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ABSTRACT

Human diseases caused by the genus Trypanosoma, including Chagas disease and
African sleeping sickness, affect millions of people and cause enormous socioeconomic
burdens in impoverished areas. However, neither vaccines nor well-tolerated therapies
are currently available for prevention or treatment of these neglected diseases. The
trypanosomal cysteine proteases play key roles in the life cycles of the parasites, and
accordingly, become promising targets of drug discovery for these diseases.

The peptidomimetic vinyl sulfone K11777 is a well characterized covalent
inactivator of cruzain, the major cysteine protease of Trypanosoma cruzi. However, its
irreversible mode of action may be associated with safety issues that impede its
progression to clinical trials. We designed and synthesized a novel class of
peptidomimetic vinyl heterocyclic inhibitors (PVHIs) which contain less electrophilic
bioisosteres in place of the vinyl sulfone warheads. A number of PVHIs exerted potent,
time-dependent, but reversible, inhibition of cruzain; and some of them exhibited
considerable anti-trypanosomal activity not only in axenic cultures of pathogenic
trypanosomes, but also in an infection model with murine cardiomyoblasts. Moreover,
the concept of reversible covalent inactivation by vinyl heterocycles is herein embodied,
and is potentially applicable to other enzymes containing active-site cysteines.

Cruzain is also effectively inhibited by simple peptidyl aldehydes which also raise
concerns about potential toxicity and metabolic instability due to the over-reactive
aldehyde group. We introduced a phenol group into the molecules that could form

hemiacetal with the aldehyde group and function as a masking strategy. The hemiacetal



proved to be in cyclic form until binding to cruzain which apparently promoted the ring-
opening and liberated the aldehyde for reacting with the active-site cysteine. These self-
masked aldehyde inhibitors (SMAIS) appeared to be potent, rapidly reversible inhibitors
that also showed promising trypanocidal activity. The hemiacetal hydroxyl group of
SMAIs was next derivatized to provide potential prodrugs that could be metabolized by
host enzymes. Furthermore, the SMAI strategy also enlightened the design of inhibitors
for SARS-CoV-2 cysteine protease, leading to a class of potent 2-pyridone-based
inhibitors, of which the binding modes with the 3C-like protease were demonstrated by

crystallography.
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NOMENCLATURE
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cyanomethylenetributylphosphorane
central nervous system

complement regulatory protein
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dichloromethane
N,N-diisopropylethylamine
4-dimethylaminopyridine
dimethylformamide

dimethyl sulfoxide

dithiothreitol
ethylenediaminetetraacetic acid
endoplasmic reticulum

formic acid

flash column chromatography
glutathione

homophenylalanine
high-performance liquid chromatoraphy
heteronuclear single quantum coherence
inositol polyphosphate multikinase
isopropyl B- d-1-thiogalactopyranoside

lithium aluminium hydride
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mCPBA meta-chloroperoxybenzoic acid

MEROPS an online database for proteases and their inhibitors

MES 2-(N-morpholino)ethanesulfonic acid
MMTS S-methyl methanethiosulfonate

MS mass spectrometry

NECT nifurtimox-eflornithine combination therapy

NMePip N-methlypiperazinyl

NMR nuclear magnetic resonance

NTD neglected tropical disease

Oxz oxazolyl

PCF procyclic form

PVHI peptidomimetic vinylheterocyclic inhibitor
Pyr pyridinyl

Pyrmd pyrimidinyl

SMAI self-masked aldehyde inhibitor

T3P propylphosphonic anhydride

TAPSO 3-[N-tris(hydroxymethyl)methylamino]-2-hydroxypropanesulfonic acid
TBAF tetra-n-butylammonium fluoride

TBS tert-butyldimethylsilyl

TFA trifluoroacetic acid

THF tetrahydrofuran

Thz thiazolyl

VS vinyl sulfone

VSG variant surface glycoprotein

WHO World Health Organization
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CHAPTER 1

RESEARCH BACKGROUND AND LITERATURE REVIEW

While every year over hundreds of billions of dollars are spent on the research
and control of infamous diseases such as cancer, diabetes, cardiovascular disease,
HIV/AIDS, etc.,! there is a group of infectious diseases affecting over one billion people
globally yet receiving little interest of study and funding. These diseases, referred to as
neglected tropical diseases (NTDs), are rare in wealthy countries, but quite common in
low and middle-income countries of Latin America, Asia, and Africa.%® So far, the World
Health Organization (WHO) has categorized twenty communicable diseases as NTDs
which are caused by different types of pathogens including viruses, bacteria, protozoa,
and helminths. Several NTDs can be controlled or even eradicated through mass drug
administration and public health surveillance by efforts from some large pharmaceutical
companies, foundations, and government organizations.*® Other NTDs remain unmet
medical needs, still requiring the development of effective and inexpensive medicines or

interventions.

1.1 Epidemiology, Manifestation, and Control of Human Trypanosomiasis
Of these NTDs, Chagas disease and African sleeping sickness are both infected
by parasitic flagellate protozoa that belongs to the genus Trypanosoma. The pathogenic
protozoan for Chagas disease is Trypanosoma cruzi (T. cruzi), and that for African

sleeping sickness is Trypanosoma brucei (T. brucei).



1.1.1 Chagas Disease

Chagas disease, also called American trypanosomiasis, affects an estimated six to
seven million people worldwide and puts about 75 million people at risk of being
infected.® In 2017, approximately 162,500 new cases emerged, and 7,900 deaths were
attributed to Chagas disease, rendering it an important public health issue.”® Chagas
disease was once only endemic in 21 countries of Latin America for which the
transmission of disease is mostly via inoculation with the excreta of infected triatomine
bugs (kissing bugs). These vectors could easily breed in rural areas of these countries

owing to inadequate sanitation infrastructure. As the most affected country per capita, 18

‘» Flow of recent migration feom Cemiral and South America

Figure 1.1 Current estimated global population infected by T. cruzi. Reprinted
from Guhl’s work.?®

— 20% of the population of Bolivia is infected with T. cruzi.® The lowest prevalence of
infection occurs in Brazil (1%) and Mexico (1%), however, as both countries are highly
populous, they together account for nearly half of the cases in Latin America.'® In recent
decades, the increasing scale of urbanization and international immigration has expanded

the distribution of infection to more developed countries in Europe, North America, and
2
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Western Pacific Region (Japan, Australia) (Figure 1.1).** According to an estimation
from the Centers for Disease Control and Prevention, more than 300,000 T. cruzi-infected
persons reside in the United States.'? Most of them are immigrants from Latin America
with highest proportion from Mexico (58%) followed by El Salvador (16.4%) and
Guatemala (6.8%). European countries are also heavily represented, and Spain alone has
around 75,000 cases of Chagas disease.™® Since T. cruzi carriers are usually
asymptomatic, it is believed the true prevalence is even higher than these numbers.
Unlike the vector-borne mode in endemic countries, Chagas disease in non-endemic areas
are transmitted mainly through blood transfusion from infected donors, or through
congenital route (mother to child) during pregnancy.®

Chagas disease encompasses two clinical phases. After initial infection, an acute
phase which is characterized by high-grade parasitemia occurs and lasts about two
months. With vector-transmitted Chagas disease, the first clinical symptom is dependent
on the site of T. cruzi inoculation: either a skin chancre (chagoma) or a unilateral,
painless edema of the eyelids (Romafa sign).}* As for systemic manifestations, most
patients in acute phase are asymptomatic or present mild symptoms including moderate
fever, malaise, headache, myalgia, edema, lymphadenitis, hepatomegaly, splenomegaly,
etc. After one to two months, production of antibodies and the activation of a host
immune response is commensurate with low level of parasitemia, and the clinical signs
disappear in 90% of the cases even without drug.!! During the chronic phase, about 30%
of the patients will slowly develop organ dysfunction which often affects cardiac or
digestive system.® 1® The most severe and frequent (up to 30%) disease manifestations

include cardiac disorder, such as disturbances of the conduction system, atrial and



ventricular arrhythmias, cardiomyopathy, heart failure and secondary thromboembolism.
Dysfunction of the digestive system is also common (10-21%) in the chronic phase,
especially the development of dilated esophagus and colon that, respectively, lead to
dysphagia and severe constipation. " Although rare (<5%), the involvement of central
nervous system (CNS) can cause dementia or neuritis.*8

Preventive strategies are different in endemic and non-endemic areas. Vector
control is the principal method for prevention of Chagas disease in Latin America.*®
Multiple countries have implemented insecticide-spraying programs by spraying inside
housing or at peri-domestic areas with systemic insecticides, typically pyrethroids.?’ This
approach has significantly reduced the spread of disease in Brazil, Chile, and Uruguay
through elimination of the insect Triatoma infestans, a main vector of the disease.
However, emerging insecticide resistance has been reported in the last two decades in
Argentina and Bolivia. Besides, housing improvement and use of bed-netting also
prevent the colonization of houses by triatomine bugs. In addition to vector control, all
donated blood and organs for transplantation in endemic countries are screened for T.
cruzi antibodies. In non-endemic countries where vector control is unneeded and fewer
donors are at risk, the control of transfusion-transmitted Chagas disease is usually either
by selective donor screening or deferral of donation from risky sources.® 2* Nonetheless,
universal screening is also adopted by several developed countries with more immigrants
from endemic areas including United Kingdom, Spain, the United States, France,
Sweden, Switzerland, and Belgium.?>?

