactions.?®’ It is possible that Mz-Sirt plays a role in this remodeling
and although it has been shown to be non-essential for M¢b growth under varied carbon

197,282, 283 ig still important to understand the intricate role(s) that this deacylase

sources,
plays within this intracellular pathogen.

Here, we present the first detailed kinetic study of M¢-Sirt. Analysis of synthetic
substrates derived from the sequence of the known Mt-Sirt substate, acetyl CoA synthetase
(ACS), showed that M¢-Sirt it is an efficient desuccinylase and fatty deacylase. Using a
fatty acid alkyne probe, we identified that protein lysine fatty acylation occurs in the Mtb
proteome, suggestive that the in vitro fatty deacylase activity of M¢-Sirt may play a yet
uncharacterized role in vivo. Additional studies verified the inhibitory properties of
nicotinamide, ADP-ribose, and NADH against Mz-Sirt, and synthesis of thioamide and

thiourea mechanism-based inhibitors, mimicking a fatty acyl lysine, provided potent

inhibitors against this enzyme.

B. Experimental Methods and Materials

i. Reagents and General Synthetic Considerations

All chemical reagents were purchased from commercial providers and used without
purification unless otherwise noted. Reactions were run under an atmosphere of nitrogen
or argon and at ambient temperature unless otherwise noted. Reaction progress was
monitored using thin-layer chromatography and by analysis employing an HPLC-MS

(UltiMate 3000 equipped with a diode array coupled to an MSQ Plus single or ISQ-EM
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single quadrupole mass spectrometer, Thermo Fisher Scientific) using electrospray
positive and negative ionization detectors. Reported liquid chromatography retention
times (tr) were established using the following conditions: column: Phenomenex Luna
Sum C18(2) 100 A, 4.6 mm, 50 mm; mobile phase A: water with 0.1% formic acid (v/v);
mobile phase B: MeCN with 0.1% formic acid (v/v); temperature: 25°C; gradient:
0—100% B over 6 min, then a 2 min hold at 100% B; flow: 1 mL min'; and detection: MS
and UV at 254, 280, 214, and 350 nm. Semi-preparative HPLC purification of compounds
was performed on a Thermo Fisher Scientific UltiMate 3000 with a single wavelength
detector coupled to a fraction collector. Purifications were conducted using the following
conditions: column: Phenomenex Luna 5umC18(2) 100 A, 21.2 mm, 250 mm; mobile
phase A: water with 0.1%formic acid (v/v); mobile phase B: MeCN with 0.1% formic acid
(v/v); temperature: room temperature; gradient: 0—100% B over 30 min, then a 5 min hold
at 100% B; flow: 20 mL min—1; and detection: UV (350 nm).'H/"*C NMR magnetic
resonance spectra were obtained in CDCI3,CD3;0D, or DMSO-d6 at 400 MHz/100 MHz
at 298 K on a Bruker AVANCE III Nanobay console with an Ascend magnet unless
otherwise noted. The following abbreviations were utilized to describe peak patterns when
appropriate: br = broad, s = singlet, d = doublet, q= quartet, t = triplet, and m = multiplet.
All final compounds used for testing in assays and biological studies had purities that were
determined to be >95% as evaluated by their proton NMR spectra and their HPLC/MS
based on ultraviolet detection at 254 nm. Masses detected were in the range of 100—1000
Da and were detected in the positive or negative mode, depending on the ionization of the

molecule.
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ii. Expression and Purification of Rv1151c (Mt-Sirt) and Mutants Thereof

A pET28a vector containing the sequence for the Rvl151c gene with an N-terminal
hexahistidine tag (a gift from the laboratory of Dr. John Blanchard) was transformed into
the T7 Express lys?/[? strain of E. coli. A single colony was picked and expanded overnight
at 37°C in LB media with 30 ug/mL kanamycin. A 10 mL inoculum was added to 1L of
LB media containing 30 ug/mL kanamycin and grown at 37°C shaking at 200 rpm until
reaching midlog phase (ODgoo ~0.6). Protein synthesis was induced by the addition of 1
mM isopropyl-1-thio-B-D-galactopyranoside and the cells were allowed to grow overnight
at 25°C. The cells were harvested by centrifugation (5K rpm) and stored at -20°C. The
cells were lysed in 50 mM sodium phosphate buffer, 300 mM NacCl, and 10 mM imidazole
(pH 7.5) by sonication (50% duty cycle) using a 5 sec pulse for 20 min with 30 sec in
between pulses. The resulting solution was centrifuged at 16,000g for 45 min at 4°C to
remove cell debris and the supernatant was filtered with a 0.45 um filter and loaded onto
a 5 mL Nickel NTA agarose column (Thermo Fisher) equilibrated with lysis buffer. The
solution was allowed to bind to the column for 1 h and then was washed three times with
50 mM sodium phosphate buffer, 300 mM NaCl, and 25 mM imidazole (pH 7.5) and the
protein was eluted in 50 mM sodium phosphate buffer, 300 mM NaCl, and 250 mM
imidazole (pH 7.5). Following SDS-PAGE analysis of the fractions, the fractions
containing pure Rv1151c (~26 kDa) were pooled and dialyzed three times against 50 mM
Tris-HCI, 150 mM NacCl, pH 7.5. The protein was stored in a 50% v/v solution of glycerol
at -80 °C. For the preparation of Rv1151c mutants we used the overlapping primer design
approach and carried out mutagenesis using the Pfu Turbo DNA polymerase (Agilent
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Technologies). We verified the mutations to the gene by sequencing and then transformed,
expressed and purified the mutant proteins (Ys3F and Rs¢M) using the same methods as

detailed above.

iii. Synthesis of Cbz-Lysine-7-amino-4-methylcoumarin Substrates for Mt-Sirt

Method A. Amide formation with 7-amino-4-methylcoumarin

Cbz-Lys and 7-amino-4-methylcoumarin (Immol/Immol lysine) was purged with Na()
yielding positive pressure. Anhydrous tetrahydrafuran (12 mL/mmol lysine) was was
added followed by the addition of N,N-diisopropylethylamine (3 mmol/l mmol lysine).
Propylphosphonic anhydride (T3P) in a 50% wt. solution of ethyl acetate (2 mmol/1 mmol
lysine) was added dropwise followed by allowing the reaction to proceed overnight.
Solvents were removed under reduced pressure and the yellow oil was solubilized in DCM
and washed with water (4x) and brine (2x). The organic layer was dried over Na,SO4 and

removed under reduced pressure.

NO_acetyl-N2-((benzyloxy)carbonyl)-L-lysine Cbz-Lys(ac)-OH).?* A flask charged
with Cbz-Lys-OH (300 mg, 1.07 mmol) was purged with Na(). Then anhydrous pyridine
(10 mL) was added followed by the dropwise addition of acetic anhydride (101 uL, 1.07
mmol). The reaction was allowed to proceed overnight followed by acidification to pH 1
with 2 N HCI and extraction with ethyl acetate (3x 20 mL). The pooled organic layers
were then washed with 5% NaCOs and this bicarbonate layer was acidified to pH 1 and
extracted with ethyl acetate (3x, 20 mL). To combined organic layers were washed with
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brine (2x, 20 mL), dried over Na>SOs, and concentrated under reduced pressure. The

product was moved directly to the next step with no purification.

benzyl (S)-(6-acetamido-1-((4-methyl-2-0x0-2H-chromen-7-yl)amino)-1-oxohexan-
2-yl)carbamate (Cbz-Lys(ac)-AMC). Method A. Z-Lys(ac)-OH (256 mg, 0.8 mmol) and
7-amino-4-methylcoumarin (140 mg, 0.8 mmol), N,N-diisopropylethylamine (420 pL,
2.44 mmol), T3P (950 mL, 1.6 mmol). Semi-preparative HPLC of the molecule resulted
in 90 mg (23.5% yield). LC-MS tr: 4.14 min, m/z 480.07 [M+1H], CisH22N,0s, Calcd.

480.21 [M+1H]

benzyl (S)-(1-((4-methyl-2-oxo0-2H-chromen-7-yl)amino)-1-0x0-6-
propionamidohexan-2-yl)carbamate (Cbz-Lys(prop)-AMC). Z-Lys-OH (150 mg,
0.535 mmol) was dissolved in IN NaOH (2 mL) / THF (2mL), covered with a rubber
septum, purged with Na) and cooled to 0°C on an ice bath. Propionyl chloride (50 uL,
0.56 mmol) was added dropwise and the reaction was allowed to warm to RT and was
stirred overnight. The reaction was then cooled in an ice bath and washed with ice-cold
Et20 (10 mL). The aqueous phase was acidified to pH ~4 with 1N HCI and extracted with
ethyl acetate (20 mL, 3x). The combined organic phases were dried over Na;SOs, and
concentrated under reduced pressure to yield the crude product which was progressed to
the next step without purification. Subsequent coupling using Method A. Cbz-Lys(prop)-
OH (78 mg, 0.24 mmol), 7-amino-4-methyl coumarin (42 mg, 0.24 mmol), THF (5 mL),

DIEA, (167 pL, 0.96 mmol), T3P (286 pL, 0.48 mmol). Semi-preparative HPLC of the
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crude molecule resulted in pure title molecule (28.4 mg, 24% yield). LC-MS tr: 4.37 min,

m/z 492.16 [M-1H], C27H31N30s, Calcd. 492.22 [M-1H]

benzyl (S)-(6-butyramido-1-((4-methyl-2-0x0-2H-chromen-7-yl)amino)-1-oxohexan-
2-yl)carbamate (Cbz-Lys(but)-AMC). Z-Lys-OH (150 mg, 0.535 mmol) was dissolved
in IN NaOH (2 mL) / THF (2mL), covered with a rubber septum, purged with N2 and
cooled to 0°C on an ice bath. Butyryl chloride (58 uL, 0.56 mmol) was added dropwise
and the reaction was allowed to warm to RT and was stirred overnight. The reaction was
then cooled in an ice bath and washed with ice-cold Et2O (10 mL). The aqueous phase
was acidified to pH ~4 with 1N HCI and extracted with ethyl acetate (20 mL, 3x). The
combined organic phases were dried over NaxSO4, and concentrated under reduced
pressure to yield the crude product which was progressed to the next step without
purification. Subsequent coupling using Method A. Cbz-Lys(but)-OH (112 mg, 0.32
mmol), 7-amino-4-methylcoumarin (56 mg, 0.24 mmol), THF (7 mL), DIEA, (223 puL,
1.29 mmol), T3P (381 pL, 0.64 mmol). Semi-preparative HPLC of the crude molecule
resulted in pure title molecule (45.6 mg, 28% yield). LC-MS tr: 4.580 min, m/z 506.19

[M+1H], C2sH33N306, Calcd. 506.24 [M+1H]

benzyl tert-butyl (6-((4-methyl-2-0x0-2H-chromen-7-yl)amino)-6-oxohexane-1,5-
diyl)(S)-dicarbamate (Cbz-Lys(boc)-AMC). Method A. Cbz-Lys(boc)-OH (400 mg,
1.05 mmol), 7-amino-4-methylcoumarin (184 mg, 1.05 mmol), THF (12 mL), DIEA (550

pL, 3.15 mmol), T3P (1.25 mL, 2.1 mmol). Semi-preparative HPLC yielded (344 mg,
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61% yield). LC-MS tr: 5.27 min, m/z 438.1 [M+1H, -Boc], C20H35N307, Calcd. 538.25

[M+1H], 438.2[M+1, -Boc]

(S)-4-((5-(((benzyloxy)carbonyl)amino)-6-((4-methyl-2-o0xo0-2H-chromen-7-

yl)amino)-6-oxohexyl)amino)-4-oxobutanoic acid (Cbz-Lys(succ)-AMC). A round
bottom flask charged with Z-Lys(boc)-AMC (150 mg, 0.28 mmol) was purged with N
yielding positive pressure. Anhydrous DCM (4 mL) was added followed by 33% v/v TFA
(2 mL) and the reaction was allowed to proceed for 1.5 h at which time the solvents were
removed under reduced pressure. The residue was co-evaporated with Et,O (2x, 10 mL)
and then moved to the next step. To the flask succinic anhydride (28 mg, 0.28 mmol) was
added followed by purging the flask with Ny to yield positive pressure. Anhydrous DMF
(3 mL) and then DIEA (300 uL, 1.7 mmol) was added. The reaction was allowed to
proceed overnight at RT at which time the reaction mixture was diluted with H,O (20 mL),
acidified to pH 2, and extracted with ethyl acetate (3x, 20 mL). The pooled organic layer
was washed with brine (2x, 15 mL) dried over Na;SOs, and concentrated under reduced
pressure. This crude product was dissolved in a minimal amount of DMF and subjected to
semi-preparative HPLC purification to yield the pure title compound (94 mg, 62% yield).

LC-MS fx: 4.03 min, m/z 538.15 [M+1H], C2sH31N30s, Calcd. 538.21 [M+1H]

(8)-3-((5-(((benzyloxy)carbonyl)amino)-6-((4-methyl-2-o0x0-2 H-chromen-7-
yl)amino)-6-oxohexyl)amino)-3-oxopropanoic acid (Cbz-Lys(mal)-AMC). A round

bottom flask charged with Z-Lys(boc)-AMC (150 mg, 0.28 mmol) was purged with No(g)
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yielding positive pressure. Anhydrous DCM (4 mL) was added followed by 33% v/v TFA
(2 mL) and the reaction was allowed to proceed for 1.5 h at which time the solvents were
removed under reduced pressure to yield Cbz-Lys-AMC ¢ TFA. The residue was co-
evaporated with Et, (2x, 10 mL) and then moved to the next step. To the flask, mono-¢-
butyl malonate (71 mg, 0.46 mmol) was added followed by purging with Nz to yield
positive pressure. Anhydrous DCM (5 ml) was added followed by the addition of N,N-
diisopropylethylamine (265 pL, 1.52 mmol). Propylphosphonic anhydride in a 50% wt.
solution of ethyl acetate (452 mL, 0.76 mmol) was added dropwise and allowed to proceed
overnight at RT. The reaction mixture was diluted in DCM (~30 mL) and washed with
water (15 mL, 4x) and brine (15 mL, 2x). The organic layer was dried over Na,SOj4, and
solvents were removed under reduced pressure. The crude product was then solubilized in
DCM (5 mL) and 40% TFA v/v (2 mL) and the solvents were removed upon completion
as determined by LC-MS. The crude residue was dissolved in a minimal amount of DMF
and subjected to semi-preparative HPLC purification to yield the pure title compound
(90.6 mg, 62% yield). LC-MS fr: 4.08 min, m/z 522.16 [M-1H], C27H29N30s, Calcd. 524.2

[M-1H]

S5-(tert-butoxy)-5-oxopentanoic acid. A round bottom flask charged with glutaric
anhydride (2 g, 17.5 mmol) and ZnCl, (360 mg, 2.6 mmol) was purged with Ny () yielding
positive pressure. Tert-butyl alcohol (10 ml) was added and the reaction was heated to
60°C and monitored by TLC (p-anisaldehyde stain) and was stopped after 18 h. The

reaction mixture was allowed to cool followed by the addition of sat. NaCO3 (20 mL)
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followed by extraction with DCM (50 mL, 3x). The aqueous phase was then acidified with
conc. HoSO4 to pH 1 and extracted with DCM (50 mL, 3x). The acidified organic extract
was then washed with brine (2x, 40 mL), dried over NaxSO4 and concentrated to yield the
title compound as a clear oil in high purity (1.04 g, 31.5% yield). 'H NMR (400 MHz,
CDClI3) 6 1.29 (s, 1H), 1.46 (s, 9H), 1.94 (q, J= 7.3 Hz, 2H), 2.32 (t,J = 7.3 Hz, 2H), 2.43

(t, J = 7.4 Hz, 2H).

(8)-5-((5-(((benzyloxy)carbonyl)amino)-6-((4-methyl-2-o0x0-2 H-chromen-7-

yl)amino)-6-oxohexyl)amino)-5-oxopentanoic acid (Cbz-Lys(glut)-AMC). A round
bottom flask charged with Z-Lys(boc)-AMC (150 mg, 0.28 mmol) was purged with N
yielding positive pressure. Anhydrous DCM (4 mL) was added followed by 33% v/v TFA
(2 mL) and the reaction was allowed to proceed for 1.5 h at which time the solvents were
removed under reduced pressure to yield Cbz-Lys-AMC ¢ TFA. The residue was co-
evaporated with Et> (2x, 10 mL) and then moved to the next step. To the flask 5-(zert-
butoxy)-5-oxopentanoic acid (105 mg, 0.56 mmol) was added followed by purging the
flask with Ny to yield positive pressure. Anhydrous DCM (5 ml) was added followed by
the addition of N,N-diisopropylethylamine (243 pL, 1.4 mmol). Propylphosphonic
anhydride in a 50% wt. solution of ethyl acetate (333 mL, 0.56 mmol) was added dropwise
and allowed to proceed overnight at RT. The reaction mixture was diluted in DCM (~30
mL) and washed with water (15 mL, 4x) and brine (15 mL, 2x). The organic layer was
dried over Na,SOs, and solvents were removed under reduced pressure. The crude product

was then solubilized in DCM (5 mL) and 40% TFA v/v (2 mL) and the solvents were
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removed upon completion as determined by LC-MS. The crude residue was dissolved in
a minimal amount of DMF and subjected to semi-preparative HPLC purification to yield
the pure title compound (80.0 mg, 52% yield). LC-MS #: 4.06 min, m/z 550.19 [M-1H],

C29H33N30s, Caled. 550.23 [M-1H]

iv. Synthesis and Analysis of Acyl ACS Peptides

Peptides corresponding to residues 614-618 of Mycobacterium tuberculosis acetyl CoA
synthetase (Ac-RSGKI-W-OH) containing varied acyl groups at the Ke17 position were
synthesized on a 0.100 mmol scale using Fmoc-Trp(boc)-Wang resin (Chem Impex and
CEM) on a Liberty Blue automated microwave peptide synthesizer (CEM) under standard
conditions. To produce the varied acyl modified lysine residues two strategies were
employed: synthesis of Fmoc-Lys(R)-OH amino acids, where R is a predefined chemical
group or synthesis of the peptide using an Fmoc-Lys(Mtt)-OH allowing selective
deprotection of the lysine amine side chain, affording the use of anhydride chemistry or
amide bond coupling to produce the peptide of interest. All peptides were acetylated on
the N-terminus with a solution of 25% Ac>0 in N,N-dimethylformamide (DMF) and 1.5
equivalents of N,N-diisopropylethylamine (DIEA) followed by 45 min of agitation at
room temperature and ninhydrin test to verify completion. Select peptides synthesized
with an Mtt (4-methyltrityl) group underwent treatment with 3% v/v TFA in DCM/5%
triissopropylsilane for 20 min (2x) to cleave the Mtt group. Subsequently the resin was
washed with DCM (2x), MeOH (2x), DCM (2x), DMF containing 1% v/v DIEA (2x), and

DMF (2x). The now free g-amine of lysine was reacted with an acyl anhydride (10 eq of
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anhydride in either DMF or toluene and 1.5 eq of DIEA) ranging from 1 h to overnight
(2x) to give the appropriate modified lysine as monitored by ninhydrin test and test
cleavage followed by HPLC-MS analysis. The peptides were cleaved (2x for 2-4 h) from
the resin using 92.5% trifluoroacetic acid, 5% triisopropylsilane, and 2.5% water or 85%
trifluoroacetic acid, 5% w/v phenol, 5% v/v thioanisole, and 5% v/v water. The cleavage
solution was evaporated under reduced pressure or under a stream of N and the resulting
residue was precipitated with ice cold diethyl ether, dried over Na(), dissolved in DMF,
and purified on C18 reverse phase semi-preparative HPLC (Luna 5 um C18(2) 100 A,
21.2 mm, 250 mm, Phenomenex). Fractions containing peptide that was >90% pure, as
determined by analytical reverse phase HPLC-MS analysis (Luna 5 um C18(2) 100 A, 4.6
mm, 250 mm, or a Luna 5 um C18(2) 100 A, 4.6 mm, 50 mm, Phenomenex) were pooled
and lyophilized. Mass spectrometric analysis of the peptides by ESI (ThermoFisher)

verified the identity of the peptide(s).

v. Synthesis of Fmoc-modified Lysine Molecules for ACS Peptide Synthesis

Method B. Synthesis of Fmoc-Lysine(x)-OH amino acids

The appropriate carboxylic acid chain and N-hydroxysuccinimide (0.96 mmol/1 mmol
acid) was dissolved in anhydrous DMF (0.75 mL/mmol acid) under a positive pressure of
Nae). The dropwise addition of N,N’ diisopropylcarbodiimide (0.96 mmol/l mmol acid)
was added to the reaction and stirred for 2 h. The reaction mixture was filtered and the
filtrate was directly transferred to a flask containing Fmoc-Lys-OH (0.75 mmol/1 mmol

acid) dissolved in DMF (2 mL/1 mmol acid) and N,N-diisopropylethylamine (1.9 mmol/1
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mmol acid). Following 30 min, the reaction was quenched with water (1 mL/1 mmol acid),
acidified with 1 M HCI (1 mL/1 mmol acid), and extracted with ethyl acetate (3x). The
organic layers were washed with saturated bicarbonate (3x), brine (2x), and dried over
NaxSOq4. Silica chromatography (0-3% MeOH/DCM, 0.5% formic acid) gave the title

compounds as white/off white fluffy solids.

N2-(((9H-ﬂu0ren-9-yl)methoxy)carbonyl)-N6-propionyl-L-lysine (Fmoc-Lys(prop)-
OH).

Method B. Propionic acid (1.2 mL, 16.3 mmol), N-hydroxysuccinimide (1.81 g, 15.7
mmol), DMF (12 mL), N,N’ diisopropylcarbodiimide (2.44 mL, 15.7 mmol), Fmoc-Lys-
OH (4g, 10.85 mmol), DIEA (5.48 mL, 31.5 mmol), and DMF (35 mL). Silica column (0-
5% MeOH/DCM, 0.5% formic acid) to yield (2.59 g, 56% yield). LC-MS tr: 4.48 min,

m/z 425.27 [M+1H], C24H2sN>0s, Caled. 425.2 [M+1H]

N2-(((9H-ﬂu0ren-9-yl)methoxy)carb0nyl)-N6-butyryl-L-lysine (Fmoc-Lys(but)-
OH). Method B. Butanoic acid (1.87 mL, 20.4 mmol), N-hydroxysuccinimide (2.27 g,
19.7 mmol), DMF (15 mL), N,N’ diisopropylcarbodiimide (3.05 mL, 19.7 mmol), Fmoc-
Lys-OH (5g, 13.6 mmol), DIEA (6.86 mL, 39.4 mmol), and DMF (35 mL). Silica column
(0-5% MeOH/DCM, 0.5% formic acid) to yield (4.21 g, 71% yield). LC-MS fr: 4.69 min,

m/z 439.22 [M+1H], C25H30N20s, Caled. 439.22 [M+1H]
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NZ-(((9H-ﬂu0ren-9-yl)methoxy)carb0nyl)-N6-tetradecanoyl—L-lysine (Fmoc-
Lys(myr)-OH). Method B. Crotonic acid (1.75 g, 20.4 mmol), N-hydroxysuccinimide
(2.27 g, 19.7 mmol), DMF (15 mL), N,N’ diisopropylcarbodiimide (3.05 mL, 19.7 mmol),
Fmoc-Lys-OH (5g, 13.6 mmol), DIEA (6.86 mL, 39.4 mmol), and DMF (35 mL). Silica
column (0-5% MeOH/DCM, 0.5% formic acid) to yield (3.0 g, 50% yield). LC-MS tr:

4.72 min, m/z 437.2 [M'HH], C25H28N205, Calcd. 437.20 [M‘HH]

NZ-(((9H-ﬂu0ren-9-yl)methoxy)carb0nyl)-N6-tetradecanoyl—L-lysine (Fmoc-
Lys(myr)-OH). Method B. Myristic acid (2.3 g, 10.2 mmol), N-hydroxysuccinimide (1.3
g, 9.9 mmol), DMF (8 mL), N,N’ diisopropylcarbodiimide (1.53 mL, 9.9 mmol), Fmoc-
Lys-OH (2.5 g, 6.8 mmol), DIEA (3.43 mL, 19.7 mmol), and DMF (20 mL). Silica column
(0-5% MeOH/DCM, 0.5% formic acid) to yield (1.74 g, 44% yield). LC-MS fr: 7.47 min,

m/z 579.2[M+1H], C3sHsoN2Os, Caled. 579.37 [M+1H]

N2-(((9H-ﬂu0ren-9-yl)methoxy)carbonyl)-N6-(3-(tert-butoxy)-3-oxopropanoyl)-L-

lysine (Fmoc-Lys(mal-O-rBut)-OH). Method B. Mono-#-butyl malonate (3.14 g, 20.4
mmol), N-hydroxysuccinimide (2.27 g, 19.7 mmol), DMF (15 mL), NN’
diisopropylcarbodiimide (3.05 mL, 19.7 mmol), Fmoc-Lys-OH (5g, 13.6 mmol), DIEA
(6.86 mL, 39.4 mmol), and DMF (35 mL). Silica column (0-5% MeOH/DCM, 0.5%
formic acid) to yield (5.3 g, 77% yield). LC-MS f: 5.06 min, m/z 511.19 [M+1H],

C28H34N>07, Caled. 511.24 [M+1H]
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N2-(((9H-ﬂu0ren-9-yl)methoxy)carbonyl)-N6-(4-(tert—butoxy)-4-oxobutanoyl)-L-

lysine (Fmoc-Lys(succ-O-rBut)-OH). Method B. Mono-#-butyl succinate (3.53 g, 20.4
mmol), N-hydroxysuccinimide (2.27 g, 19.7 mmol), DMF (15 mL), NN’
diisopropylcarbodiimide (3.05 mL, 19.7 mmol), Fmoc-Lys-OH (5g, 13.6 mmol), DIEA
(6.86 mL, 39.4 mmol), and DMF (35 mL). Silica column (0-5% MeOH/DCM, 0.5%
formic acid) to yield (4.1 g, 57% yield). LC-MS tr: 5.15 min, m/z 523.32 [M-1H],

C290H36N207, Calced. 524.25 [M-1H]

N2-(((9H-ﬂu0ren-9-yl)methoxy)carbonyl)-N6-(5-(tert-butoxy)-S-oxopentanoyl)-L-

lysine (Fmoc-Lys(glut-O-rBut)-OH). Method B. Mono-z-butyl glutaryl (3.06 g, 16.3
mmol), N-hydroxysuccinimide (1.81 g, 15.7 mmol), DMF (12 mL), NN’
diisopropylcarbodiimide (2.44 mL, 15.7 mmol), Fmoc-Lys-OH (4g, 10.85 mmol), DIEA
(5.48 mL, 31.5 mmol), and DMF (35 mL). Silica column (0-5% MeOH/DCM, 0.5%
formic acid) to yield (3.9 g, 66% yield). LC-MS fk: 5.23 min, m/z 537.32 [M+1H],

C30H38N207, Caled. 537.27 [M+1H]
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vi. Characterization of ACS Acyl Peptides

Peptide Observed m/z [M+1] Calculated m/z [M+1] R
ACSK617 formyl 816.4 816.43 2.82 min
ACSK617 acetyl 830.5 830.44 2.53 min
ACSK617 propionyl 844.6 844.46 2.62 min
ACSK617 butyryl 858.5 858.48 2.76 min
ACSKG617 crotonyl 856.4 856.46 2.74 min
ACSK617 hexanoyl 886.5 886.51 3.26 min
ACSKG617 octanoyl 914.5 914.54 3.89 min
ACSK617 decanoyl 942.5 942.57 4.26 min
ACSK617 dodecanoyl 970.7 970.60 4.32 min
ACSK617 myristoyl 998.8 998.63 4.25 min
ACSK617 palmitoyl 1026.8 1026.66 16.03 min®
ACSK617 malonyl 874.5 874.43 2.53 min
ACSK617 succinyl 888.7 888.45 2.57 min
ACSK617 glutaryl 902.6 902.47 2.52 min
ACSK617 biotinoyl 1014.4 1014.51 2.67 min
ACSK617 thiomyristol 1014.5 1014.61 4.70 min

2 Analysis was conducted using a Luna 5 um C18(2) 100 A, 4.6 mm, 250 mm at a flow rate of 1
mL/min and a gradient of (30-52% ACN, 0.1%FA (20 mins), 52-100% ACN, 0.1%FA (30 min)).

vii. HPLC Kinetic Analysis of Peptide Hydrolysis by Mt-Sirt

A typical assay steady state assay contained variable concentrations of ACS modified
peptide, S0 mM Tris-HCI, 1 mM NAD", 1 mM DTT, 0-10% v/v DMSO, pH 8.0, and 0.1
to 1 uM of M¢-Sirt to a final reaction volume of 60 uL. This reaction incubated for 5 min
at 37°C at which time it was quenched with 60 uL of 10% TFA in water or 0.5N HCI in
MeOH followed by centrifugation for 10 min at 15,000 rpm to remove the precipitated
protein. The supernatant (110 uL) was then loaded into a 96 well plate and analyzed by
HPLC (40 uL injection) with a Kinetex PS C18 reverse phase column (Kinetex® 2.6 um
PS C18 100 A, LC Column 150 x 3 mm, Phenomenex). For peptides with acidic lysine
modifications the gradient was as follows: a 10-min gradient: 95% H>0/5% MeCN

increasing to 60% H20/40% MeCN where all solvents contained 0.1% formic acid. For
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peptides containing acyl modifications (acetyl to butryl) we employed a 10-min gradient:
95% H>x0/5% MeCN increasing to 40% H>0/60% MeCN and for longer chain peptides
we used a 10-min gradient that started at 95% H>0/5% MeCN and increased to 0%
H>0/100% MeCN. Product formation was measured by the increase of the product peak
using absorbance at 280 nm in comparison to a no enzyme control. All peptide
concentrations were verified using an HPLC standard curve of Ac-Trp-NH». The area of
the product peak was integrated and divided by the sum of the area of the starting material
peak and the product peak. This value was then multiplied by the concentration of
substrate to report on the conversion in terms of M. Division of this value by the time of
the reaction then gives one a rate with respects to concentration and time (eg. uM sec™).
To ensure steady state conditions, the rates of product formation were all ensured to be
less than 10%. The obtained rates were then replotted versus substrate concentration and

fitted to the Michaelis-Menten equation (eq. 1) using GraphPad Prism 8.

viii. Alkyne Fatty Acid Labeling of mc*7000

To a 10 mL culture of mc?7000 in 7H9/OADC medium at ODgoo 0.8-1, a 50 mM solution
of Alk-12 in DMSO was added to the cells to reach a final concentration of 50 uM (10
uL). In addition, a control culture with DMSO alone was also created. These cells were
grown for an additional 24 h at 37°C at which time they were spun down, washed 6x with
ice cold PBS buffer and stored at -20°C. The subsequent pellet was resuspended in
resuspended in 50 pL lysozyme (0.1 mg/mL) and 500 pL. 200 mM Tris-HCI pH 8, 4%

CHAPS, 1 M NaCl, 8 M urea, 5 mM nicotinamide, and 50 uL cOmplete EDTA-free
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Protease Cocktail Inhibitor (1 tablet dissolved in 2 mL ddH»0, 25x, Roche). Cells were
disrupted using a bead-beating homogenizer with silica-zirconium beads for 60 sec,
followed by 3 min on ice (8x). The lysate was centrifuged at 13,000 rpm at 4 °C for 15 min
and the supernatant was removed followed by determination of the protein concentration
by BCA assay. Labeling of the Alk-12 treated cell lysates occurred in a stepwise fashion
whereby addition of TBTA in 1:4 DMSO: n-butanol (v/v) (100 uM final) was added to
CuSOy4 in water (1 mM final), followed by the addition of Cy7-azide (Click Chemistry
Tools) in DMSO (20 uM final), 24 pg cell lysate, and finally sodium ascorbate in water
(2.5 mM final). This reaction was incubated at room temperature for 1.5 h, and quenched
by the addition ice-cold methanol (200 pL), chloroform (75 puL), and water (150 pL),
followed by vortexing and centrifugation at 15,000 x g at 4 °C for 15 min. The top layer
of liquid was carefully removed and discarded, and the protein precipitate formed between
two liquid phases was not disturbed. An additional 1 mL of ice-cold methanol was added
into the tube, vortexed, and centrifuged at 15,000 x g at 4 °C for 20 min. The supernatant
was discarded and this was repeated an additional time. Following removal of the
supernatant the protein pellet was allowed to air-dry at room temperature. To the dried
pellet 4% SDS buffer (4% SDS (w/v), 50 mM TEA, 150 mM NaCl, pH 7.4) was added,
and the pellet was sonicated to achieve a clarified solution. Then, the solution was either
added to 4x loading dye (240 mM Tris-HCI, 8% SDS (w/v), 0.004 % bromophenol blue
(to avoid fluorescence from the dye), DTT (5 mM final), and MilliQ water to a final
volume of 24 plor 4x loading dye (240 mM Tris-HCIL, 8% SDS (w/v), 0.004 %

bromophenol blue (to avoid fluorescence from the dye), DTT (5 mM final), 60 mM
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hydroxylamine (pH 7.2), and MilliQ water to a final volume of 24 pL. The samples were
heated to 95 °C for 10 min, followed by a brief centrifugation at 15,000 x g for 1 min. The
ladder (Bio-Rad, Precision Plus Protein™ Dual Color Standards) was diluted 10,000-fold
in 4% SDS buffer and 4x loading dye to avoid strong fluorescence from the ladder during
imaging. Samples were analyzed on a 4-12% Bis-Tris Nu-PAGE gel (Invitrogen). To each
well, 20 pg of labeled lysate was loaded, and the gel was run at 60 V for 30 min followed
by 120 V for ~90 min. The gels were destained (10% acetic acid, 40% methanol, 50%
water) for 1 hr to overnight in the dark followed by imaging the gel on a ChemiDoc imager
(Bio-Rad) using the Cy7 blot setting. To visualize the two fluorescent proteins of the
protein standard ladder, we used the rhodamine setting. The gels were also analyzed by

Coomassie Brilliant Blue R-250 staining (Bio-Rad) to ensure equal loading.

ix. Inhibition Kinetics of Mt-Sirt

Variable concentration of inhibitor in DMSO or water, fixed concentration of ACSK617W
succinyl peptide (100-200 uM), 50 mM Tris-HCI, | mM NAD", | mM DTT, pH 8.0, was
combined and then 0.05-0.2 uM of Mt-Sirt was added to initiate the reaction. The reaction
was allowed to incubate for 5-30 min at 37°C at which time it was quenched with 60 uL.
of 10% TFA in water which was followed by centrifugation for 10 min at 15,000 rpm to
remove the precipitated protein. The supernatant (110 uL) was loaded into a 96 well plate
and analyzed by HPLC (40 uL injection) with a Kinetex PS C18 reverse phase column
(Kinetex® 2.6 pm PS C18 100 A, LC Column 150 x 3 mm, Phenomenex) and analyzed

using a 10-min gradient: 95% H20/5% acetonitrile (MeCN) increasing to 60% H20/40%
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MeCN where all solvents contained 0.1% formic acid. Analysis of product peaks and
calculation of reaction velocity was conducted identically to that described in the steady-

state kinetics section.

x. Synthesis of Inhibitors of Mt-Sirt

benzyl tert-butyl (6-0x0-6-(phenylamino)hexane-1,5-diyl)(S)-dicarbamate (Cbz-
Lys(Boc)-Aniline). Cbz-Lys(Boc)-OH (500 mg, 1.31 mmol) was added to a round bottom
flask and purged with Ar(g) and dissolved in anhydrous DCM (25 mL). Subsequently,
DIEA (687 uL, 3.94 mmol) and aniline (120 puL, 1.31 mmol) were added to the solution
followed by the dropwise addition of 50% T3P in ethyl acetate (1.56 mL, 2.63 mmol) to
the flask. Following two h, or until HPLC showed depletion of starting material the
reaction was quenched with H>O (20 mL), followed by washing of the organic layer with
H>0O (4x,20 mL), 0.5 M HCI1 (1 x 15 mL), and brine (2 x 20 mL). The organic extract was
dried over anhydrous NaSQs, filtered, and concentrated under reduced pressure and the
off-white solid was moved directly to the next step without purification. LC-MS #: 5.7
min, m/z 356.1 [M+1H, -Boc], C2sH33N30s, HF-18 Calcd. 456.24 [M+1H], 356.19 [M+1,