Currently there is no vaccine available for Chagas disease. For many years,

researchers have been concerned that anti-T. cruzi immunity triggered by vaccination



would worsen the progression of disease, hence this idea resulted in the stagnation of
vaccine development.?* It is now realized that the key factor of pathogenesis is the
persistence of T. cruzi in tissues rather than the hyper-responsive immunity.?
Consequently, a number of preclinical studies have been carried out to investigate
different types of vaccine formulations (live-attenuated parasites, recombinant proteins,
DNA vaccines) with different adjuvants and carriers (from cytokines, toll-like receptor
agonists, nanoparticles).?6-? Several candidates, either prophylactic or therapeutic, were
tested in infected animal models and were able to reduce the parasitemia in heart and
blood, suggesting the feasibility of a vaccine against Chagas disease.?®-3° With that being
said, no vaccine has hitherto entered clinical trials.

There are only two etiologic drugs for the antiparasitic treatment of Chagas
disease: benznidazole (Roche) and nifurtimox (Bayer) which were introduced half a
century ago. Both drugs are undoubtedly effective in the acute phase (up to 80% cure)
and in congenitally acquired cases (up to 99% cure)®!, yet their efficacy for chronic phase
disease remains controversial. Some studies carried out in Argentina and Brazil
demonstrated that the efficacy of these drugs in early chronic phase (a few years after
acute phase) were close to those with the acute disease based on complete negative result
of parasitological and serological tests.*?-** However, in other research, a group of
children in the chronic phase were treated with benznidazole and/or nifurtimox, and the
follow-up data after 8 — 20 years showed only 1 out of 12 presented a parasitological and
clinical cure.®® Even more serious is the high proportion (33%) of treated children who
progressed to second-degree cardiomyopathy and/or dilated esophagus. Apart from

limited efficacy for chronic disease, both drugs have frequent side effects (40% of treated



adults) and required long period (60 days) of treatment.3® Because the mechanism of
action for benznidazole and nifurtimox is basically to product free radical species to
which the parasites are particularly sensitive,*’ the non-specificity of these radical species
give rise to side effects including anorexia, vomiting, peripheral polyneuropathy and
allergic dermatopathies in treated individuals.® These untoward effects frequently lead to
abandonment of treatment, signifying the critical need for development of more effective

and selective chemotherapy, especially for the chronic form of Chagas disease.

1.1.2 African Sleeping Sickness

Compared with Chagas disease, African sleeping sickness, or African
trypanosomiasis, has a lesser influence in terms of population and region. Two subspecies
of T. brucei can cause two corresponding forms of disease: Trypanosoma brucei
gambiense (T. b. gambiense) causes chronic disease in western and central Africa which
is also the predominant form found in 98% of all reported cases; and Trypanosoma brucei
rhodesiense (T. b. rhodesiense) causes acute disease in eastern and southern Africa.®
Sleeping sickness was once a devastating epidemic at the beginning of 20" century and
claimed hundreds of thousands of lives in western and central African countries.*® Soon
after the outbreak, David Bruce, after whom the T. brucei was named, identified the
pathogen and linked the disease to tsetse fly as the vector. The most recent resurgence
occurred in the late 1990s with an estimated 300,000 existing cases, which promoted an
international coordination for controlling the disease, resulting in a steady decrease of
infected cases. As of 2018, the encouraging fact that only 977 cases were recorded

manifested a high possibility to eradicate the disease (defined by interruption of



transmission) by 2030. It is notable that sleeping sickness can occur in vertebrate animals
with other subspecies of T. brucei. For instance, T. brucei brucei (T. b. brucei) is a major
causative agent for animal trypanosomiasis, which shares fundamental genomic features*
with T. b. gambiense and T. b. rhodesiense although it cannot infect humans on account
of its susceptibility to lysis by trypanosome lytic factor-1.4> Additionally, some domestic
animals are potential reservoir hosts of T. b. gambiense.*® Therefore, previous and
ongoing studies of T. brucei may benefit the development of veterinary medicines, but
they also serve as a strategic reserve for future outbreaks in human.

Regardless of the different infectious species of T. brucei, clinical symptoms of
African sleeping sickness undergo two stages: an initial hemolymphatic stage, followed
by the neurological stage when T. brucei invades the CNS.** The acute form of disease
caused by T. b. rhodesiense progresses to the second stage within a few weeks, and death
within half a year; this dissertation does not discuss T. b. rhodesiense in detail because it
is not the predominant pathogen of sleeping sickness. The chronic form caused by T. b.
gambiense has a slower onset that is on average 3 years. Typical symptoms in the first
stage include intermittent fever, severe headache, pruritus, and posterior cervical
lymphadenopathy (Winterbottom’s sign).*® In the second stage, neurological symptoms
become more obvious such as changes in behavior, sensory disturbances, and poor
coordination; the most characteristic disturbance of sleep cycle, from which the name of
disease is derived, comprises daytime somnolence, episodes of sudden sleepiness and
nighttime insomnia. African sleeping sickness is considered inevitably fatal if left

untreated, although cases of asymptomatic carriers have been reported.*®



No vaccine exists for prophylaxis against African sleeping sickness. Moreover,
the prospect for a conventional vaccine is dim in the foreseeable future because the T.
brucei genome contains 806 variant surface glycoprotein (VSG) genes so that the parasite
is capable of switching its antigenic type and evading the immune system.*’ Since the
main reservoir of T. b. gambiense is human, which is different from zoonotic T. b.
rhodesiense, the best approach to control T. b. gambiense outbreaks is through active and
passive case detection followed by treatment, and vector control to reduce the
transmission.* Like triatomine bugs in America, tsetse flies are also vulnerable to
pyrethroid insecticides, thus aerial/ground spraying of insecticide, insecticide-
impregnated nets, and insecticide-treated cattle are all low-cost methods for vector
control. Besides, introducing sterile male flies also proved effective in Zanzibar and
Senegal albeit this is less practical due to high cost.*?

Treatment of African sleeping sickness relies on a handful of drugs, all of which
are replete with drawbacks such as non-oral administration, intolerable adverse effects,
and drug resistance.® The first-line treatment for first-stage T. b. gambiense infection is
pentamidine by injection into vein or muscle. It is generally well tolerated, despite some
undesirable effects like hypoglycaemia (5-40%), hypotension, and abdominal pain.>* The
first-line treatment for second-stage T. b. gambiense is nifurtimox-eflornithine
combination therapy (NECT) which was included in WHO Essential Medicines List.>
The benefits of NECT are higher cure rates (95-98%), less severe side effects, easier
administration, and lower chance of inducing resistance, compared to using melarsoprol
(a third-line treatment) or using eflornithine alone. In 2019, a new oral drug, fexinidazole,

was included in WHO Essential Medicines list for T. b. gambiense infection while it



showed activity against T. cruzi as well.>? It is considered a first-line treatment for both

first stage (91% efficacy), and non-severe second stage.

1.2 Pathogenic Trypanosoma

As noted above, T. cruzi and T. brucei are the only human pathogenic members of
the genus Trypanosoma; however, they are categorized into different clades, implying
they are not as closely related to each other as thought before.> T. cruzi belongs to a
clade named Stercoraria while T. brucei belongs to a clade named Salivaria.>*
Stercorarian trypanosomes are carried in the posterior gut of blood-feeding insects from
the subfamily Triatominae. During feeding, the infected vector intakes plenty of blood
that forces the formation and elimination of excreta (feces/urine). The bite site or intact
mucosa is thereby contaminated by these excreta which contain infective forms of
parasites. Transmission is eventually completed when these trypanosomes penetrate the
skin and disseminate in the body.> In contrast, salivarian trypanosomes are passed to the
recipient via the saliva of tsetse flies from the genus Glossina. These parasites not only
colonize the intestinal track of their vector, but also occur in the salivary gland or biting
mouthpart where they develop into infective forms. Therefore, the host is inoculated with
salivarian trypanosomes by the tsetse fly bite even before it sucks blood. Both triatomine
and tsetse fly become infected when taking a blood meal from the mammalian host.

T. cruzi passes its life cycle in two intermediate hosts, i.e., invertebrate vector
(triatomine bug) and vertebrate host (human), and undergoes complex morphological
changes. Specifically, there are three main developmental stages of T. cruzi:

trypomastigote, amastigote, and epimastigote. As shown in Figure 1.2A, the cycle in



vector (left) arbitrarily starts with the triatomine bug taking a blood meal from human
host infected with trypomastigotes which circulate in the bloodstream. Most of the
ingested trypomastigotes are lysed in the stomach of the insect while the surviving
trypomastigotes move to midgut where they transform into epimastigotes, also known as
pro-cyclic forms (PCFs), in the insect’s midgut after a few days.>® Epimastigotes then
proliferate through binary fission, and migrate to the microvilli of the insect’s hindgut
and rectum,® an event thought to trigger the differentiation of non-infective
epimastigotes into non-dividing, highly infective trypomastigotes (or metacyclic
trypomastigotes). These metacyclic trypomastigotes are excreted with the feces and urine,
which subsequently enter the vertebrate host cycle (right) as described in the last
paragraph. Once transmitted, the metacyclic trypomastigotes invade the host cells near
the inoculation site by phagocytosis involving sophisticated interactions between both
cells. In the cytoplasm, the long and thin flagellate parasites transform into short, non-
infective amastigotes that can replicate intracellularly. Upon completion of a replication
cycle, the amastigotes transform back to trypomastigotes which cause cell rupture and
become bloodstream forms (BSFs) of trypomastigotes. Bloodstream trypomastigotes

infect adjacent cells or distribute via bloodstream to infect cells of other tissues where
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commonly occurring in cardiomyocytes, peripheral skeletal/muscle cells, and endothelial
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cells, can result in clinical symptoms.