-Boc]

benzyl (S)-(6-amino-1-oxo0-1-(phenylamino)hexan-2-yl)carbamate (Cbz-Lys-Aniline
* TFA). Cbz-Lys(Boc)-aniline (482 mg, 1.06 mmol) was added to a flask and dissolved
in DCM (20 mL) under Ar(g) followed by the addition of 25% v/v trifluoroacetic acid

(TFA), 6.5 mL). The reaction was stirred for 4 h, or until deemed complete by TLC and
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LC-MS at which time solvent was removed under reduced pressure. This intermediate was
moved to the next step without further purification. LC-MS #r: 3.39 min, m/z 356.1

[M+1H], C20H25N303, Calcd. 356.19 [M+1H]

benzyl  (S)-(1-oxo-1-(phenylamino)-6-thiocyanatohexan-2-yl)carbamate  (Cbz-
Lys(SCN)-aniline. Cbz-Lys-aniline * TFA (150 mg, 0.42 mmol) was added to a vial and
purged with Ny followed by the addition of anhydrous THF (6 mL). To this solution,
solid 1,1'-thiocarbonyl diimidazole (90 mg, 0.51 mmol) and triethylamine (TEA, 145 uL,
1.05 mmol) were added and the reaction was allowed to proceed overnight at RT. The
crude reaction mixture was concentrated under reduced pressure and dissolved in ethyl
acetate (40 mL) followed by washing with H O (15 mL, 3x), brine (15 mL, 1x). The
collected organic layer was dried over Na>SO4 and concentrated by rotary evaporation to
yield an off-white solid which was moved directly to the next step without further
purification. LC-MS #: 5.87 min, m/z 398.1 [M+1H], C21H23N303S, Calcd. 398.15

[M+1H]

benzyl (5)-(6-(3-methylthioureido)-1-oxo-1-(phenylamino)hexan-2-yl)carbamate (1).
Cbz-Lys(SCN)-aniline (50 mg, 0.125 mmol) was added to a vial and purged with Ny
followed by the addition of anhydrous N-N-dimethylformamide (DMF) (1 mL). To this
solution, methylamine (33% (w/w) in absolute EtOH, (17.5 pL, 0.18 mmol) and TEA (35
uL, 0.25 mmol) was added at 0°C. The reaction was allowed to warm to room temperature

and proceed overnight at RT at which time it was diluted in H>O and extracted with ethyl
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acetate (3x, 20 mL) and the organic layer was washed brine (15 mL, 2x), dried over dried
over Na;SO4 and concentrated by rotary evaporation. The crude material was dissolved in
a small volume of DMF and subjected to semi-preparative HPLC yielding the pure title
compound as a white solid (47.2 mg, 92% yield). LC-MS #r: 4.80 min, m/z 429.1 [M+1H],

C2H28N40sS, Caled. 429.19 [M+1H]

benzyl (S)-(6-(3-dodecylthioureido)-1-oxo-1-(phenylamino)hexan-2-yl)carbamate.
(2) Cbz-Lys(SCN)-aniline (50 mg, 0.125 mmol) was added to a vial and purged with Ny
followed by the addition of anhydrous DMF (1 mL). To this solution, dodecylamine (35
mg, 0.19 mmol) and TEA (35 pL, 0.25 mmol) was added at 0°C. The reaction was allowed
to warm to room temperature and proceed overnight at RT at which time it was diluted in
H>O and extracted with ethyl acetate (3x, 20 mL) and the organic layer was washed brine
(15 mL, 2x), dried over dried over Na;SO4 and concentrated by rotary evaporation. The
crude material was purified silica column chromatography (30-50% ethyl acetate/hexanes)

which following concentration under reduced pressure yielded 48.6 mg, 69% yield as a

white solid. LC-MS #: 7.6 min, m/z 583.3 [M+1H], C33Hs50N403S, Calcd. 583.36 [M+1H]

tert-butyl 2-isothiocyanatoacetate. t-butyl glycinate (500 mg, 3.8 mmol) was added to a
round bottom flask, purged with Ar(g), followed by the addition of DCM (25 mL). To this
solution triethylamine (2.64 mL, 19 mmol) and carbon disulfide (0.69 mL, 11.4 mmol)
were added followed by stirring the solution for 1 h. The reaction mixture was then cooled

to 0°C in an ice bath and 50% T3P in ethyl acetate (4.52 mL, 7.6 mmol) was added

177



dropwise. The reaction was allowed to warm to room temperature and stirred for an
additional 2 h, or until TLC analysis showed reaction completion using a p-anisaldehyde
staining. Following completion, the reaction mixture was quenched with 10 mL of water
for 30 min to hydrolyze residual T3P and diluted with DCM (250 mL). The organic layer
was washed with H20 (2 x 20 mL), 1 M HCL (2 x 20 mL), H20 (2 x 20 mL), saturated
sodium bicarbonate (2 x 20 mL), H20 (1 x 20 mL), and brine (1 x 20 mL). The organic
extract was then dried over anhydrous NaSO4, filtered, and concentrated under reduced
pressure. The crude residue was purified via silica column chromatography (2% ethyl
acetate/hexanes) which following concentration yielded the title product as a pale yellow
liquid (460 mg, 69%). 'H NMR (400 MHz, CDCl3) & 1.44 (s, 3H), 4.03 (s, 1H). 3C NMR

(101 MHz, CDCl) 6 27.97, 47.06, 83.93, 138.21, 164.98.

tert-butyl 3-thiocyanatopropanoate. p-alanine t-butyl ester hydrochloride (1 g, 5.5
mmol) was added to a round bottom flask, purged with Ar(g), followed by the addition of
DCM (50 mL). To this solution triethylamine (3.84 mL, 27.5 mmol) and carbon disulfide
(0.99 mL, 16.5 mmol) were added followed by stirring the solution for 1 h. The reaction
mixture was then cooled to 0°C in an ice bath and 50% T3P in ethyl acetate (5.9 mL, 9.9
mmol) was added dropwise. The reaction was allowed to warm to room temperature and
stirred for an additional 2 h, or until TLC analysis showed reaction completion using a p-
anisaldehyde staining. Following completion, the reaction mixture was quenched with 10
mL of water for 30 min to hydrolyze residual T3P and diluted with DCM (500 mL). The

organic layer was washed with H20 (2 x 40 mL), 1 M HCL (2 x 40 mL), H20 (2 x 40
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mL), saturated sodium bicarbonate (2 x 40 mL), H20 (1 x 40 mL), and brine (1 x 40 mL).
The organic extract was then dried over anhydrous NaSO4, filtered, and concentrated
under reduced pressure. The crude residue was purified via silica column chromatography
(2% ethyl acetate/hexanes) which following concentration yielded the title product as a
pale yellow liquid (863 mg, 83%). '"H NMR (400 MHz, CDCls) & 1.49 (s, 1H), 2.61 (dd,
J=17.2,59Hz, 1H),3.75 (dd, J=7.2, 5.9 Hz, 1H). *C NMR (101 MHz, CDCl3) 5 28.02,

35.87,41.00, 81.82, 132.09, 168.96.

(S)-((5-(((benzyloxy)carbonyl)amino)-6-0x0-6-

(phenylamino)hexyl)carbamothioyl)glycine (3). Cbz-Lys-Aniline « TFA (50 mg, 0.14
mmol) was added to a round bottom flask, purged with Ar(g), followed by the addition of
anhydrous DMF (1 mL) and N,N-diisopropylethylamine (DIEA) (49 uL, 0.28 mmol).
Then, tert-butyl 2-isothiocyanatoacetate (27.2 mg, 0.16 mmol) was added to the flask
followed by stirring overnight at RT. Subsequently the reaction was diluted with H20,
extracted with ethyl acetate (3 x 100 mL) and the combined organic layers were washed
with brine (1 x 75 mL), dried over anhydrous NaSO4 and concentrated under reduced
pressure. The crude product was then dissolved in anhydrous DCM (2 mL) and 15% v/v
TFA (0.3 mL). Following 1 h, or upon completion as determined by LC-MS, the reaction
was concentrated under reduced pressure. Purification via semi-preparative HPLC yielded
(48.6 mg, 73.5% yield) All compounds were verified by NMR and HPLC-MS data. LC-

MS tr: 4.6 min, m/z 473.1 [M‘HH], C23H2sN40s8S, Calcd. 473.18 [M+1H]
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(S)-3-oxo-1-phenyl-5-(phenylcarbamoyl)-11-thioxo-2-oxa-4,10,12-triazapentadecan-
15-oic acid (4). Cbz-Lys-Aniline * TFA (50 mg, 0.14 mmol) was added to a round bottom
flask, purged with Ar(g), followed by the addition of anhydrous DMF (1 mL) and N,N-
diisopropylethylamine (DIEA) (49 pL, 0.28 mmol). Then, tert-butyl 3-
thiocyanatopropanoate (29.3 mg, 0.155 mmol) was added to the flask followed by stirring
overnight at RT. Subsequently the reaction was diluted with H20, extracted with ethyl
acetate (3 x 100 mL) and the combined organic layers were washed with brine (1 x 75
mL), dried over anhydrous NaSO4 and concentrated under reduced pressure. The crude
product was then dissolved in anhydrous DCM (2 mL) and 15% v/v TFA (0.3 mL).
Following 1 h, or upon completion as determined by LC-MS, the reaction was
concentrated under reduced pressure. Purification via semi-preparative HPLC yielded
(29.4 mg, 43% yield). LC-MS fr: 4.63 min, m/z 487.2 [M+1H], C24H30N40sS, Calcd.

488.19 [M+1H]

N2-(((9H-ﬂu0ren-9-yl)methoxy)carb0nyl)-N6-tetradecanethioyl-L-lysine (Fmoc-
Lys(thiomyr)-OH) A round bottom flask charged with Z-Lys(myr)-OH (1 g, 1.73 mmol)
and Lawesson’s reagent (630 mg, 1.56 mmol) was purged with Ny) yielding positive
pressure. Anhydrous THF (30 mL) was added and the reaction was allowed to react at RT
overnight. The solvents were removed and the crude reaction mixture was purified by
silica column (0.5% MeOH/DCM, 1% formic acid) to yield the title compound (250 mg,
24% yield). LC-MS #r: 8.1 min, m/z 595.3 [M+1H], C35sHs0N204S, Calcd. 595.35 [M+1H]
xi. Kinetic Analysis
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Replotting of the initial velocity data versus substrate concentration resulted in

hyperbolic plots which were fitted to eq. 1:

Vmax [S]

VSR8 (eq- 1)

Where Viax is the maximal velocity achieved, [S] is the molar concentration of the
substrate, and K, is the substate concentration at which the velocity is half Viax.

Thereby allowing determination of the rate of catalysis, or the k¢, using eq. 2:

Vmax = kcat [Et] (eq 2)

Where, kcat is the number of molecules made per enzyme per a unit of time and [Ei] is the

molar concentration of enzyme in the assay conditions.

Determination of the half-maximal inhibitory concentration (ICso) we fit the data to the

following equations:

100
v = (1 + 10([log1]—logICSO)) (eq 19)

Where [logl] is the logio of the inhibitor concentration in molar.

Or,
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_ Ymin + (ymax B ymin) 20
" (1 + 100ogicso-Tlogilh)) (eq.20)

Where ymin and ymax represent the lower and upper bound of the percent reduction of

enzyme activity and / is the Hill slope.
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C. Results and Discussion
i. Mt-Sirt Contains and Active Site YxxR Motif

Initial sequence alignment of M¢-Sirt with other known sirtuins revealed that it
contains an YxxR motif (Ys3; and Rse), reminiscent of human sirtuin 5 (hSirt5) and
bacterial sirtuins from E.coli and S. typhimurium (CobB) which also contain this
conserved motif (Figure 51A). Although we made extensive efforts to determine a crystal
structure of M¢-Sirt, we were unable to produce crystals that diffracted to high resolution.
Therefore, to try and better understand how this enzyme may function, we created a
homology model of the protein using Phyre2 (Figure 51B).?% Overlay of this homology
model with crystal structures of archaeal, human, and bacterial NAD* dependent sirtuin
enzymes assisted in identifying key active site motifs required for substrate recognition.
Initially, superposition with the structure of E.coli CobB (PDB: 6RXJ)?*% bound to an
acetyl lysine peptide resulted in a moderate overall structural homology with M¢-Sirt
(RMSD: 0.93 A). In particular, our attention was drawn to helix bundle six, which contains
the YxxR motif of CobB (Y92 and Ros) (Figure 51C). While the tyrosine residues of both
proteins overlaid nicely, we noticed that the Ros guanidinium group of E. coli CobB
pointed away from the active site cavity, while the Rse of Mz-Sirt pointed inward towards
this cavity. The positioning of Ros away from the active site cavity may be due to
electrostatic repulsion between the hydrophobic methyl of the bound acetyl lysine peptide
and the electropositive Ros guanidinium. Further, this “shift” is allowed as the area

proximal to Ros in the CobB structure contains a polar Qog residue that may afford
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Figure 51. Sequence Homology of M#-Sirt and Overlay of Homology Model

A. Sequence alignment of Rv1151¢ (Mz-Sirt) with two bacterial NAD" dependent deacylases and
human sirtuin 5. Blue highlighted regions demarcate 80% identity and the red highlighted regions
correspond to the YxxR motif of the enzymes. B. Homology model of Mt-Sirt. C. Overlay of Mt-
Sirt homology model (gold) with E.coli CobB (PDB: 6RX]J) (blue) bound to an acetylated peptide
(gray). D. Overlay of Mt-Sirt homology model (gold) with E.coli CobB (PDB: 6RXK) (blue)
bound to an butyryl lysine peptide (gray). E. Overlay of Mt-Sirt homology model (gold) with
human sirtuin 5 (PDB: 3RIY) (pink) bound to a succinyl peptide (cyan).
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hydrogen bonding with Ros guanidinium and a nonpolar Fo; which could afford cation-n
interaction.

Conversely, this type of movement is unlikely to be observed in Mz-Sirt, as the Qos
has been replaced with a leucine (Lso). Beyond this difference, it has been recently shown
in CobB that A7, in concert with I131, may play a role in the efficient catalysis of short
chain fatty acyl peptides through a substrate induced-fit mechanism.?*® Interestingly,
overlay of Mt-Sirt with CobB revealed that in lieu of an alanine at this position, M¢-Sirt
contained a serine (S37) (Figure 51C,D). Close inspection of CobB bound to a butyryl
lysine peptide (PDB: 6RXK) reveals that the methyl of the butyryl lysine group resides
proximal to A7 (3.4 A), whereas the observed proximity of the polar S37 of Mt-Sirt to the
overlaid butyryl lysine peptide may suggest M¢-Sirt has a reduced preference for short
chain hydrophobic lysine residues (Figure 51D). Subsequent alignment of the M¢-Sirt
model with the known desuccinylase, human sirtuin 5 (hSirt5), bound to a succinyl peptide
(PDB: 3RIY),? resulted in clear overlay of arginine and tyrosine sidechains of both M-
Sirt and hSirt5 (Figure 51E). In addition, hSirt5 and M#-Sirt both contain a hydrophobic
residue (Vios and Lss, respectively) where the Qog residue was seen for CobB. This
hydrophobic substitution would presumably disallow masking of the polar character of
the arginine guanidinium group, and thus may play role in the limited tolerance of hSirt5

287. 288 when compared to E.coli CobB.?%

for short chain hydrophobic lysine PTMs
Together, this information suggests that Mz-Sirt may prefer acidic lysine modifications,
such as succinyllysine, when compared to shorter chain hydrophobic PTMs such as

acetyllysine.?’% 287
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ii. Mt-Sirt Shows a Preference for N-succinyllysine

It has been previously shown that M¢-Sirt can utilize the acetyl-lysine containing
carboxybenzyl-lysine(acetyl)-7-amino-4-methylcoumarin (Cbz-Lys(acetyl)-AMC) as a
substrate, albeit no kinetic parameters were reported.””” Therefore, to test the ability of
Mt-Sirt to hydrolyze the amide bond of varied lysine PTMs, we synthesized six different
Cbz-Lys(R)-AMC substrates (Figure 52A). Initial analysis demonstrated that M¢-Sirt
tolerates all of the molecules as substrates, but most robustly deacylated Cbz-Lys(succ)-
AMC (Figure 52B). This is consistent with our hypothesis that M¢-Sirt has a preference
for succinyl lysine substrates and corroborates the recent finding that Mz-Sirt can
desuccinylate chemically succinylated EchA19, which was published while were
conducting this work.??’ Subsequent kinetic analysis determined that Mz-Sirt bound to this
succinyllysine substrate 10-fold tighter (Km = 16.5 uM vs. 155 uM) and catalyzed the
deacylation 1.6-fold faster (0.015 vs. 0.009 s!') when compared to its acetyllysine
counterpart (data not shown). While we were unable to conduct complete kinetic analysis
of these substrates due to poor solubility, we did note that Mz-Sirt exerts weak demalonase
and deglutarase activity, suggestive that the N-succinyl lysine PTM may provide optimal
binding interactions with the active site Ys3 and Rse. In addition, the poor activity observed
with short chain hydrophobic lysine PTMs may result from weak binding to the enzyme
(no saturation up to 250 uM for propionyl and butyryl, data not shown) due to the polar

character of Rsg or S37.
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Figure 52. Mt-Sirt Preferentially Catalyzes the Deacylation of Succinyl Lysine in vitro

A. Panel of 7-amino-4-methylcoumarin containing acylated mono-lysine compounds synthesized. B.
High performance liquid chromatography traces demonstrating the Rv1151c catalyzed hydrolysis of
the different acyl sidechains of the mono-lysine-AMC substrates shown in A. Reactions were carried
out with 50 uM substrate, 1 uM M¢-Sirt, 50 mM Tris-HCI, 1 mM NAD" and 1 mM DTT, pH 8.0 at
37°C for 30 min followed by quenching with 10% TFA v/v in water.
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iii. Design and Synthesis of an Acetyl CoA Synthetase-derived Substrate Series

As mono-lysine substrates containing a bulky, hydrophobic, N-terminal
carboxybenzyl and C-terminal 7-amino-4-methylcoumarin groups do not recapitulate a
protein or peptide substrate that Mz-Sirt would function on in the cell, we prepared a series
of peptidic substrates to gain further insight into the substrate specificity of this enzyme.
These peptides are derived from the acetyl CoA synthetase (ACS), specifically the
sequence encompassing lysine 617. This lysine residue has been shown to be acetylated
by Ms-Pat, a cAMP dependent GCNS5-related N-acetyltransferase (GNAT), which leads
to specific inactivation of the acetyl-adenylate forming reaction of ACS.?*? Reversion of
ACS activity is obtained by the removal of the acetyl group from K17 by Ms-Sirt,
underscoring how lysine PTMs can provide Mtb a reversible regulatory mechanism to
fine-tune the activity of metabolic enzymes.

These ACS peptides were prepared using solid phase peptide synthesis and were
six amino acids in length (Ac-RSGK(R)I-W-OH). Five of these residues comprised the
ACSKGs17 sequence (shown in italics) and the sixth is a C-terminal tryptophan residue to
aid in HPLC assay analysis and for purification ease. In these peptides R is made up a
variety of lysine PTMs, some of which are verified lysine PTMs that occur in Mtb, while
others have yet to be identified (Figure 53). Together, these substrates provide substantial

chemical diversity that allows us to probe the substrate specificity of M¢-Sirt.
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Figure 53. Structure of ACS Peptide Employed and of the Varied e-Amine Lysine
Groups Appended to this Peptide.
iv. Mt-Sirt is a Robust Desuccinylase and Fatty Deacylase

Characterization of M¢-Sirt deacylase activity with the synthetic acetyl CoA
synthetase Kgi17 derived peptides was performed using saturating NAD" (1 mM) and
variable peptide concentrations to determine the steady state kinetic parameters kcat,
K substrate, and keat/Kim substrate. Initially, we employed a nicotinamide coupled assay,’?’ to
determine deacylation rates of M¢-Sirt continuously, but owing to detection limitations for
poorer substrates and interference of fatty acyl peptides with the assay, we instead

employed a discontinuous HPLC based assay for all substrates. Consistent with our

previous analysis of the mono-lysine AMC substrates, M¢-Sirt displayed the highest level
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of catalytic efficiency for the succinyl lysine ACS modified peptide (kca/Km=3.8 £ 0.3 x
10° sec! M) (Figure 54). The enzyme displayed quite poor tolerance for the
malonyllysine peptide compared to the succinyllysine peptide (105-fold reduction in
kea/ Km, respectively), which was principally derived from a 32-fold increase in the K of
this substrate, suggesting the bound malonyl side chain may not be within hydrogen
bonding distance of Rss of M¢-Sirt, or may bind in a conformation that results in a clash

with hydrophobic residues proximal to Rse.
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Figure 54. Catalytic Efficiency of the ACS Peptide Substrates Tested
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Subsequent analysis of peptides containing short chain acyl groups, such as N-acetyl, -
propionyl, and -butyryllysine, also resulted in a marked decrease in catalytic efficiency
when compared to that of N-succinyllysine. This poor catalytic efficiency was also mainly
derived from heightened K (24.5- and 16-fold increase of Ky, of N-acetyllysine and N-
propionyllysine versus N-succinyllysine, respectively). To probe if the increased Km
resulted from the polar character of Rss and Ys3 we mutated these residues and conducted

kinetic analysis using both the propionyllysine and succinyllysine peptides.

A- 0.0015- B 0.0010~
E [ ° E 0.0008]
Q 9
S 0.0010- - W £ .
= o R.M = 0.0006~]
[4] 56 4] - Y F
E 53
ct g
5 s S 0.0004
$ 0.0005- 2
= =
= = 0.0002-
o T | T | 1 0. 1 1 | 1 U
200 400 600 800 1000 200 400 600 800 1000
ACSK617 propionyl (uM) ACSK617 propionyl (uM)
C " 0.0025+ D . 2250
2000
£ 0.00204 1750
@ <
ES o WT ' 1500
= 0.0015+ - Y. F <
g 53 = 12504
ES & 10004
S 0.0010- X
o 8 750
E <
=. 0.0005- 500}
250 °
0.0 | | 1 | | T T T T T
100 200 300 400 500 8 10 12 14 16
ACSK617 succinyl (uM) N-acyl chain length

Figure 55. Analysis of Mt-Sirt Mutants with Propionyl and Succinyl Peptides

A. Steady-state rates of WT and RssM M¢-Sirt with the ACSK617 propionyl peptide fit to
eq. 1. B. Steady-state rates of WT and Ys3F M¢-Sirt with the ACSK617 propionyl peptide
fit to eq. 1. C. Steady-state rates of WT and Ys3F M¢-Sirt with the ACSK617 succinyl
peptide fir to eq. 1. D. Plotting of the N-acyl carbon chain length of ACS peptides versus
kea/ Kim 0f the substrate. Line through data is determined by fitting to y = mx + b.
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Table 2. Steady-State Kinetics of Mz-Sirt Mutants with a Propionyl and Succinyl
Peptide

Substrate Enzyme keat (s) Kn (M) keat/ Km (s1 M)
ACSK617 Kprop YssF 0.06 = 0.008 1885 + 344 3.2+£0.7x 10!
RssM 0.1+0.02 196 + 28 5.1£0.1x10?
ACSK617 Ksucc Ys53F 0.09 £0.01 258 £ 89 32+1.0x10%
RseM N/A? N/A? N/A®?

aNo detectible product was formed in the presence of 200 uM ACSK617 Ksucc.

Steady state analysis of the propionyllysine peptide with a RssM mutant resulted
in a 2.1-fold reduction in the K, compared to wild-type M¢-Sirt (196 uM vs. 410 uM) and
a 1.25-fold increase in kcat (0.1 vs. 0.08 sec™!), respectively (Figure 55A, Table 2). Further
analysis with a M¢-Sirt Ys3F mutant led to a 4.6-fold increase in Km and a 1.3-fold decrease
in keae when compared to wild-type (Figure 55B, Table 2). In contrast, evaluation of the
succinyllysine peptide with the Rs¢M mutant with the resulted in no detectible
desuccinylase activity, which is consistent with previous findings in hSirt5 and highlights
the importance of this arginine residue.?®” The incubation with the succinylysine substrate
with the Ys3F mutant resulted in a 6.2-fold increase in the observed Km and a 1.8-fold
reduction in kcas when compared to wild-type (Figure 55C, Table 2).. In sum, substitution
of the polar arginine 56 with more nonpolar methionine affords enhanced selectivity and
slightly more robust catalysis for the short chain hydrophobic propionyllysine substrate,
but mutation of Ys3 to Fs3 results in kinetic perturbations for both substrates. This may
indicate that in addition to the phenol of Ys3 likely forming a hydrogen bond with the

succinyllysine peptide that this polar character may also be important in the positioning of
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other key active site residues required for efficient binding of the propionyllysine
substrate.

Beyond study of peptides containing short chain acyl and acidic lysine PTMs, we
also prepared longer chain fatty acyl lysine peptides. It has been observed that hSirt5,
which has a similar active site to Mz-Sirt (Figure 51), exhibits fatty deacylase activity.”
Therefore, we sought to determine if M¢-Sirt also has fatty deacylase activity. To our
surprise, we noticed that as acyl chain length extended beyond butyryllysine, M¢-Sirt
began to exert increasingly robust deacylation of peptide substrates, consistent with
efficient fatty deacylase activity (Figure 54). In fact, the best fatty acyl lysine substrate
(ACSK617 palmitoyl) exhibited only a 2-fold reduction in kca/Km When compared to the
succinyllysine substrate. We also noticed a linear correlation (R? = 0.95) between fatty
acyl lysine chain length (hexanoyl to palmitoyl) of the peptide substrate and catalytic
efficiency (Figure 55). Close inspection of the kinetic data reveals the major contributing
factor to this increase in kca/Km 1s derived from a reduction in K with respect to increasing
chain length of the fatty acyl lysine peptide. At present, no crystal structures of a sirtuin-
like enzyme containing a YxxR motif in complex with a fatty acyl peptide exist to our
knowledge. This lack of information into key binding interactions and possible structural
shifts that may occur upon fatty acyl lysine binding to hSirt5 and Mz-Sirt complicate our
ability to understand the key molecular interactions required for this activity.

Determination of such crystal structures should be the focus of future work.

v. Fatty Acylation of Proteins Occurs in the Mtb Proteome
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Being as we identified that M¢-Sirt can remove fatty acyl lysine PTMs, we sought
to determine the abundance of fatty acylated proteins in the Mtb proteome. Therefore, we
cultured an attenuated Mib strain (mc?7000) in the presence of the fatty alkyne metabolic
probe, Alk-12. Upon lysis of these cells, we conducted copper mediated click-chemistry
to append a fluorogenic Cy7 azide to the alkyne modified target proteins. Following
labeling, we treated the samples with hydroxylamine to remove any thioester linked fatty
acids, thereby, in theory, leaving only proteins containing amide-linkages to the fatty
alkyne probe. Resolving the samples with gel electrophoresis, followed by visualization
using in-gel fluorescence, identified a reasonable abundance of Alk-12 modified proteins
that exist in the Mtb proteome; thus, suggestive that the fatty deacylase activity of M¢-Sirt

may play relevant and yet to be described intracellular roles.

A. wier® 0 -+ B. me? 7000
N aygf _ I I B
S @""92 Alk-12 oE e e e .
Alk-12 Lyse cells jﬁ» o

s Cy7-N; - - + + - - + +
—o® -
¢ Hydroxylamine - + - + - + - +
o ~ Q’w%'g
HOW ‘ Cy7-N,
"
) Click In gel
Chemistry fluoresgcence
75kDa —
P S J”ﬂ?
Cn ,—‘YM? 0 N
5"% doli o
’w-{‘;(w"{:;*a N i o o
. A Treat with
) QT gy O Qi
leﬂIN»N —

O ’w" s 6 ’ 25kDa —
@

Figure 56. Mtb Proteins are Labeled with Alk-12
A. Method of using Alk-12 to detect fatty acylation in Mzb. B. Profiling of mc¢?7000 with
Alk-12.

vi. Inhibition Analysis of Mt-Sirt
194



We initially tested the ability of the known sirtuin inhibitors nicotinamide (NAM),
adenosine 5'-diphosphoribose (ADPR), and B-nicotinamide adenine dinucleotide, reduced
(NADH) to inhibit Mz-Sirt in the presence of saturating succinyllysine peptide (200 uM)
and NAD" (1 mM) (Figure 58B, Table 3). We observed that NAM was a moderate
inhibitor of M¢-Sirt, with an ICso of 530 = 200 uM, while ADPR exerted weaker activity
of ICso = 3.0 £ 0.7 mM and NADH resulted in a mere 20% reduction of activity at a
concentration of 5 mM (Figure 58B, Table 3).

We next shifted to developing inhibitors for this enzyme that exploit its covalent
catalytic mechanism. Previous work has identified that thioamide and thiourea-based
inhibitors comprise specific and often potent mechanism-based inhibitors of sirtuins.?*?
This inhibition occurs through stalling the formation of the 1',2'-cyclic intermediate
between the 2' hydroxyl of the NAD ribose and the carbonyl oxygen of the peptide-derived
amide, as has been observed in crystallo.?*> ° Mechanistically, the exchange of the amide
carbonyl oxygen to sulfur is proposed to result in non-ideal bond angles for the attack of
the 2'-oxygen of the ribose ring into the 1'-S-alkylamidate intermediate when compared to
the 1'-O-alkylamidate (Figure 57).>°” Further, the poorer electrophilicity of the 1'-S-

27 To exploit this

alkylamidate also likely plays a role in this slowed transition.
phenomenon, we prepared thiourea inhibitors with a fixed carboxybenzyl-lysine-aniline

scaffold and varied thiourea motifs (1-4, Figure 58C) to elucidate which motifs are best

tolerated and result in robust inhibition.
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Figure 57. Proposed Mechanism of Thioamide/Thiourea Mechanism-Based

Inhibition of Sirtuins

Table 3. ICs¢s for Inhibition of Mz-Sirt with

NAM, ADPR, NADH, and Mechanism-
Based Inhibitors

Inhibitor ICso (uM)
NAM 530 +200
ADPR 3000 + 715
NADH >5000?
1 >100°
2 6.8+1.2
3 >100°
4 184 + 59
ACSK617 thiomyristoyl 4.6+24

Cso value could not be well determined
from the concentration-response curve (20%
at 5 mM)

YWe observed less than 10% reduction of
activity at 100 pM inhibitor concentration.
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These inhibitors were synthesized by preparing and coupling the appropriate #-butyl

298 with the e-amine of Cbz-Lys-aniline, followed by acidic deprotection

isothiocyanate,
of the #-butyl group to yield the desired thiourea, or by converting the e-amine of Cbz-
Lys-aniline to an isothiocyanate, followed by reacting a primary amine of interest with the
isothiocyanate to yield the desired thiourea.?”” Analysis of these molecules identified that
thiourea mimics of succinyllysine and propionyllysine exhibited weak inhibition of M¢-
Sirt (<10% reduction of activity at 100 uM). The addition of a methylene to the thiourea
succinyllysine mimic, to make a thiourea mimic of glutaryl lysine, resulted in moderate
inhibition with an ICso of 184 + 59 uM (Figure 58D). Consistent with our kinetic analysis

showing fatty acyl lysine peptides had low K, the production of a thiourea mimic of

myristoyllysine proved to provide a potent M¢-Sirt inhibitor with an ICso of 7.0 £ 0.3 uM.
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Figure 58. Inhibition of M#-Sirt with NAM, ADPR, NADH, and Mechanism-Based
Inhibitors.

A. Structures of NAM, ADPR, and NADH. B. Residual activity of M¢-Sirt observed in
the presence of varied inhibitor with fixed NAD (1 mM) and peptide substrate (200 uM
ACSK617 succinyl). C. Structures of thiourea containing mechanism-based inhibitors
prepared. D. Residual activity of Mz-Sirt observed in the presence of varied inhibitor
using the same conditions as B. E. Structure of thioamide containing peptide inhibitor of

Mt-Sirt. F. Residual activity of M¢-Sirt observed in the presence of varied inhibitor using
the same conditions as B.
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Production of a hexapeptide containing thiomyristollysine yielded a nearly equipotent
inhibitor of M¢-Sirt (ICso = 4.6 + 2.4 uM), which, assuming competitive inhibition, would
yield a Kjof 1.3 +£0.7 uM (Figure 58F). We do note that this class of inhibitors may exhibit
time-dependent behavior, as has been previously displayed,?”# and thus these inhibition
values only report on a “snapshot” of the inhibition at a 30-min incubation in the presence
of substrate (2.4x Km). Also, we note that the enzyme always exhibited some level of
residual activity in the presence of the thioamide and thiourea containing inhibitors, even
at concentration 10x higher than ICso. This residual activity was greater with our thioamide
containing peptide, consistent with recent findings that dethioacylation of the thioamide
peptides occurs more robustly than previously thought.’”” While these findings observed
that dethioacylation occurred with less efficiency as acyl chain length increased, we did
indeed note thiodeacylation of our thiomyristoyl peptide when incubated with M¢-Sirt and

NAD" in the absence of substrate (data not shown).

D. Conclusions and Future Outlooks

Through a combination of sequence alignment and homology modeling, we
proposed that M¢-Sirt, the sole Sir2-like lysine deacylase of Mtb, may exert robust lysine
desuccinyase activity. Synthesis and steady-state characterization of mono-lysine and
peptide substrates containing varied N-acyl modifications with M¢-Sirt verified the
enzyme was highly active against succinyllysine containing substrates, but also
unexpectedly identified that it catalyzes efficient lysine fatty deacylation. Using a fatty

acid metabolic alkyne probe, we identified that fatty acylation of M¢b proteins occurs in
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cells, suggesting that the fatty deacylase activity of Mz-Sirt may play yet uncharacterized
role in Mtb. Analysis of the known sirtuin inhibitors, nicotinamide and adenosine 5'-
diphosphoribose, effected moderate inhibition of the enzyme, while reduced B-
nicotinamide adenine dinucleotide was a poor inhibitor. Subsequently, we identified that
mechanism-based thiourea and thioamide inhibitors mimicking myristoyllysine were
potent against the enzyme (ICso = 4.6-6.8 uM). Together, this comprises the first
comprehensive characterization of the enzyme Mt-Sirt from Mtb and may serve to assist
in better understanding the complex landscape of lysine post-translational modifications
in this deadly pathogenic bacterium. Future experimental efforts will benefit from working
to identify the key intracellular targets of M¢-Sirt and elucidating how this enzyme may

regulate metabolic enzymes which undergo post-translational modification.
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CHAPTER VI
A CLINICAL-STAGE PROTEASE INHIBITOR BLOCKS SARS-COV-2 INFECTION

OF HUMAN AND MONKEY CELLS*

A. Introduction

The COVID-19 outbreak of 20193 392 has led to a global health crisis of a
magnitude not seen since the influenza pandemic of 1918. By March 2021, more than 118
million people have been infected worldwide, including more than 29 million in the US.3%*
304 Accordingly, there is an urgent need for the rapid identification of therapies that limit
the pathology caused by SARS-CoV-2 for the management of COVID-19.3%: 3% The
severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS)
outbreaks of 2003 and 2012,%%” 3% caused by betacoronaviruses highly related to SARS-
CoV-2 provided important clues to the mechanism of viral infection of host cells. Two
virally encoded cysteine proteases, 3CL protease (3CLpro)*” and a papain-like protease

(PLpro)*"” are essential to coronaviral maturation.