Compared with that of T. cruzi, the life cycle of T. brucei is similar but has
several distinct features as shown in Figure 1.2B. During the insect cycle, a tsetse fly
becomes infected with bloodstream trypomastigotes when it bites an infected mammalian
host. The parasites differentiate into procyclic trypomastigotes that multiply by binary
fission and establish a midgut infection. Then procyclic trypomastigotes depart from the
midgut, travel a long way during which they transform to epimastigotes, and finally
arrive at salivary gland where they adhere to the epithelium and divide once again to
produce metacyclic trypomastigotes.® These infective forms are injected into another
mammalian host and directly delivered to its bloodstream instead of invading cells, which
is remarkably different from the intracellular T. cruzi. Metacyclic trypomastigotes
differentiate to bloodstream trypomastigotes which spread throughout the body with
circulation system and invade extravascular tissues, including the CNS. Meanwhile, these
trypomastigotes are able to replicate either in blood or in lymphatic and spinal fluids.

The differences between T. cruzi and T. brucei are also reflected in their immune
evasion strategies for vertebrate hosts.>® T. cruzi amastigotes readily get away from the
humoral immunity as they are sequestered inside host cells. A group of mucins on
amastigote surface are involved in the protection of parasite as well as assistance of host
cell invasion.®® The primary evasion mechanism of bloodstream trypomastigotes is via
maneuvering the host complement system using several surface glycoproteins, also
known as complement regulatory proteins (CRPs).®* For example, the most studied
protein, namely 160 kDa CRP, can bind to C3b and C4b, thereby impeding the activation

of both the classical and alternative pathways of complement.? In contrast, bloodstream
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trypomastigotes of extracellular forms T. brucei evade the host immune system mainly by
expression of many new VSGs as mentioned in the previous section. VSGs are so
numerous that they form a compact coat, which prevents the immune system from
accessing the invariant surface antigens. Although this VSG coat can be recognized by
host antibodies, frequent antigenic variations of VSGs result in a new coat thus escaping
the immune response. Studies also demonstrated other roles of the VSG coat such as
inhibition of complement-mediated lysis and induing the production of cytokines.®® It is
worth noting that there are many other mechanisms accountable for immune evasion of
the parasites, including modulation of host immunity,®* regulation of cytokines gene
expression,%-%7 etc., which are not elaborated herein yet are still being intensely
investigated.

T. cruzi has a complex life cycle consisting of four life stages. First,
trypomastigotes circulating in the blood of an infected mammalian host is ingested by the
feeding insect vector. The trypomastigotes then transform first into epimastigotes that
divide by binary fission and then into non-dividing, infectious metacyclic
trypomastigotes in the hindgut of the insect; they are next deposited within the vector
feces during subsequent blood meals. Natural transmission to a new mammalian host
occurs when the parasite laden feces contaminate oral or nasal mucous membranes, the
conjunctivae, or wounds in the skin, including vector bites. Once in the mammalian host,
the trypomastigotes enter host cells, and transform into the multiplying intracellular
forms or amastigotes, which then transform into bloodform trypomastigotes. These forms
are released into the bloodstream as the host cell ruptures, and are then ready to invade

healthy cells.
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Much effort has been made to develop anti-trypanosomal drugs employing
different approaches including phenotypic screening, target-based drug discovery, and
repurposing of approved drugs.®®%° A small number of new drug candidates have been
discovered and are in late-phase clinical trials, however, their application to chronic-stage
trypanosomiasis remains a challenge. Posaconazole, a triazole antifungal agent, was
previously reported to have promising trypanocidal activity in both stages of Chagas
disease in murine models.”®"* Two separate trials showed it was not as efficacious as
benznidazole in chronic patients with even more adverse reactions.’?”® Another triazole
compound E1224 was shown to eradicate T. cruzi at a rate on par with benznidazole but
was unable to maintain the clearance of T. cruzi after months of treatment.’ Besides, the
antiarrhythmic drug amiodarone has anti-T. cruzi activity’ and is undergoing a phase 3
clinical trial’® to assess its effect among chronic patients with mild-to-moderate
cardiomyopathy. Phenotypic screening for African trypanosomiasis identified a
promising compound acoziborole (SCY X-7158) which is trypanocidal against many
strains of T. brucei (T. b. gambiense, T. b. rhodesiense, T. b. brucei, etc.).”” It is now in
phase 2b/3 trials being carried out in the Democratic Republic of the Congo.”®%°

Advances in genomics technology and biological imaging have smoothed the path
for target-based drug discovery. A number of pathways in trypanosomes are considered
druggable because they are either exclusive to parasites or appreciably different from
those in mammalian host. Inositol polyphosphate multikinase (IPMK) of the inositol
phosphate pathway was chemically validated as an anti-trypanosomal target because it is
an essential enzyme for growth of bloodstream trypomastigotes and infection of mice.8!-8

Two IPMK inhibitors of different kinetic modes were identified and shown to be
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effective against T. cruzi amastigotes.®? Ergosterol is a unique and essential sterol for
protozoa and fungi, and is absent in animals.?® As a result, key enzymes in biosynthetic
pathway of ergosterol become potential druggable targets. A validated enzyme is C14-
demethylase (CYP51) of which the synthesis is inhibited by azole derivatives including
posaconazole, ravuconazole (active form of E1224) and so on.3* Other druggable targets
in this pathway include squalene synthase and farnesyldiphosphate synthase.®® Enzymes
involved in metabolism, morphological change, host cell invasion and immune evasion
have also been identified as anti-trypanosomal targets. Protozoal cysteine proteases—
cruzain, brucipain, and rhodesain—are long-standing, important examples of drug targets
for trypanosomal diseases, the former of which is the core topic of this dissertation, and is
extensively discussed in following sections. Additionally, trans-sialidase,2-8’
trypanothione reductase,®®2° and superoxide dismutase®-°! are all studied targets to date.
The unique mitochondria in T. cruzi are also organelles to be targeted. Several molecules
including nitrobenzaldehyde thiosemicarbazone,* azalactone,® and
triphenylphosphonium derivatives® are able to selectively decrease membrane potential
of trypanosomal mitochondria, thus killing the parasites. As a large group of enzymes,
trypanosomal protein kinases are of particular interest due to differences with human
kinome.®® For example, in trypanosomal kinome, there are much more STE, CMGC and
NEK kinases but no tyrosine-like receptor kinase at all.®*°" A few studies for
identification of druggable kinases have been reported for T. brucei,®%° while little is

known about essential kinome of T. cruzi and more researches in this field are ongoing.
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1.3 Cysteine Proteases as Anti-trypanosomal Drug Targets

1.3.1 Biological Significance of Cysteine Proteases for Trypanosomes

Drug development by targeting proteases in infectious pathogens has gained
substantial success as demonstrated by ten HIV-1 aspartic protease inhibitors and seven
HCV NS3/4A serine protease inhibitors all of which are now used in clinical practice.'®
Although currently there is no cysteine protease inhibitor approved by FDA, a few
candidates are under clinical development against various cysteine proteases of human
and microorganism. The genomes of trypanosomes encode several cysteine proteases
affiliated to different families according to the MEROPS, an online database for
peptidases and their inhibitors.'°* The most common and well characterized trypanosomal
cysteine proteases include cathepsin L-like (CatL-like) proteases and cathepsin B-like
(CatB-like) proteases, which are all papain-like enzymes assigned to clan CA family C1,
on the basis of similarities in their amino acid sequences. CatL-like proteases, namely
cruzain of T. cruzi and brucipain or rhodesain (TbCatL) of T. brucei have been
structurally and biochemically characterized more so than CatB-like proteases, namely
TcCatB of T. cruzi and ThCatB of T. brucei.

Compared with other eukaryotes, the genomes of trypanosomal parasites are
clustered to produce polycistronic mMRNA.*" 12 The genome of T. cruzi contains many
gene clusters each made up of 3-5 paralogues that are tandemly arrayed on different
chromosomes. This thus implies the presence of other cruzain isoforms, one of which has

been studied and termed as cruzain-2,*%® which shares 86% sequence identity with

cruzain. In like fashion, the CatL-like proteases of T. brucei are encoded by over 20
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tandemly-arrayed genes. Cruzain is ubiquitously present in all life stages of T. cruzi with
greater expression levels in epimastigotes and amastigotes than in the bloodstream
trypomastigotes.'®-1% On the contrary, cruzain-2 is mostly found in the trypomastigotes
despite its high sequence identity with cruzain.'®® Nonetheless, the RNA levels of both

proteases are similar in all stages,'%’

suggesting that gene regulation is through
translational or posttranslational control. On the other hand, the organization of genes for
CatB-like proteases in T. cruzi and T. brucei seems less complicated, as they are present
just as single-copy genes. 08109

As a member of the papain family, cruzain is initially synthesized as a precursor
protein (pro-cruzain, or zymogen) which has an N-terminal signal sequence, a pro-
domain, and a catalytic domain (Figure 1.3A). Unlike other papain-like enzymes, there is
a unigue extension at the C-terminal of the protein, which also is found in the T. brucei
subspecies. Native cruzain is a sulfated glycoprotein with glycans attached to some
residues around the active site and in the C-terminal extension.*'%'! The signal sequence
is responsible for transporting pro-cruzain to the endoplasmic reticulum (ER) for N-
linked glycosylation and is cleaved off after transportation.'*2 Once in the ER, the pro-
domain is able to implement the correct folding of the nascent protein and relocation of
the mature protein to the lysosome/endosome compartments.**® In addition, the pro-
domain constitutes a potent cruzain inhibitor to suppress unwanted proteolytic activity.!'4
The pro-domain is removed from the catalytic domain via autoproteolysis in an acidified
Golgi compartment, which is a necessary process for final intracellular sorting.!*® The

catalytic domain consists of ~210 residues with a Cyszs-Hisie. catalytic dyad. Studies

suggest the C-terminal extension is an immunogenic part that is recognized by serum
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antibodies in many chronic patients, yet its exact function remains vague.'*® It is noted
that “cruzipain” was the original term for native parasite-generated protease while