*This work has been published in and is reprinted in part with permission from: Mellott,
D. M., Tseng, C.-T., Drelich, A., Fajtova, P., Chenna, B. C., Kostomiris, D. H., Hsu, J.,
Zhu, J., Taylor, Z. W., Kocurek, K. I., Tat, V., Katzfuss, A., Li, L., Giardini, M. A,
Skinner, D., Hirata, K., Yoon, M. C., Beck, S., Carlin, A. F., Clark, A. E., Beretta, L.,
Maneval, D., Hook, V., Frueh, F., Hurst, B. L., Wang, H., Raushel, F. M., O’Donoghue,
A.J., de Siqueira-Neto, J. L., Meek, T. D., and McKerrow, J. H. (2021) A Clinical-Stage
Cysteine Protease Inhibitor blocks SARS-CoV-2 Infection of Human and Monkey Cells,
ACS Chemical Biology 16(4), 642-650. Copyright 2021 by American Chemical Society.
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Figure 59. Cellular Entry of SARS-CoV-2.

Initial binding of a spike protein coating the viral capsid to the angiotensin converting
enzyme 2 (ACE-2 receptor) results in attachment of the viral particle to the cellular
surface. Subsequently the spike proteins of the capsid can undergo proteolysis via the
transmembrane protease serine-2 (TMPRSS2) and furin-like proteases on the extracellular
surface which can allow for efficient plasma membrane fusion into the intracellular space
where the virus can replicate. Alternately, the viral particle receptor mediated endocytosis
whereby the spike protein is proposed to undergo proteolytic processing by the cysteine
protease cathepsin L (CTSL) at a site known as the S1/S2 site. Proteolysis at this site
allows for the virus to efficiently leave the endocytic space and enter the intracellular
milleu where it can replicate.
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In addition, the trimeric coronaviral spike glycoprotein of SARS-CoV-2 (76% sequence
identity to SARS-CoV-1 spike protein®!?), is involved in the fusion of the viral envelope
with mammalian cell membranes, followed by the release of the genomic viral RNA and
the nucleocapsid complex into the host cell. ** 3! Studies of the SARS-CoV-1 spike

protein reveal that it adheres to the extracellular domain of the angiotensin converting
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Figure 60. SARS-CoV-2 Genome and Key Proteins Produced

The SARS-CoV-2 genome is comprised of 12 canonical viral open reading frames
(ORFs) which together comprise ~30,0000 nucleotides. The ORF1a and ORF1b contain
the primary nucleotide content and are translated into two polyproteins (ppla and
pplb). These polyproteins undergo excision from these polypeptide chains by the viral
proteases 3CLpro and PLpro (cut sites shown as green and blue triangles, respectively)
to produce 16 viral proteins. In addition, other proteins (spike, membrane, envelope,
nucleocapsid, and accessory proteins) are produced independent of proteolytic
processing.

enzyme-2 (ACE2) receptor in susceptible human cells.?/% 312 313 Tn SARS-CoV-2, the
receptor binding domain of the spike protein subunit S1 binds to the ACE2 receptor, and

subunit S2 is involved in the viral cell membrane fusion to facilitate viral entry.** 34 Prior
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to cellular entry, the spike protein requires processing by host cell proteases for activation
(Figure 59).9% 122:313. 315 In particular, the transmembrane protease serine-2 (TMPRSS-2),
the cysteine protease cathepsin L (CTSL), and furin-like proteases, have been proposed to
play a role in preparing SARS-CoV-2 to enter cells by either endocytosis or traversing the
cellular membrane.?? 122 314,316,317

The proposed roles of host proteases in viral infection have stimulated studies to
explore whether serine and/or cysteine protease inhibitors reduce coronaviral entry.
Inhibitors of TMPRSS-2, such as camostat, reduced infectivity in selected human cell
lines.”” Broad spectrum cysteine protease inhibitors, such as E-64d, also inhibited
coronaviral entry in certain cell types.®> 36 317 Riva et. al also reported in a drug

repositioning screen that several cathepsin inhibitors have the ability to block SARS-CoV-

2 entry into cells at sub-micromolar concentrations.?’%
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Figure 61. Structure of K777 and its Alkyne Analog.

Chemical Mechanism of Irreversible Covalent Inactivation of Clan CA Cysteine
Proteases

K777 (also known as, K11777, S-001, SLV213, 4-methyl-N-((S)-1-ox0-3-phenyl-1-(((S)-
1-phenyl-5-(phenylsulfonyl)pentan-3-yl)amino)propan-2-yl)piperazine-1-carboxamide)
is a highly potent, irreversible, covalent inhibitor of mammalian cathepsin L and other

cysteine proteases of clan CA (Figure 61).7% 320 K777 was originally developed as an
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inhibitor of cathepsin S,*”* but later showed promise as an anti-parasitic agent.’?*-3?0 In
2015, Zhou and colleagues reported that K777 blocked entry of pseudovirus forms of
SARS-CoV-1 and MERS into Vero E6 or HEK293 cells, likely due to inactivation of
cathepsin L (CTSL) on cell surfaces and/or within endosomes.’?? These results suggested
that K777 might also be a potential therapeutic agent for the treatment of COVID-19. Here
we show that K777 blocks CTSL-mediated processing of the spike protein, and blocks
infection of SARS-CoV-2 in several mammalian cell lines. In addition, Selva Therapeutics
has an open IND with the FDA for K777 as a possible therapeutic treatment of COVD-19

infection (communicated by Selva Therapeutics, Del Mar, CA).

B. Experimental Methods and Materials

i. Chemicals and Proteins

The synthesis of K777, its N-propargyl analog, are described elsewhere.>> 3! Cyanine7-
azide was obtained from Click Chemistry Tools. Recombinant proteases were obtained
from the following vendors: human cathepsin L (Millipore Sigma, Athens Research and
Technology, Inc., or R&D Systems, SARS-CoV-2 PLpro (Acro Biosystems, PAE-
C5184), human cathepsin S (Millipore Sigma), bovine spleen cathepsin C (Millipore
Sigma), human liver cathepsin B (Millipore Sigma), and human cathepsin K (Enzo
Sciences, Inc.). Substrates were purchased from the following vendors: Z-FR-AMC (EMD
Millipore), GF-AMC (MP Biomedicals), and Z-LR-AMC (Enzo Life Sciences, Inc.).
Recombinant SARS-CoV-1 spike protein was obtained from SinoBiological and the

SARS-CoV-2 spike protein was obtained from Genscript and Acro Biosystems.
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ii. Cell Cultures, SARS-CoV-2 Infection, and Evaluation of Protease Inhibitors in a
Coronaviral Infection Assay

All methods used to conduct these experiments can be found in Mellott ef al.’?*

iii. Expression and Purification of 3CLpro

Based on the three-dimensional structure of SARS CoV-2 3CLpro (PDB 6Y84.pdb)*?7,
we designed expression constructs comprising nucleotides 10055-10972 of ORF1AB
from GenBank (protein ID QHO62106.1, genome sequence MN988668.1, which encodes
306 amino acids.’?® This gene was E. coli optimized and ligated into the into the BamHI
and Xhol restriction sites of the pGEX-6p1 plasmid (Genscript, USA), resulting in the
3CLpro coding sequence being flanked by an N-terminal GST domain followed by a
3CLpro cleavage sequence (SAVLQ*SGF) and an C-terminal sequence containing a
modified PreScission protease sequence (SGVTFQ*GP) preceding a Hiss sequence.” 3%
Upon expression, auto-proteolysis from 3CLpro removed the N-terminal GST tag,
yielding the authentic N-terminus (Ser-Gly-Phe). Purification of the processed protein
using immobilized nickel affinity chromatography, followed by treatment with HRV 3C
protease then generates 3CLpro with authentic N and C termini. This construct was
transformed into BL21-DE3 E. coli cells for protein expression and a single colony of the
transformed cells was used to inoculate a culture of LB broth containing 100 ug/mL
ampicillin and was incubated at 37°C overnight. Subsequently, 1 L of LB media
containing 100 ug/mL ampicillin was inoculated with the starter culture, and incubated at

37°C until reaching O.D. 600 of 0.6-0.8, at which time expression was induced by the
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addition of 1 mM isopropyl B-thiogalactoside (IPTG). The cells were allowed to continue
growth at 37°C for 4-5 h. and were then harvested by centrifugation (6,300 g at 4°C), and
either stored at -80°C or lysed immediately for purification. Cells were suspended in 12
mM Tris-HCI, 120 mM NaCl, 0.1 mM EDTA, 2 mM DTT, pH: 7.5 (Buffer A). The cell
slurry was then lysed using either a French press (25,000 psi) or by sonication. Lysates
were centrifuged at 26,000g to remove cell debris, and clarified lysates were filtered with
a 0.45 pm filter. The filtrates were loaded onto a HisTrap HP column (GE Healthcare),
and washed with Buffer A. This was directly followed by elution using a linear gradient
to 35% buffer B (12 mM Tris-HCI, 120 mM NacCl, 500 mM imidazole, 0.1 mM EDTA, 2
mM DTT, pH: 7.5) over 25 column volumes. The fractions containing pure 3CLpro-
PreScision site-Hiss protein, as determined by SDS-PAGE, were pooled, and the protein
concentration was determined using the presumed monomeric molecular weight of 33.9
kDa and an extinction coefficient of 32,800 M™! cm!. 3CLpro was twice dialyzed against
buffer A at 4°C. Proteolysis of the C-terminal Hg tag of the auto processed translated gene
product from the pGEX-6p1 plasmid (3CLpro-HRV 3C protease-Hiss) was conducted by
incubating 3.5 units of Pierce™ HRV 3C Protease (Thermo Fisher Scientific) per mg of
3CLpro overnight at 4°C overnight in buffer A. Subsequently, the protein mixture was
successively loaded onto a 5 mL GSTrap HP column and a 5-mL HisTrap HP column (GE
Healthcare), to remove the GST-fused HRV 3C protease and undigested Hs tagged
protein. The flow through was collected, analyzed by SDS-PAGE, and pure fractions of
the tagless 3CLpro were pooled and concentrated (10 kDa molecular weight cutoff filter,

GE Healthcare). The protein was deemed to be >95% pure by SDS-PAGE, and was stored
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at — 80°C in 12 mM Tris-HCIL, 120 mM NacCl, 0.1 mM EDTA, 2 mM DTT, (pH 7.5) with
50% glycerol (v/v). Analytical gel filtration using a Superdex 200 Increase 10/300 GL
column (Buffer A at a flow rate of 0.7 mL/min), indicated that native 3CLpro was the

expected homodimer.

iv. Kinetic Analysis of SARS-CoV-2 Proteases

Recombinant SARS-CoV-2 3CLpro (25-50 nM) was assayed at 25°C in 50-uL reaction
mixtures containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 2 mM DTT,
and 10% DMSO in 96-well plates (Greiner, flat-bottom half volume, clear black plates),
using the FRET-based substrate Abz-SAVLQSGFRK(DNP)-NH2 wherein peptidolysis
was measured at 320/420 nm (ex/em) (Biotek® Synergy M2) in the presence and absence
of 0-50 uM K777 in duplicate. Recombinant SARS-CoV-2 PL was assayed in 50 mM
HEPES pH 7.5, 5 mM DTT, 0.1 mg/mL BSA, 2% DMSO, 50 uM Z-RLRGG-AMC
(Bachem, 11690), and 10 nM PLpro, where rates in the presence and absence of K777

were measured at 360/460 nm (ex/em).

v. Kinetic Analysis of K777 as an inhibitor of Clan CA Cysteine Proteases

Assays were conducted at 25°C in 50 mM sodium acetate (pH 5.5), 1 mM EDTA, | mM
CHAPS, 10% (v/v) DMSO, and 5 mM DTT containing 28 ng/mL (~ 1 nM) cathepsin B ,
1.1-1.9 ng/mL (~30-50 pM) cathepsin S, 8.3 ng/mL (~320 pM) cathepsin K, 25 ng/mL
(~1 nM) cathepsin L, and 3.3 pg/mL (~132) nM in the presence of 0-0.1 mM K777 and

0.01 mM Z-FR-AMC for cathepsin S, cathepsin B, and cathepsin L, GF-AMC for
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cathepsin C, and Z-LR-AMC for cathepsin K) 96-well black microplate (Corning
Costar®). Rates of peptidolysis of the dipeptide-AMC substrate(s) were measured at either
a SpectraMax M5 (Molecular Devices) in or a Synergy HTX (Biotek, Wisnooki, VT)
microplate reader with Aex = 360 nm, Aem = 460 nm in 8-60 sec intervals.

To determine the mechanism of inhibition, cathepsin L (250 ng/mL) or cathepsin S (92
ng/mL) was incubated with 10 nM K777, cathepsin B (490 ng/mL) or cathepsin K (97
ng/mL) with 200 nM K777, and cathepsin C (37.3 pg/mL) with 100 uM K777 for 1 h at
room temperature, followed by 50-fold dilution into assay buffer and their residual activity

was measured under nearly identical conditions to assay described above.

vi. Fitting of Kinetic Data

For cathepsins that were irreversibly inactivated by K777 the data was fit to:
Product = (-2)(1 — e~kebs+t) (eq 3)
where V, is the initial rate, ko is the observed rate of inactivation, and ¢ is time.

For cathepsins that were reversibly inactivated by K777 the data were fit to:

V, =V
Product = Vit + ( 2 . (1 — e"“’bs*t) (eq.21)

where Vo and V; are respectively the initial and steady-state rates, and kovs is the rate

constant of conversion of Vo to Vi, and t is time.

The observed rates of inactivation were then replotted as a function of K777 concentration

and fit to:
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Kinact*!
kobs = kreact + ; (eq 10)
(K1(1+m)+l)

where kinact 1S the intrinsic rate of inactivation, Areact i the rate of reactivation, I is the
concentration of inhibitor: K777, Kj is the dissociation constant, S is the concentration of
substrate, and Ky is the Michaelis constant for the substrate. Ky was determined for
enzyme-substrate pairs by plotting observed catalytic rate versus substrate concentration
and fitting the data to the Michaelis-Menten equation (data not published). For irreversible

inhibitors, the rate of reactivation is essentially zero (i.e. kreact = 0).

When plots of kobs vs. [I] were not hyperbolic (lack of saturation with I), the second-order

rate constant was approximated from fitting the data to:

k:
kobs = < l;l(aCt)I + kreact (eq 11)
I

kreact Was determined through fitting the results of the jump-dilution experiment to eq.20.

For cases in which inhibition or inactivation was readily reversible, the steady-state rate

was plotted against concentration of K777 and fit to:

10 (eq. 22)

e

Rel. Activity =

where H is the Hill slope.

vii. In gel fluorescence of K777 alkyne treated Vero E6 cells Click Chemistry
K777 alkyne was added at concentrations of 1 pM to Vero E6 cells, with and without

infection by SARS CoV-2 viral particles at an Mol of 0.1. For samples treated with both
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K777 and the K777 alkyne, Vero E6 cells were first pre-treated with K777 (1 uM) for 1
h, prior to the addition of K777 alkyne (1 uM). Cell growth continued for 4 days, followed
by harvest, and ~ 20 million cells were suspended in 1 mL of lysis buffer (200 mM Tris,
4% CHAPS, 1M NaCl, 8 M urea, pH 8.0) and protease inhibitor cocktail (Sigma Aldrich,
#8340) at a ratio of 50:1 (v/v). Cells were lysed by sonication (ThermoFisher), protein
concentration was quantified by use of the BCA reagent (Pierce). Labeling of the K777
alkyne treated cell lysates occurred in a stepwise fashion whereby addition of TBTA in
1:4 DMSO: n-butanol (v/v) (100 uM final) was added to CuSQO4 in water (1 mM final),
followed by the addition of Cy7-azide (Click Chemistry Tools) in DMSO (20 uM final),
24 pg cell lysate, and finally sodium ascorbate in water (2.5 mM final). This reaction was
incubated at room temperature for 1.5 h, and quenched by the addition ice-cold methanol
(200 pL), chloroform (75 pL), and water (150 pL), followed by vortexing and
centrifugation at 15,000 x g at 4 °C for 15 min. The top layer of liquid was carefully
removed and discarded, and the protein precipitate formed between two liquid phases was
not disturbed. An additional 1 mL of ice-cold methanol was added into the tube, vortexed,
and centrifuged at 15,000xg at 4 °C for 20 min. The supernatant was discarded and this
was repeated an additional time. Following removal of the supernatant the protein pellet
was allowed to air-dry at room temperature. To the dried pellet 4% SDS buffer (4% SDS
(w/v), 50 mM TEA, 150 mM NaCl, pH 7.4) was added, and the pellet was sonicated to
achieve a clarified solution. Then, the solution was added to 4x loading dye (240 mM Tris-
HCI, 8% SDS (w/v), 0.004 % bromophenol blue (to avoid fluorescence from the dye),

DTT (5 mM final), and MilliQ water was added to a total volume of 24 pL. Samples were
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heated to 95 °C for 5 min, followed by a brief centrifugation at 5,000xg for 1 min. The
ladder (Bio-Rad, Precision Plus Protein™ Dual Color Standards) was diluted 10,000 fold
in 4% SDS buffer and 4x loading dye to avoid strong fluorescence from the ladder during
imaging. Samples were analyzed on a 4-12% Bis-Tris Nu-PAGE gel (Invitrogen). To each
well, 20 pg of labeled lysate was loaded, and the gel was run at 60 V for 30 min followed
by 120 V for ~90 min. The gels were destained (10% acetic acid, 40% methanol, 50%
water) for 1 h to overnight in the dark followed by imaging the gel on a ChemiDoc imager
(Bio-Rad) using the Cy7 blot setting. To visualize the two fluorescent proteins of the
protein standard ladder, we used the rhodamine setting. Densitometry of in-gel
fluorescence was conducted using ImageJ. The gels were also analyzed by Coomassie

Brilliant Blue R-250 staining (Bio-Rad).

viii. Mass Spectrometry for K777 Alkyne Enrichment Analysis

K777 alkyne’*?! was added at concentrations of 0-10 uM to Vero E6 cells. Cell lysates
were prepared as described above. Enrichment of alkyne-modified proteins was conducted
using the Click-&-Go Protein Enrichment Kit (Click Chemistry Tools) and the protocols
therein. The resin-bound proteins were reduced with DTT, alkylated with iodoacetamide,
and digested on resin using 1 pg of Trypsin Gold (Promega) at 37°C overnight with
agitation. The digested peptides were eluted from the column, desalted (Pierce™ C18
Tips, Thermo Fisher Scientific), concentrated to dryness, and suspended in 25 mM
ammonium bicarbonate. NanoLC-MS/MS analysis was performed using an UltiMate

3000 HPLC system (Thermo Scientific) coupled to a Thermo Scientific Orbitrap Fusion™
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Tribrid™ mass spectrometer. 1 pl of each sample was injected onto a PepMap100 C18 5
um trap cartridge (0.3 x 5 mm) followed by an Acclaim PepMap C18 column (0.075 mm
x 150 mm, particle size 3 um, pore size 100 A) at a flow rate of 30 ul/min. Peptides were
eluted at a flow rate of 0.2 pul/min, using 98% water/2% acetonitrile with 0.1% formic acid
(A), and 2% water/98% acetonitrile with 0.1% formic acid (B) as mobile phase. The
gradient used was as follows: equilibration at 2% B for 5 min, ramping up to 45% at 37
min, 90% B at 40 to 46 min, ramping down to 2% B at 47 min, followed by re-equilibration
at 2% B until the end of the run (60 min).

Following LC separation, samples were introduced into the mass spectrometer by
nanoelectrospray ionization at a spray voltage of 2450 V, with the ion transfer tube
temperature set to 275 °C. Data were acquired in top speed mode, with the cycle duration
set to 3 sec. Full scan data were acquired in the Orbitrap in the 400-1600 m/z range at a
resolution of 120,000 at m/z 200. MS/MS data were acquired in the ion trap in rapid scan
mode, using an isolation window of 1.6 m/z with HCD at a fixed normalized collision
energy of 28%. Dynamic exclusion was set to 60 sec.

Data were processed using MaxQuant 1.6.14. Label-free quantification was
enabled at the default parameters. The green monkey (Chlorocebus sabaeus) proteome
(UniProt ID UP000029965; 19,229 protein sequences) was used as the target database.
MaxQuant result files were analyzed using Perseus 1.6.14. Reverse hits, potential
contaminant hits, hits only identified by site, and hits for which only one peptide was
detected were removed. Only proteins which were not detected in the control samples

were considered. Intensity values were logarithmized. Finally, proteins which were
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detected in at least two test samples were hierarchically clustered at default parameters

(column clustering was disabled) and plotted as a heat map.

ix. Western Blotting

Cell lysates were prepared as stated above. Samples were separated via SDS-PAGE
(Invitrogen) and semi-dry transferred (Bio-Rad) onto an activated PDVF membrane (GE
Healthcare Life Sciences) followed by blocking with TBST/5% wt/vol non-fat milk (1 h,
RT). Anti-actin antibody (Sigma Aldrich) or anti-Flag (Cell Signaling Technologies) was
added at a 1:100,000 or 1:25,000 dilution respectively and incubated overnight at 4°C.
The membrane was washed 5x with TBST, probed with goat-anti rabbit HRP conjugate
antibody (1:3000) (Bio-Rad) in TBST/5% wt/vol non-fat milk (1 h, RT), washed (5x,
TBST) followed by addition of ECL substrate (Bio-Rad) and imaged (ChemiDoc, Bio-

Rad).

x. Statistical analysis.
All densitometry and gel quantification analysis was conducted using ImageJ.**’ For
analysis of the statistical significance of the changes in pixel intensity we used an unpaired

parametric t-test. P values <0.05 (*), <0.01 (**), <0.001 (***)

xi. Synthesis and Characterization of 3CLpro Peptide Substrate.
General synthetic considerations. The reagents and starting materials used were obtained

from commercial vendors and used as received without any purification. Reactions were
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carried in an inert atmosphere of nitrogen unless otherwise specified. Progress of the
reactions were monitored using Thin Layer Chromatography (TLC) and LC-MS analysis,
by employing an HPLC-MS (UltiMate 3000 equipped with a diode array coupled to a
MSQ Plus Single Quadrupole Mass Spectrometer, ThermoFisher Scientific) using
electrospray positive and negative ionization detectors. HPLC conditions used: column:
Phenomenex Luna 5 um C18(2) 100 A, 4.6 mm, 50 mm, Mobile phase A: water with 0.1%
formic acid (v/v). Mobile phase B: MeCN with 0.1% formic acid (v/v). Temperature: 25
°C. Gradient: 0—100% B over 6 min, then a 2 min hold at 100% B. Flow: 1 mL/min.
Detection: MS and UV at 254, 280, 214, and 350 nm. 'H/!3C NMR spectra were obtained
in CDClz, CD30OD, or DMSO-ds at 400MHz/100MHz at 298 K on a Bruker Avance III
NanoBay console with an Ascend magnet. The following abbreviations were utilized to
describe peak patterns when appropriate: br = broad, s = singlet, d = doublet, q = quartet,
t=triplet, and m = multiplet. The final compounds used for testing in assays and biological
studies had purities that were determined to be >95% as evaluated by their proton NMR
spectra and/or their HPLC/MS traces based on ultraviolet detection at 254 nm or 350 nm.
All reagents and starting materials were obtained from commercial suppliers, and used
without further purification unless otherwise stated. Solution phase reactions were
conducted under an atmosphere of nitrogen at ambient temperature unless otherwise
noted. Reaction progress was monitored using thin-layer chromatography and by HPLC—
MS (UltiMate 3000 equipped with a diode array coupled to an ISQ EM single quadrupole
mass spectrometer, Thermo Fisher Scientific) using electrospray positive and negative

ionization detectors. Reported liquid chromatography retention times (zr) were established
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using the following conditions: column: Phenomenex Luna 5 pm C18(2) 100 A, 4.6 mm,
50 mm; mobile phase A: water with 0.1% formic acid (v/v); mobile phase B: MeCN with
0.1% formic acid (v/v); temperature: 25 °C; gradient: 0—100% B over 6 min, then a 2 min
hold at 100% B; flow: 1 mL min!; and detection: MS and UV at 254, 280, 214, and 350
nm. Semi-preparative HPLC purification of compounds was performed on a Thermo
Fisher Scientific UltiMate 3000 with a single wavelength detector coupled to a fraction
collector. Purifications were conducted using the following conditions: column:
Phenomenex Luna 5 pm C18(2) 100 A, 21.2 mm, 250 mm; mobile phase A: water with
0.1% formic acid (v/v); mobile phase B: acetonitrile with 0.1% formic acid (v/v);

temperature: room temperature.

Fmoc-Lys(DNP)-OH. A round bottom flask charged with Fmoc-Lys-OH (2 g, 5.43
mmol) was purged with N> gas to yield positive pressure, followed by the addition of 50
mL anhydrous dichloromethane. Subsequently, DIPEA (2.84 mL, 16.3 mmol) was added,
followed by the dropwise addition of 1-fluoro-2,4-dinitrobenzene (700 pL, 5.54 mmol).
The mixture was allowed to react for 3.5 h at which time the reaction mixture was washed
with IN HCI (1 time), water (3 times), brine (1 time), dried over Na,SOs, and concentrated
under reduced pressure. The crude product was subjected to flash purification on silica
(2% MeOH:DCM), which following concentration under reduced pressure yielded a
bright yellow fluffy powder (1.89 g, 65% yield). LC-MS f&: 5.99 min, m/z 535.12

[M+1H], C27H26N4Os Caled. 535.18 [M+1H].
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Boc-2-Abz-OH. A round bottom flask charged with 2-aminobenzoic acid (2 g, 14.58
mmoles) was dissolved in 20 mL of water and the pH was adjusted to 8 by adding 10 N
NaOH dropwise. Subsequently, di-tert-butyl dicarbonate (3.5 g, 16.04 mmol) was
dissolved in 20 mL of anhydrous THF was added dropwise to the reaction which was
allowed to proceed overnight. The organic layer was removed under reduced pressure, and
the aqueous layer was acidified with 2N HCL and extracted with ethyl acetate 3 times.
The organic layer was washed with water (2 times), and brine (2 times), and dried over
anhydrous sodium sulfate, and removed under reduced pressure yielding an off-white
powder. (2.76 g, 81% yield) LC-MS #r: 5.36 min, m/z 236.08 [M-1H], Ci12H15sNO4 Calcd.

236.10 [M-1H].

Fmoc-SAVLQSGFRK(DNP)-NH: . To a syringe fitted with a frit, 200 umol of Rink
Amide AM resin (Novabiochem, 0.73 mmol/g) was washed with dichloromethane
(DCM), and swelled in N,N-dimethylformamide (DMF). The Fmoc resin was deprotected
using 20% piperidine in DMF (v/v) for 15 min (3 times), followed by five washes with
DMEF. Coupling of Fmoc-Lys(DNP)-OH was conducted using 3-fold excess of the amino
acid Versus resin loading 0.6 mmol), (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate
(COMU) (0.6 mmol), and DIPEA (1.2 mmol) under agitation for 3 h (2 times). Washing
of the resin with DMF, followed by ninhydrin analysis verified the coupling was complete.
The resin was then capped by 45 min of agitation with 25% acetic anhydride in DMF (v/v)

and DIEA (0.3 mmol), followed by DMF washes (5 times). Subsequent synthesis of the
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peptide occurred in a stepwise fashion: deprotection of the Fmoc protecting group by 20%
piperidine in DMF (v/v) for 15 min (2 times), DMF wash (5 times), ninhydrin analysis,
addition of Fmoc-AA-OH (0.6 mmol), COMU (0.6 mmol), and DIEA (1.2 mmol)
(allowed to pre-activate for 2 min prior to addition to resin) and coupling for 1 h, washing
of the resin with DMF (5 times), ninhydrin analysis, capping of unreacted amine groups
with 25% acetic anhydride in DMF (v/v) and DIPEA (0.3 mmol) for 15 min, and washing
of the resin with DMF (5 times). All steps were carried out under constant agitation. Test
cleavage of the peptide was conducted using ~5-10 mg of resin suspended in
hexafluoroisopropanol (HFIP) containing 0.5 N HCI (aq), 5% v/v water, and 2.5% v/v
triisopropylsilane for 2 h. The solution was then removed under a stream of N> gas, and
the resulting material was dissolved in acetonitrile, filtered, and analyzed by LC-MS,
showing that the peptide was the major product (m/z 740.4 [M+2H]; 1479.7 [M+1H] or
740.4 [M+2H] calcd.). The peptide-laden resin was then washed with DCM (3 times),

dried under vacuum, and stored in a desiccator for further synthesis.

Abz-SAVLQSGFRK(DNP)-NH;. To a syringe fitted with a frit, half of dry resin bound
Fmoc-(DNP)-Rink Amide peptide was suspended in DMF for 20 min. Treatment with
20% piperidine in DMF (v/v) for 15 min (3 times), followed by DMF washes (5 times)
and a ninhydrin test confirmed removal of the Fmoc group. To the free amine, Boc-2-Abz-
OH (0.3 mmol), COMU (0.3 mmol), and DIPEA (0.6 mmol) (allowed to pre-activate for
2 min) was added and allowed to couple overnight. The resin was washed with DMF (5

times), and the coupling was repeated for another 4 h to enhance the yield. The resin was
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then washed with DMF (5 times), DCM (3 times), and MeOH (3 times). Subsequent
cleavage of the peptide with HFIP containing 0.5 N HCI (aq), 5% v/v water, and 2.5% v/v
triisopropylsilane for 4 h (2 times) was followed by removal of the solution via rotary
evaporation, precipitation of the peptide in ice cold diethyl ether. The crude mixture was
solubilized in a small volume of DMF, and subjected to semi-preparative HPLC (5%-52%
B over 20 min, then 52-100% B to 26 min, and 100% B until 29 min at 21.2 ml/min). The
fractions containing pure peptide (=95% pure) were then lyophilized to yield a fluffy
yellow powder (42.4 mg, 29% yield as a formic acid salt) LC-MS #r: 5.36 min, m/z 688.89
[M+2H], 459.79 [M+3H], Cs1HgoN 19015 Calcd 1376.66 [M+1H], 688.83 [M+2H], 459.56

[M+3H].

C. Results and Discussion
i. K777 Blocks SARS-CoV-2 Infectivity of Host Cells

Table 4 shows ECso (or ECoo for Caco-2 cells) values for inhibition of viral
invasion of host cells by K777, usually assessed by reduction of the cytopathic effect
(CPE). The ECs is defined as the concentration of K777 that reduces viral infectivity by
50% whereas the ECoo reports on a 90% reduction. For Caco-2 cells, virus yield reduction
was used, as CPE was not observed. ECso values ranged from 4 nM for HeLa/ACE2 cells,
7 nM for Calu-3/2B4 cells, >70 nM for Vero cells, <80 nM for A549/ACE2 cells, and >10
micromolar for Calu-3 (ATCC) cells. Caco-2 cells showed an ECqg of 4.3 uM. No host
cell toxicity was seen for any cell line at inhibitor concentrations of 10-100 uM. The
differences between Calu-3 and Calu-3 2B4 cells is especially notable, and likely is the

result of enrichment of the ACE2 receptor in the latter cells.’’ Figure 62 shows an
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example of dilution curves used to calculate ECso values. For comparison, the ECop of the

known anti-viral remdesivir is 0.10 uM in the Caco-2 assay (data not shown)

Table 4. Anti-Coronaviral Activity of K777 in Infected Primate and Human Cells!

Inhibition of Viral Cytotoxicity to Host

Cell Line Cell Type Coronavirus Laboratory Infectivity Cells
ECsy or LC*** (uM) CCs) (uM)
Vero E6 Affican Green Monkey / SARS CoV-1* UTMB 2.5% >10
kidney epithelial
Vero E6 MERS* UTMB 0.62%** >10
Vero E6 SARS CoV-2* UTMB 0.62%** >10
Vero E6 SARS CoV-2 Usu <0.1 >10
Vero E6 SARS CoV-2 UCSD 0.07 >10
Caco-2 Human colon SARS-CoV-2 USuU 43 >10
AS49/ACE-2 Human lung carcinoma SARS CoV-1#* UTMB 0.08%* >10
expressing ACE-2 receptor

AS549/ACE-2 MERS** 0.08 >10
AS549/ACE-2 SARS CoV-2%* <0.08 >10

HeLa/ACE-2 Human cancer cells SARS CoV-2 UCSD 0.004 >10
expressing ACE-2 receptor

Calu-3/2B4 Human lung epithelial cells SARS CoV-2 UTMB [*** >10

Calu-3 Human lung epithelial cells SARS CoV-2 UCSD 3.7xx* >10

'Infected with 100* or 500%* viral particles/sample; Values of ECs, were obtained from multiple concentrations of K777 at which CPE is observed or
is not present. ***LC is the lowest concentration of K777 at which CPE is not observed. The laboratory sites in which these studies were conducted
are: UTMB, University of Texas, Medical Branch; USU, Utah State University; UCSD, University of California, San Diego.

K777

-o- \froE5/ SARS-Cov-2
= HalaACE2/ SARSCo\-2
-+ Cau3/SARSCoV-2

-

e 30,883

Antiviral activity (%9

[logM

Figure 62. Dose Dilution Curves for K777 Effect on
Virus Infection of Three Cell Lines
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ii. Analysis of K777 versus SARS-CoV-2 and Clan CA Cysteine Proteases

In assays carried out at both UC San Diego and Texas A&M University, there was
no inhibition of either the PL and 3CL proteases of SARS-CoV-2 (25-100 nM enzyme
concentration) at up to 100 uM K777 (Table 5; Figure 63). Conversely, K777 exhibited
potent activity against human cathepsin L, where the second-order rate constant of
inactivation, Kinact/Ki, was found to be 50-fold and 333-fold greater than cathepsin K and
cathepsin B, respectively (Table 5). K777 formed apparent irreversible covalent adducts
with these enzymes, but exhibited weak, slowly reversible, inhibition of cathepsin C, and

potent, but rapidly reversible inhibition of cathepsin S.
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Figure 63. K777 Does Not Inhibit SARS-CoV-2 3CLpro or PLpro.

Average initial rates determined upon incubation of 25 nM 3CLpro in the presence of
50 uM of Abz-Ser-Ala-Val-Leu-Gln*Ser-Gly-Phe-Arg-Lys-(DNP)-NH> with varied
concentrations of K777 (1-50 uM) at 25°C for 30 min. C. Average initial rates
determined upon incubation of 10 nM PLpro in the presence of the substrate Arg-Leu-
Arg-Gly-Gly-AMC with varied concentrations of K777 (1-50 uM) at 25°C for 30 min.
Data was fit to a straight line.
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Table S. Inactivation or Inhibition of Mammalian and CoV-2 Cysteine Proteases

Enzyme
Human Cathepsin L
Human Cathepsin K
Human Cathepsin B
Bovine Cathepsin C

Human Cathepsin S
SARS-CoV-2 3CLpro

kinact /KI (M-l S-l)
B+1)x10°
(6+2)x10*

(9 +4)x10°
(12+04) x10'"
ND
ND
ND

K, (nM) K inact 5™
50+20 0.013 +£0.002
400+ 100 0.022 £ 0.004
3,000 + 1000 0.026 + 0.007
>100,000 ND
20+0.17F ND
>100,000 ND
>100,000 ND

SARS-CoV-2 PL

“pH = 5.5 for cathepsins and pH 7.0 for CoV-2 proteases; ND, not determinable.
"Value approximated from slope of & o, vs inhibitor

*Value represents overall dissociation constant.
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Figure 64. Cathepsin L and B Inactivation by K777 and Replot of Inactivation
Rates Versus [K777].

Cathepsin activity monitored by hydrolysis of dipeptide-AMC substrates. Shown are
representative plots of inactivation where data was fit to eq. 3: A, C. Representative plot
of Cathepsin L (A) and B (C) inactivation with Z-F-R-AMC. B,D. Replot of kobs values
from A (B) and C (D) versus concentration of K777, fit to eq. 10 .
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iii. Activity-Based Protein Profiling of K777 Protein Targets in Vero E6 Cells.