“cruzain” only denoted the recombinant protease of which the C-terminal extension is
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Figure 1.3 Structure and catalytic mechanism of cruzain. (A) Domain diagram of
native pro-cruzain. Squares above the catalytic domain delineate disulfide bonds; and
are catalytic Cyszs and Hisiez; the sites of N-glycosylation (m) and O-glycosylation (e)
are marked below the catalytic domain; recombinant cruzain usually has no glycosylation
and C-terminal extension. (B) 3D structure overview of cruzain (extracted monomer,
PDB accession code: 20Z2). The a-helices (cyan) and -sheets (red) are connected by
loops (magenta); ligand inhibitor (green) is shown as a translucent ball-and-stick model.
(C) Schechter-Berger nomenclature for proteases. Depending on the distance and
direction from cleavage site, the sub-sites on the protease are named
S1/S2/S3/...(towards N-terminus) and S1°/S2°/S3’/...(towards C-terminus); likewise,
peptidyl substrate/inhibitor residues are named P1/P2/P3/... and P1°/P2’/P3’/... (D) A
brief scheme of the catalytic cycle of cruzain.

truncated in most cases, and hardly affects any biochemical properties and structural
studies. Nowadays the former term has become obsolete, and the latter is used as a
general name. The intracellular trafficking of ThCatL appears to be similar to that of

cruzain as indicated by RNAI experiments.! Little information about the processing and

sorting of trypanosomal CatB-like proteases is available, calling for more related studies.
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Being the major cysteine protease of T. cruzi, cruzain has been, for many years,
serving as a paradigmatic target of inhibitor design and biological research for all
trypanosomal cysteine proteases. Cruzain plays multifaceted roles in the life cycle of T.
cruzi, generally divided into physiological and pathological roles. Like other enzymes in
lysosomal organelles, cruzain is able to digest external and parasite protein under acidic
conditions, either to produce small molecule nutrients or to dispose of intracellular
wastes. Studies indicated overexpression of cruzain was associated with an augmented
level of the nutrient-consuming metacyclogenesis;**® on the other hand, inhibition of
cruzain in epimastigotes caused accumulation of toxins inside the Golgi apparatus.**®
Besides, a variety of inhibitors were employed in several studies to elucidate the roles of
cruzain in the differentiation of trypomastigotes into amastigotes, transformation of
amastigotes back to trypomastigotes, and proliferation of epimastigotes and
amastigotes.'*® Apart from its physiological roles, cruzain participates in pathological
events such as host cell invasion and evasion from immune response. Araujo-Jorge et al.
first found that the addition of alpha-2-macroglobulin, a plasma protease inhibitor,
inhibited the infection of bloodstream trypomastigotes of T. cruzi into murine
macrophages and fibroblasts.'?%-1?! Souto-Padron et al. further showed the uptake of
trypomastigotes by macrophages was significantly reduced by F(ab”), fragments of anti-
cruzain antibodies,*?? convincingly suggesting the involvement of cruzain in T. cruzi-host
cell interaction. Invasion of trypomastigotes into mammalian cells was also linked to
cruzain because of its ability to aid in releasing kallidins which induce inflammation and
promotes uptake of T. cruzi.'?>?° To generate kallidins, cruzain either directly

proteolyzes the kininogens, or processes the prekallikreins to make more products
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indirectly. Besides, cruzain also enhances invasive activity of trypomastigotes by
activating latent transforming growth factor beta, an important and versatile cytokine.!?
The story of cruzain with host cell invasion may be even more complex than above noted,
so it is with immune evasion. Cruzain is able to cleave human IgG at the hinge region and
hydrolyze Fc fragment to small peptides with minimal degradation of Fab fragment.t2/-128
Such a “fabulation mechanism” leaves an intact Fab fragment attached to the antigen on
T. cruzi surface as a protection but impedes the activation of complement system or
opsonization for phagocytosis. Doyle et al. claimed, according to their unpublished data,
T. cruzi parasites expressing negligible cruzain activity were unable to infect wild-type
mice even at doses of 10° trypomastigotes and were only lethal in RAG1 knockout mice
which were deleted mature T and B cells and were thus severely immunodeficient. The
authors later demonstrated that cruzain, by degradation of NF-xB P65, could thwart the
activation of macrophages during early infection (<1 h).1?° This unresponsiveness of
phagocytosis at the bite site would support the survival of parasites in early infection and
allow their subsequent dissemination to distant tissues. This also explains why AIDS
patients with concurrent T. cruzi infection often develop fatal Chagas disease.'® Lastly,
attempts to knock out the cruzain gene ended in failure, likely resulting from the lethality
of this process itself. Taken together, cruzain is definitely an indispensable enzyme for T.
cruzi.

Although CatL-like proteases in T. brucei have similar functions as cruzain, there
are several studies regarding their T. brucei-specific roles. By activating the host
protease-activated receptor 2 (PAR-2) and hence generating calcium activation

signals,*®132 prucipain is able to drive T. brucei to traverse the blood-brain barrier
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(BBB). It also confers the parasite’s resistance to lysis by components found in human
serum, and to the suppression of surface coat exchange by host anti-VSG I1gG.*3
Trypanosomal CatB-like proteases are also involved in virulence and are potential drug
targets. ThCatB is of importance to host protein digestion, especially iron acquisition by
degradation of transferrin.’3* In T. cruzi, a 30 kDa CatB-like protease (presumably
TcCatB) has been identified and sequenced,*® probably working as an alternative
enzyme when cruzain availability is decreased in parasites.

The rationale of papain-like proteases, especially cruzain, to be drug targets not
only relies on the essentiality of their biological roles in parasites, but also takes into
account any potential off-target toxicity. One is likely to be concerned that inhibitors
targeting papain-like proteases may impair host cells or tissues through unspecific
binding to homologous and analogous host proteins. Actually, such concerns may be
mitigated considering the following facts. In mammalian hosts, trypsin-like serine
proteases are the major family of all proteases, while in protozoa, papain-like cysteine
proteases greatly outnumber other classes of proteases.!®6-*3" This contrast is the most
obvious when it comes to comparing the levels of the two protease families involved in
gastrointestinal protein digestion. This is because many trypsin-like proteases
differentiated to digestive enzymes with the evolution of the pancreas in vertebrates, but
papain-like proteases in protozoa were not supplanted by serine proteases during
evolution.'®® On the other hand, thiolate is a stronger nucleophile than alkoxide owing to
the nature of the more polarizable sulfur atom, making cysteine proteases usually more
efficient than serine proteases for executing their biological functions, especially at acidic

pH. These protozoan cysteine proteases, in turn, are often more vulnerable to oxidative
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stress or exogenous electrophiles. Therefore, cysteine protease inhibitors can easily
achieve selectivity over many of the host serine proteases. Although serine proteases are
dominant in mammalian hosts, cysteine proteases are not unique to parasites so that off-
target effects for host homologues should be noted. Fortunately, since the typical
concentrations of host cathepsins in lysosomes may be as high as 1 mM,*% such high,
local concentrations may protect them from an inhibitor which is incapable of matching
this concentration in the lysosome to a fair extent. In addition, the human proteome
presents a functional redundancy pertaining to cysteine proteases, which is not observed
in the simpler parasitic proteome. In fact, gene knockouts of some cathepsins in murine
models caused no embryonic lethality with minimal phenotypic consequences.4
Moreover, as cruzain is abundantly expressed on the surface of T. cruzi amastigotes, it is
more vulnerable to inhibitors relative to human cathepsins which are sheltered in

organelles.

1.3.2 Structural Basis of Cruzain Inhibition

From a homological perspective, it is more precise to describe cruzain as CatF-
like rather than CatL-like because its sequence identity with CatF reaches ca. 50%, higher
than other homologous human cathepsins. The first crystal structure of recombinant
structure was solved as a complex with Cbz-Phe-Ala-fluoromethylketone by McGrath et
al. in 1995,*! since then more than 20 structures with different substrates, inhibitors or
mutations have been reported employing both X-ray crystallography and protein NMR.
The spatial structure of a cruzain monomer comprises two domains in common with

proteases in papain family (Figure 1.3B).1#2 One of the domains mainly consists of
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several alpha-helices and the other contains extensive antiparallel beta-sheets. Located at
the interfaces between the two domains is the cleft-shaped active site, housing the
catalytic dyad Cyszs-Hisie2 and several pockets for substrate binding designated using the
Schechter and Berger nomenclature (Figure 1.3C).1*3 The S;” and S; subsites are both
solvent-exposed, shallow pockets that virtually contribute little interaction to ligand
binding. In papain-like proteases, the S> pocket is the primary determinant for substrate
specificity. Substrates with aliphatic or aromatic side chains at P2 position are commonly
preferred because S» pockets of many CatL-like proteases are lined with hydrophobic
residues.*41% While cruzain also favors bulky non-polar P2 group (e.g. Leu or Phe), it is
able to accommodate cationic residues (e.g. Arg) owing to the presence of an unusual
Gluaog at the base of its S pocket which can form a critical ionic interaction with basic
residues.**® Due to this interaction, substrate specificity is pH-dependent. In particular,
cruzain prefers hydrophobic groups to Arg by nearly two orders of magnitude at pH 5.5.
Structural analysis revealed that, the carboxylate moiety of Gluzes was oriented to the
basin of Sz pocket at neutral pH to get closer to the incoming charged moiety, but at
acidic pH it swung away from the pocket so that this ionic interaction was undermined.
Harris et al. carried out a specificity profiling using a combinatorial library of fluorogenic
substrates with a fixed P1 Arg or Leu at pH 5.5.14 The first-tier P, residues in descending
order of preference are Leu>Phe~Tyr>Val; the second-tier P2 residues include lle, Trp
and Nle (norleucine) which exhibited comparable binding affinities for S, pocket yet
significantly lower than the first-tier ones; besides, substrates with other P> residues are
essentially not hydrolyzed by cruzain. While P3 and P4 positions generally show broad

specificity, Pz does have a slight preference for Arg and Lys and P4 is repulsive to bulky
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aliphatic or aromatic amino acids such as Leu and Phe. It is noteworthy that all the
specificity profiles of P2, Pz and P4 are independent of Py structure, consistent with the
poorly-defined S1 pocket as described earlier.