We prepared a K777 analog, K777 alkyne*?!; (Figure 61) to elucidate the cellular
target(s) of K777. This activity-based protein probe has been used previously to identify
the cathepsin-L-like and cathepsin-B-like proteases found in the parasitic protozoan,
Trypanosoma brucei.*’! The K777 alkyne probe facilitates copper-mediated cycloaddition
chemistry between an azide and alkyne to both enrich target proteins for mass
spectrometry analysis, and for visualization of target proteins via in-gel fluorescence. In
both virally and non-virally infected Vero E6 cells, the protein(s) bound to the K777-Cy7
conjugate had a molecular weight of approximately 25 kDa (Figure 65A), a molecular
weight that could correspond to either cathepsin B (mature form: 25 kDa) or cathepsin L
(mature form: 24.2 kDa). To confirm that the specificity of the K777 alkyne was analogous
to that of K777, cells were also preincubated with 1 pM K777 prior to treatment with the

K777 alkyne probe.
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Figure 65. K777 Alkyne Specifically Targets a Non-viral Protein in
SARS-CoV-2 Infected and Uninfected Vero E6 Cells

A. Cy7 azide labeled proteins (SARS-CoV-2 infected and uninfected) at 1 uM
K777 alkyne is blocked by pre-treatment with 1 uM K777. B. Densitometry
analysis of A, and a replicate in gel fluorescence experiment. C. Blotting of
total B-actin levels in SARS-CoV-2 infected and non-infected cells. D.
Densitometry analysis of relative actin levels. E. Comparison of the signal
intensity of the 25 kDa band enriched in the presence of K777 alkyne (SARS-
CoV-2 infected and uninfected) versus the B-actin signal (SARS-CoV-2
infected and uninfected).
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This resulted in >80% blockage of the 25-kDa target protein signal in both virally and
non-virally infected cells (Figure 65B). As the other minor protein bands visualized were
unchanged upon K777 pre-treatment, it is concluded that these proteins are not targets of
K777.

When comparing the intensity of the 25-kDa band in SARS-CoV-2-infected cells
to that of its uninfected counterpart there was nearly a 5-fold decrease in intensity (Figure
65A-B). Reduction of the signal for this band in the virally infected samples may be due
to either a reduction of total protein or differential expression of the target(s) of the K777
alkyne. To investigate this, we immunoblotted the housekeeping protein human B-actin to
compare its relative amounts in both sets of samples. Upon quantifying the difference in
B-actin content between the SARS-CoV-2-infected and uninfected cells, we measured a
5.7-fold decrease in total B-actin signal in the Vero E6 SARS-CoV-2 infected samples
(Figure 65C-D). Comparison of the relative intensities of the f-actin band versus the 25-
kDa enriched protein for both SARS-CoV-2 infected and uninfected cells approximated a
1:1 ratio (Figure 65E). These results suggested that coronaviral infection of Vero E6
causes a global reduction in protein expression, in agreement with recent reports that non-

structural protein-1 of SARS-CoV-2 suppresses protein translation in infected cells.??
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Figure 66. Cathepsins B and L are Strongly Enriched Upon K777 Alkyne Treatment
A. Schematic of enrichment strategy employed to prepare samples for proteomic processing. B.

Heat map of proteomic data clustered from highest to lowest intensity. Intensity reports on the
summation of the peptide intensities within a particular protein group.
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iv. Identification of Cathepsin B and L as K777 Targets by Affinity Enrichment and
Proteomic Analysis.

To identify the molecular target(s) of the K777 alkyne, affinity enrichment and
proteomic analysis of treated Vero E6 cell lysates was carried out with variable
concentrations of the K777 alkyne (0-10 uM) (Figure 66A). 117 proteins at a false
discovery rate of 1% were identified, of which 65 were present in the K777 alkyne-treated
samples, but not the untreated control (Figure 66B). Proteins of the highest abundance in
the treated (5 and 10 uM samples), as determined by MaxQuant LFQ analysis,’?? were

cathepsin B (CTSB) and cathepsin L (CTSL).

v. Cathepsin L but not Cathepsin B Catalyzes Cleavage of the SARS-CoV-2 Spike Protein.

Having identified CTSB and CTSL as putative targets of K777 in cells, we sought
to elucidate the ability of these proteins to process the SARS-CoV-1 and SARS-CoV-2
spike (S) proteins in vitro. Previous studies of CTSL proteolysis of the SARS-CoV-1 S
suggested that CTSL functionally cleaves the S protein proximal to the S1 cleavage site
(Re67%Se6s) at Te7s*Me79, Which produces two polypeptides of ~90 and ~70 kDa
corresponding to the S1 and S2 domains, respectively.’!” This, coupled with extensive
biochemical and inhibitor-based studies, indicated that CTSL likely plays a role in viral
entry of SARS-CoV-1 via proteolytic processing of the S protein.’’? /% 317 These prior
studies, and recent studies in SARS-CoV-2, have failed to rule out the role of CTSB in the

312,316, 334

proteolytic processing of the CoV-1 and CoV-2 S proteins, as there is conflicting

evidence as to if the inhibitors used (CA-074 and CA-074-Me) can enter cells or exhibit
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selectivity towards CTSB.%” 337 Recently, Jaimes and colleagues analyzed the cleavage of
an 11 amino-acid FRET peptide corresponding to the unique S1/S2 multibasic site of
CoV-2 S protein (Mca-TNAPRRAR*SVA-Dnp), and determined that furin, trypsin, PC1,
matriptase, CTSB, and CTSL can catalyze cleavage of this peptide.’’d With regard to
cathepsins B and L, this is unsurprising given their proclivities for arginine residues in the
P sidechains of substrates.’3? In particular, this substrate should be processed by CTSB,
as this protease tolerates an alanine in the P> position of its substrates.**” Conversely, this
substrate should be less effective as a substrate of CTSL as this protease generally
recognizes substrates with a hydrophobic amino acid in its P> position.’3 /%’ Therefore, to
determine if these findings held true with SARS-CoV-2 S in vitro, we assessed the ability
of trypsin, CTSB, and CTSL to catalyze proteolysis of both recombinant, insect-cell
expressed SARS-CoV-2 S protein containing the intact S1, S2, and extracellular domains,
and a stable trimer of SARS-2-S expressed in HEK-293 cells containing R683A and
R685A mutations at the putative cleavage site of furin. As expected, trypsin (pH 7.5) was
able to catalyze cleavage of both proteins efficiently, producing two protein products
corresponding to the S1 and S2 domains, as previously reported. (Figure 67A,B). Recent
viral infectivity studies have shown that a mutant of the S1/S2 site retaining a singular
monobasic site (Res?) is still able to, albeit at lower efficiency, enter cells likely using both
the trypsin-like TMPRSS-2 and cathepsins.?*® Treatment of SARS-CoV-2 S protein with
trypsin and CTSL produced different protein fragments (Figure 68A), demonstrating that

the two proteases recognize different substrate sites in the CoV-2 S proteins tested.
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Figure 67. Processing of SARS-CoV-2 Spike Protein by Trypsin, CSTB, and
CTSL.

A. Trypsin proteolysis of SARS-CoV-2 S produced ~80 kDa and ~65 kDa fragments,
which can be blocked by leupeptin. B. Analysis of processing of the trimeric SARS-
CoV-2 S protein by trypsin (25 nM), CTSB (250 nM), and CTSL (250 nM) in the
presence and absence of inhibitors. C. Representative immunoblotting of trypsin treated
SARS-CoV-2 S demonstrates cleavage at the S1/S2 site, which results in signal for the
full length S protein and a ~65 kDa fragment corresponding to the cleaved S2 domain.
D. Immunoblotting of B demonstrates that the S1° product produced contains a C-

terminal He tag, suggesting that CTSL processing occurred in the S1 domain of the
protein.
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In addition, no proteolysis was observed with human CTSB for either CoV-2 S protein,
highlighting that the S1/S2 FRET peptides did not recapitulate the proteolysis seen with
recombinant CoV-2 S protein (Figure 68A, Figure 67A,B). In the presence of CTSL (at
pH 5.5, mimicking the pH of the endosome), we observed a prominent, seemingly
singular, ~120 kDa band for the monomer (Figure 68B, C) and ~140 kDa for the trimer
(Figure 67B); more extensive glycosylation in the latter accounts for its slightly higher
apparent molecular weight. The formation of a faint ~40 kDa band and indistinct protein
bands at less than ~40 kDa, suggest that more extensive proteolytic degradation of the
other protein product had occurred. As processing by both CTSL and trypsin resulted in
apparently identical products formed from the trimer and monomer CoV-2 S proteins, we
used the monomer throughout the remainder of the study.

We next directly compared the processing of the SARS-CoV-2 S to that of CoV-1
S. Treatment of the CoV-1 and CoV-2 S proteins with CTSL produced different
proteolytic fragments (Figure 68A), revealing that CTSL catalyzes cleavage at different
sites in the two proteins. With CoV-1 S protein, proteolysis catalyzed by CTSL produced
three unique bands, one at ~105 kDa, another at ~95 kDa, and a third poorly defined band
at ~55 kDa. Interestingly, CSTB-catalyzed proteolysis produced a band seemingly
analogous to that resulting from treatment with CTSL, as well as a poorly defined band at
~60 kDa. To identify which domain of the CoV-2 S protein was proteolyzed by CTSL, we
immunoblotted against the CTSL proteolyzed CoV-2-S protein containing a C-terminal
Flag epitope. We observed immuno-reactivity with both the intact S protein as well as the

~120 kDa protein fragment (Figure 68C), indicating that this ~120 kDa protein contains
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an intact S2 domain, and that CTSL catalyzes proteolysis in the S1 domain of intact CoV-
2 S at an unknown location, which we coin the S1° site). When comparing of the S1 and
S2 domains of CoV-1 S versus CoV-2-S proteins revealed that there is only a 64%

sequence identity between the S1 domain of these two proteins.’*’
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Figure 68. CTSL and CTSB Catalyze Differential Processing of the SARS-CoV-2
Spike Protein and CTSL Levels Vary in Cells.

A. Processing of SARS-CoV-1 spike protein and SARS-CoV-2 spike protein by CTSB
(250 nM) and CTSL (25 nM) B. Concentration-dependent cleavage of the SARS-CoV-2
spike protein by CTSL. C. Western blotting against the C-terminal FLAG epitope of
SARS-CoV-2 spike demonstrates that CTSL cleavage occurs in the S1 domain. D. CTSL
(25 nM) proteolysis of the SARS-CoV-2 spike protein is inhibited by K777. E. Western
blotting against CTSL shows differential expression between cell lines (P: pro form of
CTSL; M: mature form of CTSL). F. Densitometry analysis of the mature CTSL in E. G.
Activity of cell lysates with Z-FR-AMC in the presence and absence of inhibitors.
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Close analysis of structure of the CoV-2 S protein reveals multiple unresolved loop
regions, presumably of high disorder, in the S1 domain of the CoV-2-S structure which
comprise different primary sequences than that of CoV-1-S protein, tempting one to
speculate that one of these loop regions could be proteolyzed by CTSL.3#’

We next investigated the effects of added K777 on CTSL-catalyzed cleavage of
CoV-2-S protein. We observed robust inhibition of proteolysis of CoV-2 S protein by
CTSL in the presence of K777 (Figure 68D), suggesting that the inactivation of CTSL by
K777 in host cells may contribute to lowered viral infectivity. Together, these in vitro data
suggest that K777 effectively blocks processing of the CoV-2 S protein by CTSL, and that
the CoV-2 S protein is processed by CTSL at a proposed novel S1° site. Further studies
will be necessary to elucidate the biological significance of this altered processing, and
determine if this altered processing is indeed recapitulated in virally infected SARS-CoV-
2 cells or in animal models. In addition, the finding that CoV-1 S protein can be cleaved
in vitro by CTSB and CTSL may lend insight as to why K777 and other CTSL-specific
protease inhibitors have shown enhanced efficacy against SARS-CoV-2 infected cells
when compared to their effects on SARS-CoV-1. In particular, for K777, the potency of

inactivation of CTSL is approximately 330-fold greater than CTSB in vitro, which is

reflected in the ability of K777 to prevent CTSL-catalyzed processing of CoV-2 S.

vi. Cathepsin L is Present in All Cell Lines Tested but Levels Vary
Although K777 targets both CTSL and CTSB, inhibition of CTSL is responsible

for its potent antiviral effects. To investigate why virally infected A549/ACE2,
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HeLa/ACE2, and Vero E6 cells are more sensitive to K777 treatment than Calu-3 cells,
we determined the relative abundance of CTSL protein in each cell line. Human CTSL
shares 96% protein sequence identity with CTSL in African green monkeys and therefore
both the proprotein (upper band) and mature active enzyme (lower band) can be detected
by immunoblot using an anti-human CTSL antibody (Figure 68E-F). Mature CTSL was
8.8-fold and 8.7-fold higher in Vero E6 extracts compared to HeLa/ACE2 and A549
respectively. Under these exposure conditions, CTSL was not detectable in Calu-3 cell
extracts, consistent with low abundance of CTSL in Calu-3 cells as has been previously

described. 3¥/ 3%

The large difference in CTSL abundance between these cell lines was
further validated by quantitative proteomic analysis using a CTSL-derived peptide
(NHCGIASSASYPTYV) that is identical in humans and African green monkeys (data not
shown). This peptide was between 32- and 57-fold more abundant in Vero E6 cells
compared to the other three cell lines, therefore supporting the immunoblotting studies.
Finally, we quantified the specific activity of CTSL in all four cell lines using the
fluorogenic substrate Z-FR-AMC. The cell extracts were first treated with broad-spectrum
serine, aspartic acid, and metallo-protease inhibitors to inactivate non-cysteine proteases
that may hydrolyze this substrate. The remaining activity in each cell line was eliminated
by K777 confirming that only cysteine proteases were active in the non-K777 treated
samples. As K777 inhibits both CTSL and CTSB, we treated the cell lines with CA-074,
a selective CTSB inhibitor.%’ Cysteine protease activity in A549, HeLa/ACE2 and Calu-3

cell lysates was found to be mostly due to CTSB, while activity in Vero E6 cells was

mostly CTSL. The specific activity of CTSL was determined to be 0.1, 0.2, 0.5 and 36.7
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RFU s! ug! for Calu-3, A549, HeLa/ACE2, and Vero E6, respectively (Figure 68G)
revealing that cell lines used for SARS-CoV-2 infection assay have high variability in

CTSL abundance.

D. Conclusion and Future Outlook

Three host proteases, TMPRSS-2, furin, and CTSL, have been proposed as key
enzymes for the processing of the coronaviral spike protein.? 122 316317 In our analysis,
we have shown that K777, a potent inhibitor of CTSL activity, is also a potent anti-SARS-
CoV-2 infection agent in several host cell models. Although the maximal rates of
inactivation, kinact, for cathepsins L, B, and K are similar, the second-order rate constant
of time-dependent inactivation (Kinact/K1) varies by over two orders-of-magnitude for these
enzymes and by five orders-of-magnitude compared to cathepsin C, highlighting the
functional selectivity of K777 for CTSL. Using a propargyl analog of K777 as an affinity
probe, we determined that CTSB and CTSL were intracellular targets of this inhibitor in
Vero E6 cells. However only CTSL, cleaved the SARS-CoV-2 spike protein. This
cleavage occurred in the SI domain of the spike protein at a site different from that
observed in the S protein of SARS-CoV-1. The S1 domains of the spike proteins from
SARS-CoV-1 and SARS-CoV-2 share 64% sequence identity, and analysis of the SARS-
CoV-2 spike protein structure revealed multiple unresolved loop regions in the S1 domain,

suggesting that CTSL proteolysis may occur in one of these unstructured regions.?3¢ 34
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Figure 69. Proposed Mechanism of Anti-SARS-CoV-2 Activity of K777

K777 showed antiviral activity in three host cell models including cell lines
derived from African green monkey renal epithelium (Vero E6), human cervical
epithelium (HeLa/ACE2) and human lung epithelium (A549/ACE2) with nanomolar
potency. Antiviral inhibition was lower (ECso = 3.7 uM) in a second human lung
epithelium cell line (Calu-3) and a human colon epithelium-derived cell line (Caco-2; ECso
=4.3 uM). Why is the efficacy of K777 different in different cell lines? Quantification of
differential levels of CTSL in cell lines via Western blotting and an enzyme assay
confirmed that Vero E6 cells expressed the highest levels of CTSL, while HeLa/ACE2
and A549/ACE2 had lower amounts. Calu-3 cells had the lowest amount of CTSL protein,
but were relatively insensitive to K777 treatment. This is consistent with previous reports
that the broad cysteine protease inhibitor E64d exhibited diminished efficacy of against

MERS and SARS-CoV-2 infected Calu-3 cells, which was attributed to the cells
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containing low levels CTSL, but high levels of TMPRSS-2.5# 32 Correspondingly, a
recent CRISPR knockout screen that identified essential host genes for SARS-CoV-2
infection found that TMPRSS-2, but not CTSL, was essential for viral infection of Calu-
3 cells.’# 3% However, the treatment of SARS-CoV-2 infected Calu-3 cells with the
TMPRSS-2 inhibitor, camostat mesylate (ECso = 1 uM), reduced, but did non abrogate
infection, leading Hoffman et al.®? to propose that residual spike protein might require
CTSL processing. In addition, SARS-CoV-2 patient data indicated heightened levels of
CTSL in lung tissue and plasma correlate with fatal or severe disease outcomes, suggesting
that CTSL, not TMPRSS-2, may be a key protease for efficient viral entry and
inflammatory reactions that lead to severe disease.’* 3% Therefore, if primary infection
occurs in the lung epithelium, it could be argued that the diminished efficacy of K777 in
Calu-3 cells may result in a reduced ability to prevent primary lung infections, but its
robust inhibition of viral infection in another lung epithelial cell line, A549/ACE2,
underscores the differential gene expression profiles of lung epithelial cells. (Table 1).
Moreover, both Calu-3 and A549/ACE2 cells are derived from adenocarcinomas of the
lung, not primary lung epithelium, and therefore may have multiple mutations that could
alter infection potential. Thus, future experiments should evaluate a combination of K777

and an appropriate TMPRSS-2 or furin inhibitor.**”

This combination therapy might
protect all host cells from viral infection even if some utilize both CTSL and TMPRSS-2
(or another serine protease) for processing of the SARS-CoV-2 spike protein.’# 346

Confirmation of these results, and the potential efficacy of dual protease inhibition, will

come from further tests in animal models, and validation in human clinical trials. Support
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for the rapid advancement of K777 as potential COVID-19 therapy comes from the fact
that K777 is orally bioavailable, and safety, tolerability and PK/PD have been evaluated
in several preclinical model systems, including non-human primates.’’ Selva
Therapeutics has been granted an open IND for K777 with the FDA (Selva Therapeutics,

Del Mar, CA).
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CHAPTER VII

CONCLUSIONS

Covalent drug discovery using mechanism-based approaches comprises a
powerful and attractive methodology for enzyme-based drug discovery. This dissertation
has described various studies that highlight the importance of developing a keen
understanding of the kinetic and mechanistic intricacies of each enzyme target and how to
employ this information to identify, create, or repurpose chemical matter to produce potent
enzyme inhibitors and inactivators.

The first study in this dissertation focused on the synthesis and kinetic
characterization of cruzain, a cysteine protease from the parasitic protozoa Trypanosoma
cruzi. Synthesis and kinetic analysis of dipeptide substrates containing varied natural and
nonnatural amino acids assisted in identification of cruzain’s ability to tolerate polar amino
acids in its P> subsite. From this information, inhibitors were prepared containing an
electrophilic warhead, in lieu of the hydrolysable 7-amino-4-methylcoumarin moiety.
Analysis of the kinetic data revealed a strong linear relationship between the K of the
fluorogenic substrate and the tight-binding inhibition constant (Ki*), suggesting the key
driver of potency for this class of cruzain inhibitors is efficient binding of the peptide
scaffold to the enzyme target and not the electrophilic warhead.

In order to obtain more selective substrates and inhibitors, future studies should
focus on developing targeted combinatorial libraries to screen variable di- and tri-

fluorogenic peptide substrates, containing primarily non-natural amino acids, against
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cruzain and structurally similar cysteine proteases. While previous studies using large
combinatorial libraries have detailed the substrate specificity of various cysteine
proteases, many employed strictly natural amino acids and focused on the change in
relative fluorescent units at fixed substrate concentrations.’?* /%7 Ideally, using a smaller
and more targeted library would allow researchers to vary substrate concentrations and
elucidate kinetic constants such as kcat, Km, and kca/Km. This information could then guide
further optimization of selective substrate scaffolds prior to appending an electrophilic
warhead to the non-natural peptide scaffold. This approach may prove optimal for
developing highly selective inhibitors against cruzain and is supported by the success of
previous work which developed selective non-natural peptide scaffolds for malarial
cathepsin C versus human and bovine forms*# as well as for caspases.’*’

The second study of this dissertation identified cis-epoxy succinic acid (cis-EpS)
as a potent uncompetitive inactivator of isocitrate lyase-1 (ICL1) from Mycobacterium
tuberculosis; and, under conditions where ICL1 is essential, cis-EpS exerted moderate
anti-mycobacterial activity. Kinetic, structural, and mass spectrometric analysis of ICL1
with cis-EpS identified it to be a covalent and irreversible inactivator through alkylation
of the catalytic cysteine 191 of ICL1. X-ray structures of ICL1 bound to cis-EpS revealed
a covalent thioether bond between cis-EpS and Cysi91 and glyoxylate hydrate coordinated
to the active site Mg?* cation in the closed active site cavity. A crystallographic snapshot
of cis-EpS inactivation suggested that the hydration of glyoxylate proceeds concurrent
with cis-EpS covalent bond formation, thus allowing for the proposal of a putative

chemical mechanism by which inactivation proceeds.
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Future work is already underway in our lab to identify and produce analogs of cis-
EpS that may exert more potent anti-mycobacterial effects. One approach would be to
introduce different warheads, such as aziridines. However, since the epoxide warhead is
so effective against ICL1, it may be more viable to produce analogs that retain the epoxide,
but vary the modifications on C1 and C4 of the cis-EpS molecule. These modifications
could range from esters ( for prodrugs), to substitution of the carboxylic acid groups with
bioisosteric replacements such as triazoles, tetrazoles, sulfonamides, or even squaric
acids.?? In addition, one could envision the installation of an oxirane ring within ICL1
substrate analogs, which would afford effective positioning of this weakly electrophilic
warhead to undergo thiolate attack. This has been shown to be an effective strategy with
isocitrate lyase from watermelon cotyledons using itaconate expoxide.’’’ Together, these
strategies could prove useful in developing new analogs of cis-EpS that still effectively
target ICL1 while enhancing the anti-mycobacterial activity of the molecule.

The third study in this dissertation also focused on ICL1, but, in this case, we
developed 5-descarboxy-5-nitro-D-isocitric acid, or 5-NIC, a mechanism-based
inactivator of the enzyme. Using enzyme kinetics, X-ray crystallography, and mass
spectrometry we identified that 5-NIC effects covalent and effectively irreversible
inactivation of ICL1 via the formation glyoxylate hydrate and a thiohydroximate adduct
with cysteine 191 in the enzyme active site. This data strongly suggests that 5-NIC
undergoes cleavage of the carbon-2 carbon-3 bond to produce glyoxylate and 3-
nitropropionate within the ICL1 active site. 5-NIC effects highly efficient mechanism-

based inactivation of ICL1 with a partition ratio of 0.25, demonstrating 1.25 molecules of
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5-NIC are required to inactivate 1 molecule of ICL1. pH rate profile studies identified that
5-NIC bound to ICL1 in its nitro form, suggesting the 3-nitropropionate produced by 5-
NIC cleavage must undergo interconversion to its nitronate form in the enzyme active site
in order to result in effective ICL1 inactivation. The nitronate form of 5-NIC was
determined to undergo rapid reversion back to its nitro form in neutral pH solution. Using
a mixture of mass spectrometry and NMR it was identified that 5-NIC underwent facile
exchange with deuterium oxide at its carbon 4 position, suggestive that it rapidly
interconverts between its nitronate and nitro forms. We propose this phenomenon may be
assisted by the carbon-2 hydroxyl of 5-NIC through an intramolecular proton transfer.
When designing mechanism-based inactivators (MBIs) of enzymes, one of the
critical challenges is to produce a molecule that both effectively engages with the enzyme
target of interest, but also undergoes efficient inactivation of the enzyme. This is
particularly true for MBIs that generate strongly electrophilic products, in the active site
of the enzyme. Our lab has successfully designed two different types of MBIs for ICL1
and found that 5-NIC effects much more potent inactivation when compared to 2-VIC
(discussed in Chapter IV). We posit this result, as well as our findings in Chapter III,
suggests that succinate-based electrophiles effect more robust inactivation of ICL1 versus
glyoxylate-based electrophiles. This is likely for two major reasons, 1) cysteine 191
resides more proximal the succinate binding site and 2) the ordered product release of
succinate followed by glyoxylate (in the direction of D-isocitrate synthesis). Due to this
fact, we postulate that further development of succinate-based electrophiles which are

either appended to an isocitrate-like scaffold or are confined to a synperiplanar
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conformation may provide the best ICL1 covalent inactivators and mechanism-based
inactivators of ICL1.

The fourth study in this thesis characterized the substrate specificity of Mz-Sirt
(Rvl151c), the sole annotated NAD*-dependent lysine deacylase from Mycobacterium
tuberculosis. We identified that this enzyme has a preference for succinylated and long
chain fatty acyl modified lysine substrates. Mutation of a key arginine residue of M¢-Sirt
(Rs6M), proposed to be required for efficient binding of succinyllysine peptides, resulted
in loss of desuccinylation activity, but increased the activity and specificity of the enzyme
for a propionyllysine peptide. Incubation of a fatty acid alkyne probe with mc¢?7000, an
auxotrophic Mtb strain, resulted in clear visualization of fatty acylation of proteins in Mtb,
suggesting Mt-Sirt fatty acyl lysine deacylation may play an uncharacterized role in vivo.
Further study characterized the inhibition of M?-Sirt by nicotinamide, adenosine 5'-
diphosphoribose, and reduced [-nicotinamide adenine dinucleotide, as well as,
mechanism-based thiourea and thioamide inhibitors which proved to potently inhibit the
enzyme.

Ongoing studies are underway in our laboratory to elucidate the detailed kinetic
mechanism of M¢-Sirt and attempt to better understand the fatty acyl lysine deacylase
activity of the enzyme. Subsequent work for Mt-Sirt should further investigate this protein
from both an enzymology/in vitro and an in vivo perspective. One important missing piece
to understanding this enzyme is a crystal structure or solution phase NMR structure.
Unfortunately, our attempts to crystalize various constructs of this protein in over 25,000

sparce matrix conditions and produce sufficient quantities of labeled protein for NMR
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studies were unsuccessful. However, this structural information is critical in understanding
how long chain fatty acyl peptides bind to enzymes like M¢-Sirt that contain a YxxR motif,
but do not bind to E.coli CobB which contains the same motif and similar active site
pockets.”®’ Therefore, future studies should focus on deciphering the structural
requirements for fatty acyl chain binding of proteins containing a YxxR motif. Such
studies may be amenable for human sirtuin 5 as dozens of high-resolution crystal
structures exist for this protein, thus highlighting its propensity to form protein crystals.
Shifting to in vivo studies, a very important endeavor is identifying the intracellular
targets of Mr-Sirt. Proteomic studies have identified nearly 1,800 sites of lysine
succinylation on nearly 700 proteins within the Mtb proteome, but at present a limited
amount of these modified proteins have been investigated.?” One way to limit the amount
of protein targets that need to be interrogated, and to identify the bona fide protein targets

of Mt-Sirt, is by conducting quantitative proteomic analysis.
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Figure 70. Lysine PTM Stoichiometry Workflow

Mtb cell lysate is treated with succinic anhydride-d4 to modify non-succinylated lysine
residues on proteins. The labeled proteome is digested by GluC results in peptide
fragments which are then injected into a mass spectrometer. The data obtained can be
utilized to calculate the ratio of light versus heavy modification, thus allowing
determination of stoichiometry

In the case of identifying putative protein substrates that Mt-Sirt can desuccinylate in vivo,
one would culture both wild-type and Am¢-sirt Mtb strains, chemically label the cell lysate
with succinic anhydride-d4 to modify all free amine lysine residues in the proteome, and
proteolyze the proteins with GluC. Subsequent LC/MS/MS analysis would allow
quantitation of the heavy to light ratio for each peptide fragment observed and thus allow
for tentative assignment of the protein substrates of M¢-Sirt. Beyond these studies for
succinyl lysine, it would be ideal to conduct analogous proteomic studies for other lysine

PTMs in Mtbh as the in vitro activity of M¢-Sirt may not be fully recapitulated in vivo.

Moreover, these studies should be conducted under varied carbon source conditions as the
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abundance of lysine PTMs, such as acetylation and succinylation, have been observed to
be highly dependent on carbon source. 273 332

In the fifth and final study in this dissertation, we identified a vinyl sulfone
containing protease inhibitor, called K777, which exerted potent activity against SARS-
CoV-2 infected human and monkey cells. Kinetic analysis identified that K777 did not
inhibit the cysteine proteases 3CLpro or PLpro from SARS-CoV-2, but underwent robust
covalent inactivation with human cathepsin L and, to a lesser extent, irreversibly
inactivated human cathepsins B and K. Synthesis of a propargyl analog of K777 and
treatment of SARS-CoV-2 infected and uninfected cells with this probe, followed by lysis
and 1,3 dipolar cycloaddition of the K777 alkyne to a Cy7 azide, revealed robust
modification of a primary protein target at ~25 kDa. Subsequent enrichment of the alkyne
modified proteins, followed by proteomic analysis, resulted in enrichment of human
cathepsins B and L. To identify which of these enzymes was responsible for spike protein
processing, we incubated both cathepsins with recombinant SARS-CoV-2 spike protein.
We observed the spike protein was proteolyzed by cathepsin L, but not cathepsin B, and
that this processing was blocked by K777, suggestive that cathepsin L is the intracellular
target of K777 and blocks cathepsin L mediated SARS-CoV-2 spike protein processing.

Beyond cathepsin L, there are other proteases that can proteolytically process the
spike protein and result in efficient invasion of SARS-CoV-2 into the human cells. These

include furin-like proteases and transmembrane protease serine 2.7

While a singular
protease inhibitor such as K777 may have a pronounced effect on the ability of the virus

to invade cells that contain abundant cathepsin L, the effect of K777 on cells with less
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cathepsin L expression may not be as well protected. Therefore, it may be wise to develop
therapies which contain both K777, or a similar cathepsin L inhibitor, as well as other
small molecule inhibitors which block furin-like proteases and the trypsin-like

transmembrane protease serine 2.
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APPENDIX A

SUPPLEMENTAL INFORMATION FOR CHAPTER III

Table 6. Data Collection and Refinement Statistics for Crystallographic Analysis of cis-

EpS-treated ICLI1.

Covalent adduct of cis-
2,3-epoxysuccinic acid
to ICL1 (6VB9)

Intact cis-2,3-
epoxysuccinic acid bound
to ICL1 (6WSI)

Data collection
Space group
Cell dimensions

a, b, c(A)

a, B,y (%)
Resolution (A)
Rsym or Rmerge
I/lol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Rwork/ Rfree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

P2,2,2,

75.06,129.06, 167.82
90.00, 90.00, 90.00
48.94 — 1.88

0.3 (2.6)

2.2(1.2)

90.7 (53.1)

9 (4.9)

48.94 - 1.88
119322
0.18/0.23

13345
103
971

25
31.5
21

0.01
0.85

P2,2,2,

79.17, 134.21, 161.04
90.00, 90.00, 90.00
71.05 - 1.75

0.1 (1.008)

10.1 (1.0)

99.9 (98.6)

5.9 (3.3)

71 -1.75
172629
0.16/0.196

13322
170
1176

22
26
24

0.01
0.84

*Highest resolution shell is shown in parenthesis.

276



12000:
4 A 5000
10500 ] B
9000 4000
7500 i
4 3000
o —]
e 1 and
& 6000 @ ] Succinate
] o 2000
Slope 2240 -
45007 Y-intercept | -119.2 1 ) Pyruvate
1 X-intercept | 0.05322 1 and
3000+ 1islope | 0.0004465 100 0_" Succinate
1500: Std. Error h
Slope 106.5
) Y-intercept | 260.8 [ - ST 2 = e aaa, 2 a
1 ’ 2 ’ 3 ' 4 0 200 400 600 800 1000
D-Isocitrate (uM) Time (seconds)

Figure 71. Detection of D-isocitrate Using an Isocitrate Dehydrogenase and
Diaphorase Coupled Assay.

A. Standard curve of D-isocitrate versus relative fluorescence units (RFUs) when
incubated with the coupled assay system. B. Incubation of 30 nM ICLI in the
presence of 2 mM glyoxylate and 2 mM succinate or 2 mM pyruvate and 2 mM
succinate was analyzed to ensure the assay was specific for the formation of D-
isocitrate, and would not detect methyl isocitrate produced from added pyruvate.
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APPENDIX B

SUPPLEMENTAL INFORMATION FOR CHAPTER IV

Table 7. Data Collection and Refinement Statistics for ICL1-5-NIC Co-Crystal

Structure

Data collection
Space group

Cell dimensions

P212121

a, b, c(A) 75.07, 140.30, 160.69
a, By (°) 90.00, 90.00, 90.00
Resolution (A) 50-1.64
Rsym or Rmerge 0.16 (2975)
I/el 3.4 (0.98)
Completeness (%) 90.9 (46)
Redundancy 5.5(2)
Refinement
Resolution (A) 42.57-1.7
No. reflections 168890
Rwork/ Rfree 0.1810/0.2137
No. atoms
Protein 13284
Ligand/ion(s) 107
Water 802
B-factors
Protein 32
Ligand/ion(s) 37
R.m.s deviations
Bond lengths (A)  0.009
Bond angles (°) 1.429

*Highest resolution shell is shown in parenthesis.
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APPENDIX C

SUPPLEMENTAL INFORMATION FOR CHAPTER V

Table 8. Steady-State Rates of Acetyl CoA Synthetase Peptide Substrates with Mt-

Sirt
Substrate keat (s K (uM) Kea/Kin (s M)
ACSK617 formyl N/A® N/A? N/A?
ACSK617 acetyl 0.12+£0.02 1030 £ 273 1.2+0.4x 10%
ACSK617 propionyl 0.08 =0.003 410 +£43 2.0+£0.2x 10%
ACSK617 butryl 0.02 +0.001 1346 + 134 1.3+£0.5x 10!
ACSK617 crotonyl 0.007 £0.001 4011 +933 1.7+£0.5+x 10°
ACSK617 hexanoyl 0.02 +0.001 975+ 59 2.0+£0.2x 10!
ACSK617 octanoyl 0.036 £ 0.0008 182+ 11 1.9+0.1x 10%
ACSK617 decanoyl 0.023 + 0.0004 24+1.9 9.5+ 0.8 x 10?
ACSK617 dodecanoyl 0.047 +0.002 42+29 1.1+£0.08 x 103
ACSK617 myristoyl 0.03 £0.002 18+3.0 1.8+0.3x 103
ACSK617 palmitoyl 0.016 +0.004 8+0.6 20+02x 103
ACSK617 malonyl 0.048 £ 0.003 1356 + 130 3.6+ 0.4 x 10!
ACSK617 succinyl 0.16 £ 0.004 42+3.2 3.8+£03x10°
ACSK617 glutaryl 0.05 + 0.004 105+ 17 48+0.9x 102
ACSK617 biotinoyl N/A® N/A® N/A?

aNo product formation was detected at I mM substrate, 1 uM M¢-Sirt, and 1 mM NAD™

incubated for 30 min at 37°C
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