The catalytic mechanism of cruzain is by and large similar to papain with subtle
differences. A complete catalytic cycle generally consists of an acylation stage followed
by a deacylation stage (Figure 1.3D). In the acylation stage, the nucleophilic Cyszs
attacks the carbonyl carbon of the peptide bond in substrate, followed by protonation and
scission of the C-N bond, which leads to release of the amine product and formation of an
acylated intermediate. In the following deacylation stage, the thioester intermediate is
hydrolyzed to produce the carboxylate product. However, different details with regard to
this mechanism have been proposed in two recent publications. Based on a pure QM/MM
study,**” in the acylation stage, the N1 atom of the substrate is first protonated to produce
a transient intermediate, making the carbonyl C1 more susceptible to the nucleophilic
attack by Cyszs. It is believed the Cysas thiolate is stabilized by Trpzs, Hisis2 and Glyies
rather than a simple ion pair of the dyad. In the deacylation stage, Hisie. abstracts the
proton from a water molecule to make a hydroxide as the base for hydrolytic reaction
through a concerted mechanism. Residues Glnig, Asnisz, Trpiss appears to be critical for
modulating the pKa of Hisie2, which acts as an acid in the acylation stage and as a base in
the deacylation stage. The calculated activation energy of the one-step deacylation stage
is highest in the reaction diagram, indicating the deacylation is the rate-limiting step. Our
group later published a paper on cruzain mechanism using experimental approaches
including pH-rate profiles and solvent kinetic isotope effect (sKIE).2*® In our proposed

mechanism, the key feature is that the initial protonation states of dyad are both neutral.
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Substrate binding may trigger a conformational change, and brings the dyad closer for
proton transfer. The deacylation is also proposed as a general base-catalyzed reaction and
turns out to be rate-limiting which agrees with the former study. The real scenario may be
a combination of both, or even more complex depending on substrate structure and
developmental stage, nonetheless, these studies have laid a firm foundation for

mechanism-based drug design.

1.3.3 Development Status of Cruzain Inhibitors

The first proof-of-principle inhibitor/inactivator used as the cruzain-targeted
treatment for Chagas disease was K11777, which since then has undergone extensive
preclinical evaluations and optimizations. It showed potent, apparent inhibition against
cruzain (ICs?P = 3.6 nM) as well as moderate trypanocidal activity (ECso = 3 — 4 M)
for different strains of T. cruzi.*® This compound could kill the intracellular amastigotes
by arresting the processing of cruzain at the level of Golgi complex.**® Treated mice in
chronic infection had repeatedly negative hemocultures indicative of parasitological cure.
It was also efficacious in an immunocompromised murine model of acute T. cruzi
infection as well as in an immunocompetent canine model.*3 ! Although K11777
demonstrated no histological abnormalities or auto-immune phenomena, its progress to
clinical trial was halted due to hepatotoxicity and tolerability issues (measured by the
incidence of certain adverse event among a given population of tested animals) at low
dose in primates and dogs.>?

The structure of K11777 is a peptidomimetic vinyl sulfone as shown in Figure

1.4A. The B-carbon of the vinyl sulfone is attacked by Cyszs, leading to the formation of
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a carbanion intermediate in a conjugated fashion (Michael addition); then a-protonation
of the intermediate produces a stable thioether, irreversibly inactivating the enzyme.>
The crystal structure of cruzain complexed with K11777 has confirmed the formation of
a covalent adduct.**? In addition, the scaffold of K11777 snugly spans Ss, Sz, S1 and Sy’
pockets of the enzyme by virtue of a hydrogen bonding network involving Glnig, Glyss,
Aspie1, Hisie2 and Trpiss. These interactions are fairly conserved as found in cruzain
structures complexed with other analogous peptidyl backbones. Gluzos is directed away

from the hydrophobic P2 phenyl group which is in accordance with aforementioned

substrate specificity.
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Figure 1.4 Current inhibltors/mactlvators for cruzain under preclinical
development. (A) Structure and inhibition mechanism of K11777. (B) Several classes of
cruzain inhibitors including non-peptidyl or peptidomimetic inhibitors and natural
product, with representative compound(s) of each class.
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Besides K11777 and its derivatives, a diversity of molecules have been studied as
cruzain inhibitors and inactivators (Figure 1.4B). A class of tetrafluorophenoxymethyl
ketone-based compounds are nonpeptidic, irreversible cruzain inactivators that utilize
tetrafluorophenol as the leaving group. The first compound of this class, TFMK-4, was
developed by a screening approach,'>* and exerted potent inactivation against cruzain
with a second-order inactivation constant (Kinact/Ki) 0f 147,000 s*M* as well as complete
elimination of T. cruzi in cell culture at 10 M. This compound also mitigated symptoms
of acute-phase infection in a mouse model with good tolerability. The authors obtained
the structure of cruzain-inhibitor complex based on which Neitz et al. further optimized
the in vitro potency and in vivo pharmacokinetic profile of this series, leading to the
identification of compound TFMK-11 with improved pharmacokinetic and ~10-fold
increase of trypanocidal activity (ICso =2 nM in T. cruzi infected C2C12 host cells).t*

Benzimidazoles represent a class of nonpeptidic, noncovalent cruzain inhibitors.
From a campaign combining high-throughput and virtual screenings, Ferreira et al.
discovered a hit compound 8a with an K; of 800 nM against cruzain.**® In the co-crystal
structure, the hydrophobic bromophenyl ring fits into Sz pocket while the benzimidazole
interacts with protein indirectly through water-bridged hydrogen bonds. Medicinal
chemistry efforts on 8a resulted in a large group of analogs which fulfilled a
comprehensive SAR analysis. Replacement of the bromophenyl with a naphthyl moiety
yielded the most potent compound 8r with 10-fold improvement (Ki = 82 nM) likely due
to full shape complementarity of the S, pocket.’>” Moreover, compound 8r showed

moderate trypanocidal activity (ECso = 16.2 M) and no acute toxicity in mice.
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Efforts for target-based drug design principally focused on the modification of
K11777 either to optimize the peptidomimetic scaffold or to replace the vinyl sulfone
with another electrophilic warhead. The design of oxyguanidine derivatives was inspired
by the fact that Arg could be accommodated by S. pocket of cruzain but not of other
CatL-like proteases. WRR-483, an analog of K11777 with Arg at P2, proved to be as
effective as K11777 at eliminating T. cruzi in cell culture and animal model despite
mediocre potency against cruzain.’®® Oxyguanidine derivatives of WRR-483 remarkably
inhibited cruzain with a second-order rate constant up to 320,400 M1s1.1° WRR-676
demonstrated favorable metabolic stability and a promising trypanocidal activity (ECso =
269nM) in T. cruzi-infected macrophages. Interestingly, crystallographic analysis
revealed that WRR-666 was a covalent inactivator similar with K11777 while WRR-669
adopted an unexpected, noncovalent binding mode, presumably as a result of the different
P1” moiety.

Nitroalkenes are another class of peptidomimetic cruzain inhibitors currently
being studied. Many of them showed high potency not only against cruzain and
rhodesain, but also against cathepsin L and, to a lesser extent cathepsin B. On the basis of
molecular modeling result, the most active compound (Ki = 0.44 nM) bearing a simple
Ala at P; position was believed to bind to cruzain in a similar fashion to vinyl sulfones.®°
However, these nitroalkene inhibitors were reversible following protein dialysis,
implying a distinctive chemical nature of the warhead. Computational studies and NMR
data suggested the establishment of a reaction equilibrium between cruzain Cys,s and the

double bond in inactivator.
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A natural product called gallinamide A was first identified as a potent irreversible
inactivator of human cathepsin L. Boudreau et al. found this molecule had a sub-
nanomolar value of 1Cso (0.26 nM) for cruzain and was exceptionally toxic to T. cruzi
amastigotes (LDso = 14.7 nM) which outperformed the positive control benznidazole
(LDso = 1.5 |4V1).281 The chemical mechanism of covalent inactivation was elucidated for
cathepsin L as a Michael addition to the acrylamide moiety, which was likely applicable
to cruzain as well. Although this double bond is a weaker electrophile than that in

K11777, gallinamide A turned out to be irreversible evidenced by rapid dilution assay.
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CHAPTER 2
PEPTIDOMIMETIC VINYL HETEROCYCLIC INHIBITORS OF CRUZAIN EFFECT

ANTITRYPANOSOMAL ACTIVITY*

2.1 Introduction

Inactivators that form reversible covalent adducts with cysteine groups on
enzymes have received recent attention. 62264 Sych reversible covalent inactivators
demonstrate time-dependent inactivation, like irreversible inactivators, but may exert
greater selectivity for the intended target rather than homologous “off-target” enzymes.
This is because while the initial-collision complexes of irreversible inactivators with a
panel of related enzymes may have variable affinities, over time the establishment of a
permanent covalent bond may render this initial selectivity inconsequential. However, in
the case of a reversible covalent inhibitor, their residence times on these enzymes are
likely to be variable, leading to the ultimate “relief” from covalent inactivation for off-
targets.

The design of dipeptide vinyl-heterocyclic inhibitors is predicated on existing
irreversible covalent inactivators of cysteine proteases such as the vinyl sulfone of
K11777 and the acrylamide of GSK27993660, an inactivator of human cathepsin C that
reached Phase | clinical trials.'®® Both compounds form irreversible covalent adducts with
the active-site cysteines of the respective enzymes via a thia-Michael reaction (Figure

1.4A, Figure 2.1), and both have encountered either toxicity issues or adverse events in,

*Reprinted with permission from “Peptidomimetic Vinyl Heterocyclic Inhibitors of Cruzain Effect
Antitrypanosomal Activity” by Bala C. Chenna, Linfeng Li, Drake M. Mellott, Xiang Zhai, Jair L.
Siqueira-Neto, Claudia Calvet Alvarez, Jean A. Bernatchez, Emily Desormeaux, Elizabeth Alvarez
Hernandez, Jana Gomez, James H. McKerrow, Jorge Cruz-Reyes, and Thomas D. Meek. 2020, Journal
of Medicinal Chemistry, 63, 3298-3316. Copyright (2020) by American Chemical Society.
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Figure 2.1 Structures of GSK2793660 and 7 with thia-Michael addition of Cyss
to the vinyl groups in these compounds. The putative adduct 7a reverts to the fully
conjugated 7 upon the reverse of adduct formation. The common bioisosteric atoms of
GSK2793660 and 7 are highlighted in red. X is an electron-donating or electron-
withdrawing substituent.

respectively, either animals or humans.'®>-1%6 Accordingly, we sought replacements of the
vinyl sulfone and acrylamide “warheads” with less electrophilic moieties that would
undergo reversible thia-Michael addition, in order to develop inactivators of high potency
for cruzain, but also with suitable selectivity for trypanosomal over human cysteine
proteases. One approach is the replacement of the vinyl sulfone and carboxamide group
of the acrylamide with a bioisosteric heterocyclic group which is conjugated to the
reactive vinyl group. A 2-vinyl pyrimidine 7 is one such bioisosteric replacement (Figure
2.1), in which one of the ring nitrogens mimics the amide carbonyl and sulfone oxygen
while the other substitutes for the amide nitrogen (red atoms). As the pyrimidine is
conjugated to the vinyl group, the expected addition of the thiol group of the cysteine to
the B-carbon of the vinyl group and attending protonation of the a.-carbon would
eliminate this conjugation. Subsequent re-establishment of conjugation via reverse of the
thia-Michael reaction would provide reversible covalent inactivation of the enzyme.
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Another feature afforded by this vinyl-heterocycle is the ability to modify the reactivity
of the vinyl group by the substitution of the heterocycle with electron-donating or
electron-withdrawing groups. In this chapter, we designed, synthesized, and evaluated a
panel of dipeptide compounds containing a vinyl group replacing the scissile amide group
of the substrate, which is conjugated to a phenyl group or a collection of heterocycles.
For some, we investigated the ability of glutathione to form covalent adducts with their
vinyl groups, in order to explore the electronic nature of the heterocycle required for
facile addition of thiols. Many of these compounds displayed potent, time-dependent

inhibition of cruzain, as well as anti-trypanosomal activity in cell culture.

2.2 Results and Discussion

2.2.1 Computer-assisted Inhibitor Design

To aid in the rational design of our vinyl-heterocyclic inhibitors we employed
molecular docking of these compounds to a model constructed from the crystal structure
of K11777-cruzain (Figure 1.3B) which contains a covalent bond between the inactivator
and Cys;s.242 Owing to our hypothesis that the vinyl-heterocyclic inhibitors have the
ability to undergo a reversible thia-Michael addition with the active-site Cyszs of cruzain,
it is necessary to consider scenarios of both non-covalent and covalent binding. To this
end, we first predicted the binding patterns for NMePip-Phe-hPhe-vinyl-2Pyrmd (9)
which has the same scaffold as K11777 using Glide'®"-1%® and CovDock"® modules
embedded in the Schrodinger software package. In the covalent model, the binding of 9

with cruzain was highly conserved when compared to that of K11777 (Figure 2.2A). The
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N-1 of 9 was within hydrogen bonding distance of Glnig and Trpiss, allowing the
stabilization of the vinyl-heterocycle in a nearly analogous fashion to the sulfone moiety
in K11777. In addition, the a-carbon of the inhibitor is positioned within 2.4 A of Hisiez,
an interatomic distance that would easily allow facile proton transfer between this carbon
and the imidazole nitrogen, supporting our hypothesis that a reversible adduct could be
formed with cruzain. The non-covalent model (Figure 2.2B) shared similar shape
complementarity with the covalent binding pose, except that it was slightly shifted away
from the binding site as compelled by the docking algorithm to avoid clashing with
Cysas. This suggested that covalent bond formation would only slightly perturb the non-
covalent binding conformation. Overall, these data suggested that the binding of our
newly designed compounds containing a vinyl-heterocyclic warhead have the ability to
interact with cruzain in a very similar fashion to the characterized, irreversible
inactivators of the enzyme. Similarly, we carried out docking for five other modified
structures (7, 11, 12, 13, and 15) and their covalent-docking affinity values (Cdock
affinity) are summarized in Appendix A. The corresponding inhibition constants
(predicted K;) converted from these affinity values ranged from 0.79 to 6.1 uM, and with
the exception of compound 7, were similar with the experimental values found in Table
2.2. In agreement with our dipeptide substrate kinetic data, we observed an increased
Cdock affinity for 13 and 15 which each contained a hPhe in the P1 position as compared
to Phe. In addition, the substitution of a pyridine ring at the P1’ positions of 11, 12, 13,
and 15 may subtly improve the binding compared to the pyrimidine substituent of 7.
Further, the N-methylation of pyridine resulted in a fairly large shift in Cdock affinity,

possibly resulting from an additional ion-ion/dipole interaction. On the basis of these
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Figure 2.2 Molecular models of compound 9 bound to cruzain. (A) K11777
(gray) is superimposed with a binding pose (green) in which a covalent bond is formed
between the B-carbon of the vinyl group of 9; (B) Binding pose (cyan) of 9 in which no
covalent bond is formed with Cyszs. Yellow and white dashed lines represent hydrogen
bonds with surrounding residues for 9 and K11777, respectively. Red dashed lines are
measurements between catalytic dyad and vinyl moiety of 9.

docking analyses, our inhibitor design focused on using a dipeptidic scaffold containing
Phe in the P2 position and either Phe or hPhe in the Py position. We varied the identity of
the Py’ substituent in order to modify the electrophilicity of the olefin bond, but generally
maintained functional groups that possibly afford hydrogen bonding with Glnig to

stabilize the binding of the compounds near Cysas of cruzain.
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2.2.2 Synthesis of PVHIs

171 or Horner-Wadsworth-

The general synthetic routes employing either Wittig
Emmons (HWE)"2 reactions shown in Scheme 2.1 were used to synthesize
peptidomimetic vinyl-heterocyclic compounds from aldehydes and halo-methyl
heterocycles.

Commercially-available Boc-protected L-amino acids phenylalanine,

homophenylalanine and alanine (a) were converted to Weinreb amides*”® by T3P-

catalyzed coupling to N,O-dimethylhydroxylamine hydrochloride to afford b (GP1,

1. P1 building block (Aldehyde)

o] o] 0
H GP1 H GP2 H
N N .0 _N
Boc” \)kOH Boc” \)kN ~ Boc \)kH R, = Me, Bn, CH;Bn, {CHy)4NH,
R R, | R,
a b c

2. P1' building block (Wittig and HWE reagents)

F‘h3P
0
c” R = 50,Ph, COOEL, Ph, (p-NO2)Ph, 2-Pyrmd, 2-
o) R, Pyr and derivatives, 4-Pyr, 4-Pyrmd, 2-Oxz, 2-Thz
OEt

d EtO. \

Q

3. Coupling of building blocks

o Ph/’ Pr N-methylated R

Ph/l Pr (12, 15, 22 26)
’ gre H\/\/Rf‘l )k COCH
c Boc™ Y /tk N\/\/R3
g, GP7 Ro GP
GP10

h

Acrylamide Rj (2-4)
k
Rs-Xaa = Cbz-Phe, NMePip-Phe, Cbz-Leu

General Procedure 1 in Section 2.3.2). Reduction of the Weinreb amide using LAH at -

Scheme 2.1 General synthetic route to PVHIs. GP1. N,O-
dimethylhydroxylamine, T3P, DIPEA, DCM, 0°C; GP2. LAH, THF, -10°C; GP3. 1)
NaBH4, EtOH, 0 °C, 2) SOCl, DCM; GP4. PPhs, benzene, reflux; GP5. P(OEt)s, 150
°C; GP6. LHMDS, THF, -70 °C — 0°C; GP7. LHMDS, THF, -70 °C — 0°C; GP8. 1)
TFA, DCM, 0°C, 2) R1-Xaa-OH, T3P, DIPEA, DCM, 0°C; GP9: Mel, MeCN, reflux;
GP10: 1) LiOH, H20, 2)CICOOELt, NH4CI.
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10 <C in anhydrous THF provided the Boc-amino acid aldehyde (c, GP2), generally in
overall yields of ~80% (a-c).

Phosphonium salts of methylheterocycles were in general prepared by
derivatization of either the 2-methylcarboxy- or 2-hydroxymethyl-heterocycle (d to f,
Scheme 2.1). Methyl 2-carboxy-pyrimidine (or pyridine, oxazole, and thiazole) was
reduced using sodium borohydride to the primary alcohol, followed by conversion of the
alcohol to the 2-chloromethyl-pyrimidine (e) using SOCI, or POCIz in DCM or CHCI3
(GP3). Reaction of e with triphenylphosphine provided the Wittig reagent phosphonium
salt (f) at overall yields of 28 — 80% (GP4). Wittig coupling of f with a peptide aldehyde
(c) using LHMDS in anhydrous THF or sodium methoxide in benzene as base provided
the peptide vinyl-heterocyclic product h (GP6), with general overall yields of 13 — 54%.
Typically, the ratio of E:Z was 4:1, and separation of these regioisomers was readily
achieved using silica gel column chromatography.

Alternatively, 2-chloromethyl-heterocycle e was converted to its phosphonate g
by use of the Arbuzov reaction with triethyl-phosphite (~80% yields, GP5). The resulting
phosphonate was de-protonated with LHDMS in THF, and then coupled with aldehyde ¢
to provide the peptide vinyl-heterocycle h at 20% — 80% yield (GP7). The Boc group was
removed quantitatively by treatment with TFA in DCM, then the free amine was coupled
with P3-P> fragment (R1-Xaa-OH) using T3P to give the inhibitor i (GP8).

In addition, some of the PVHIs underwent N-methylation of the heterocycle (j,
GP9). Further, we also prepared several acrylamides (k) through hydrolysis of
corresponding acrylate ester and subsequent treatment with ethyl chloroformate and

NH4Cl (GP10). Final products were confirmed structurally by NMR and LCMS as
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described in Section 2.3.2. It is important to note that proton NMR analysis of the
products (i, j and K) indicated negligible epimerization at the a-carbon in these products,

as evidenced by the absence of diastereomers.

2.2.3 Electrophilicity of Vinyl-heterocycles

To evaluate the chemical reactivity of the vinyl group in our PVHIs and K11777
we treated selected compounds with glutathione (GSH) at pH 8.0 to determine their
reactivity in a thia-Michael addition of the sulfhydryl group of GSH with the vinyl group
of the inhibitors. Normally, the addition of glutathione to an enzyme inhibitor is to be
avoided, but here this serves as a means to evaluate the electrophilicity of these
inhibitors. K11777 and compounds 7, 11, 12, 15, 17, 25 and 26 (Table 2.1), which
respectively contain a vinyl sulfone (Rs = 1), a vinyl-2-pyrimidine (Rs = 1V), a vinyl-2-
pyridine (R3 = V), a vinyl-2-N-methylpyridium (R3 = V, R4 = Me), a vinyl-2-(4-
trifluoromethyl)-pyridine (Rs = V, Rs = CF3), a vinyl-2-thiazole (Rs = 1X), and a vinyl-2-
N-methylthiazolium (Rs = IX, R4 = Me). As previously reported,*’ the formation of a
glutathione adduct with K11777 was very slow (k = 0.00028 mM™min, Table 2.1,
Figure 2.3), and we were unable to ascertain an equilibrium constant for the K11777-
GSH adduct. For the PVHIs, the reaction between GSH and the vinyl-2-pyrimidine (7),
the vinyl-pyridine (11), the vinyl-2-(4-trifluoromethyl)-pyridine (17), and the vinyl-
thiazole (25), was negligible as no adduct was observed after 90 minutes incubation with
either a 2:1 or 10:1 molar ratio of GSH:inhibitor. The electron-withdrawing 4-
trifluoromethyl group on the pyridine of 17 had no effect on the electrophilicity of 11. In

contrast, addition of GSH to the vinyl group of vinyl-2-N-methylpyridinium (12, 15) and
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Table 2.1 Kinetic constants of thiolation of cruzain inhibitors?

Compound  Rate of Thiolation, k (mM™min™) Keg (M)
K11777 0.00028 +=0.0004 NA
7 Negligible NA
11 Negligible NA
12 0.037 £0.002 7400
15 0.054 +0.004 2400
17° Negligible NA
25 Negligible NA
26 0.015 +0.005 930

1 mM glutathione was mixed with 0.5 mM K11777 and compounds in Tris (pH 8.0), 10%

DMSO (V/v) at room temperature. Aliquots were analyzed by LCMS as described; ®5mM
glutathione was used for 17; NA, not applicable.

vinyl-2-N-methylthiazolium (26) in a 2:1 molar ratio resulted in the rapid formation of
GSH adducts at respective rates of 0.037 mM™*min, 0.054 mM™*min?, and 0.015 mM-
!min?, and apparent equilibrium was achieved for these compounds in 90 min (Keq =
7400 M, 2400 M, and 930 M, respectively). This demonstrated that the N-
methylation of the PVVHIs afforded a significant increase in the electrophilicity of the
vinylic position, enabling rapid addition to thiols, owing to the strong electron-
withdrawing effect of the methylpyridinium moiety. For example, compounds 11 and 12
are identical except for the N-methylpyridine group of compound 12; compound 12
readily forms an adduct with GSH (97% conversion of 12 to its GSH adduct in 20 min at
a 10:1 molar ratio of GSH to compound), whereas compound 11 is unreactive towards
GSH. Interestingly, the rate of thiolation of compound 12 is 50% that of 15, while the
values of Keq indicated that the 12-GSH adduct is three times more abundant than that of
15-GSH. This suggested that the phenylalanyl sidechain of 12 may retard the addition of
GSH to its vinyl group, and also slowed the presumed base-catalyzed elimination of GSH

from its adduct with 12. Overall, these results demonstrated that the reactivity of vinyl-
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Figure 2.3 Time courses of depletion of K11777 (red circles), 12 (blue circles),
and 15 (black circles) upon formation of adducts (red, blue, and black squares,
respectively) with glutathione. Lines drawn through for substrate depletion and adduct
formation, were respectively, [Substrate] = (0.5 mM -A)(1-exp(-k*t)) + C and
[Adduct] = A*(1-exp(-k*t)) + C, with resulting kinetic parameters found in Table 2.1.

heterocycles with GSH and presumably Cyszs vary with the nature of the heterocycles.
Hence, it is possible to tune the electronic properties of the vinyl bond in the PVHIs,
thereby allowing for development of modifiable electrophilic inhibitors of other enzymes

that have an active-site cysteine or other nucleophile.

2.2.4 Kinetic Analysis of Cruzain Inhibitors and Inactivators
Scheme 2.2 is a kinetic depiction of inhibition and inactivation of cruzain and the
relevant kinetic parameters.t’® The initial, and usually rapid, formation of El is
characterized by the inhibition constant K. For time-dependent inhibitors EI progresses
to a second, tighter complex EI*, generally over the course of minutes, characterized by
Ki*, for which Ki* < Kj when ks < ks. For irreversible covalent inactivators, ks and Ki* ~

0, and the Kkinetic parameter Kinact/Ki is generally reported. For reversible time-dependent
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Scheme 2.2 Kinetic depiction of inhibition and inactivation.

inhibitors, initiation of reaction by adding enzyme to substrate and inhibitor leads to
concave-downward, curvilinear time courses of product formation in which reaction rates
demonstrably decrease as the EI* complex forms. Typical data, as exemplified for
compound 15, are shown in Figure 2.4. Alternatively, extended pre-incubation of
enzyme and inhibitor, followed by dilution of the inhibitor and initiation of reaction with
high concentrations of substrate, leads to concave-upward curvilinear plots of product
formation as E reforms from EI* (Compound 15, Figure 2.4B). Results of this analysis
for cruzain inhibitors and inactivators are collected in Table 2.2.

K11777 comprises a useful benchmark compound despite the fact that it is an
irreversible inactivator of cruzain (reported kinetic data: apparent 1Cso of 2 NM, Kinact/K| =
234,000 M1s1). 1581 We replaced the P1 hPhe group of K11777 with a Phe sidechain to
provide vinyl sulfone 1, which had apparently equivalent potency (Ki* = 3.6 nM) to that
of K11777, but which, interestingly, exhibited kinetically reversible inhibition of cruzain.
However, a crystal structure we obtained for 1 bound to cruzain indicated the formation
of a C-S bound between Cyszs and 1 (Appendix B). This may indicate that a
phenylalanyl group at the P1 position partly impedes the ability of an adjacent vinyl
electrophile to access Cyszs, as was observed with the solution phase GSH addition

studies to our PVH compounds.
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Table 2.2 Kinetic data of PVHIs of cruzain?

o Phi'i-Pr
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Vi Vil Vil IX
Cruzain Inhibition or Inactivation
Compound Structure R; R, R3 K: (uM) Ki* (uM) kinact{lK_ilnact
(M7s™)
K11777 NMePip-Phe-hPhe-VSPh NMePip  CH,Bn 1 NA 0.002° 234,000°°
1 Cbz-Phe-Phe-VSPh BnO Bn 1 ND 0.0036 +0.0001 ND
2 Cbz-Phe-Phe-vinyl-CONH, BnO Bn 1 37 %2 NA 21.7 £0.8
3 Cbz-Phe-hPhe-vinyl-CONH, BnO CH,Bn 1 3 +1 NA 1700 500
4 NMePip-Phe-hPhe-vinyl-CONH, NMePip  CH,Bn 1 3.4 £0.4 NA 1900 +200
5 Cbz-Phe-Phe-vinyl-Ph BnO Bn 11 1.8 +0.1 0.87 +0.05 NA
6 Cbz-Phe-Phe-vinyl-(4-NOy)Ph BnO Bn 111, R, = NO; ND 0.37 £0.02 NA
7 Cbz-Phe-Phe-vinyl-2Pyrmd BnO Bn v 28 1 0.364 +0.004 NA
8 Cbz-Phe-hPhe-vinyl-2Pyrmd BnO CH,Bn v >35 NA NA
9 NMePip-Phe-hPhe-vinyl-2Pyrmd NMePip  CH,Bn v >10 2.2+0.1 NA
10 Cbz-Phe-Ala-vinyl-2Pyrmd BnO Me v 58 +6 25+1 NA
11 Cbz-Phe-Phe-vinyl-2Pyr BnO Bn \Y 5.5+0.4 0.31 +0.01 NA
12 Cbz-Phe-Phe-vinyl-2PyrNMe BnO Bn V, Ry = Me 3.8+0.4 0.28 +0.08 NA
13 Cbz-Phe-hPhe-vinyl-2Pyr BnO CH2Bn \" 1.06 =£0.07 0.171 +=0.004 NA
14 NMePip-Phe-hPhe-vinyl-2Pyr NMePip  CH,Bn \Y ND 3.4+01 NA
15 Cbz-Phe-hPhe-vinyl-2PyrNMe BnO CH,Bn V,R;=Me 0.76 +£0.04 0.126 £+0.004 NA
16 Cbz-Phe-hPhe-vinyl-2-(4-OMe)-Pyr BnO CH,Bn  V, Rs = OMe >5 NA NA
17 Cbz-Phe-hPhe-vinyl-2-(4-CF3)-Pyr BnO CH,Bn V, Rs = CF3 NA 0.57 +0.05 NA
18 Cbz-Leu-hPhe-vinyl-2Pyr BnO CH,Bn \ 7.8 0.6 1.42 +0.09 NA
19 Cbz-Phe-Ala-vinyl-2Pyr BnO Me \% ND 4.8 +0.2 NA
20 Cbz-Phe-Lys-vinyl-2Pyr BnO  (CHj)4NH, \Y 17.3 0.3 0.87 +0.02 NA
21 Cbz-Phe-Phe-vinyl-4Pyr BnO Bn Vi ND 5.5+0.2 NA
22 Cbz-Phe-Phe-vinyl-4PyrNMe BnO Bn VI, R, = Me 92 +5 4.0 +£0.1 NA
23 Cbz-Phe-Phe-vinyl-4Pyrmd BnO Bn VII 10.8 +1.4 1.14 +0.07 NA
24 Cbz-Phe-Phe-vinyl-20xz BnO Bn Vi 10 +1 0.71 +0.01 NA
25 Cbz-Phe-Phe-vinyl-2Thz BnO Bn IX ND 1.71 +0.09 NA
26 Cbz-Phe-Phe-vinyl-2ThzNMe BnO Bn IX, Ry = Me ND 0.94 +0.06 NA

3Data obtained at 25 <C, pH 7.5; "Reported as apparent ICs, in ref 158; °Reported as 32,500 M™s™ (pH 8.0) in ref 159; NA, not applicable; ND,
not determined; K; and K;* are respectively, the initial and tight-binding inhibition constants.

We next evaluated three C-terminal acrylamides (Rs = I1) within the Cbz-Phe-

Phe, Cbz-Phe-hPhe, and NMePip-Phe-hPhe scaffolds (2 — 4 ). The acrylamides within the
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Figure 2.4 Time-dependent inhibition of cruzain by 15. (A) Reaction initiated
by addition of cruzain (0.1 nM) with Cbz-Phe-Arg-AMC (10 uM) and 0-20 uM 15 (pH
7.5). Lines drawn through the experimental data points were from fitting of each
inhibitor concentration to eq. 2-3, from which the replot of kobs vs. [15] is shown in the
inset (fitting to eq. 2-4: Ki = 2.0 0.9 uM, ks = 0.004 +0.001 s, and ks ~ 0); (B)
Following 1 h pre-incubation of cruzain (0.1 nM) with 0-6 uM 15, reaction was
initiated by addition of Cbz-Phe-Arg-AMC (10 uM). (C) Fitting of cruzain inhibition
by compound 15 for vi/vo (black) and vs/vo (red) using eq. 2-5 with results of this found
in Table 2.2.

Cbz-Phe-hPhe and NMePip-Phe-hPhe scaffolds afforded apparently irreversible covalent
inactivation (Kinact/Ki = 1700-1900 M-1s), while Chz-Phe-Phe-acrylamide (2) was less

effective (Kinact/Ki = 22 Ms). Comparing the values of Kinact/Ki for K11777 and 4
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indicated that the vinyl sulfone is overwhelmingly more effective as a covalent
inactivator than its acrylamide counterpart, possibly owing to hydrogen bond contacts of
the sulfone oxygen with Glnig, which position the vinyl group proximal to Cyszs of
cruzain. As with 1, a Phe rather than a hPhe group at the P1 position, may retard covalent
formation over the time course of kinetic analysis when one compares the rates of
apparent inactivation of 2 vs. 3 and 4, as seen with peptide substrates.

We therefore sought to explore the effects of replacement of both the vinyl-
phenylsulfone and acrylamide groups with a phenyl and heterocyclic groups conjugated
to the vinyl group. The Cbz-Phe-Phe-vinyl-benzene compound 5 is a time-dependent
inhibitor of cruzain (Ki* = 0.87 uM), but substitution of the para position of the phenyl
ring with an electron-withdrawing nitro group (compound 6) led to a nearly 3-fold
improvement in potency (Ki* = 0.34 uM), suggesting that the vinyl group of 6 is more
capable of thiolation by the cruzain. As seen with 1, these compounds also demonstrated
reversible inhibition of cruzain, possibly due to the P1 phenylalanine. Due to poor
aqueous solubility (solubility of 5 and 6 <2 uM in 10% DMSO), the inhibitors
containing vinyl-benzene were not explored further.

Subsequently, six heterocyclic groups (Rs = IV-1X) conjugated to the presumed
electrophilic vinyl group were evaluated within several dipeptide scaffolds. The vinyl-2-
pyrimidine (Rs = 1V), vinyl-2-pyridine (Rs = V), vinyl-2-oxazole (Rs = V11I), and vinyl-
2-thiazole (Rs = IX) groups, unlike the vinyl-4-pyridine (Rs = VI) and vinyl-4-
pyrimidine (Rs = VII), maintain bioisosteric similarity to the reactive acrylamides and

vinyl sulfones, which is reflected in their more potent inhibition of cruzain as detailed
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below. Most of these compounds induced time-dependent inhibition on cruzain and were
found to be Kkinetically reversible with residence time (z) of 6-20 min.

The vinyl-2-pyrimidine moiety (Rs = 1V) in the Chz-Phe-Phe scaffold afforded
compound 7, which exerted time-dependent inhibition of cruzain with an initial value of
Ki =5 uM and subsequent tight-binding inhibition of Ki* = 0.38 uM. Substitution of the
phenyl group of 5 by a pyrimidine group greatly improved the solubility of 7 (>100 uM
in 10% DMSO). Extended pre-incubation with 7, followed by dilution, and addition of an
excess of substrate, resulted in slow recovery of cruzain activity, indicating that any
covalent reaction between cruzain and 7 was kinetically reversible (ks = 0.0018 +0.0003
st =9 min). Interestingly, when the 2-pyrimidinyl moiety is appended to Chz-Phe-
hPhe (8), the resulting compound is a poor inhibitor of cruzain (K;> 35 uM); however,
when the 2-pyrimidinyl group is attached to afford the same scaffold as K11777, we
obtained an inhibitor of low micro-molar potency (9, Ki* = 2.2 uM). Substitution of the
P1 Phe with Ala (10, Ki =25 uM) produced a poor inhibitor of cruzain, indicating the
essentiality of a larger sidechain in the P1 position, as was observed with dipeptide
substrates. To probe the importance of the vinyl group for the inhibition of cruzain, we
prepared an analogue in which the vinyl group of 7 was reduced (compound 27). This
inhibitor lacked time-dependent behavior (Ki = 22 uM), and was 100-fold less potent than
its vinyl analogue 7, which demonstrated the importance of the vinyl group for the
inhibition of cruzain. We prepared inhibitor 23 which contains a vinyl-4-pyrimidinyl (Rs
= VII) group that does not maintain bioisosteric similarity to the acrylamides. 23

exhibited three-fold less potency than the bioisosteric vinyl-2-pyrimidine (7). Similarly,
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inhibitors containing the vinyl-4-pyridyl (Rs = V1) (21, 22) lack bioisosteric equivalence
to the acrylamides and were found to be only modest inhibitors of cruzain.

Inhibitors containing a vinyl-2-pyridinyl group (Rs = V) were explored more
widely. Cbz-Phe-Phe-vinyl-2-pyridine 11 exhibited time-dependent inhibition of cruzain
with an initial value of K; = 5.5 uM and subsequent tight-binding inhibition of Ki* = 0.31
uM (ks = 0.0012 £0.0002 s%; z = 13 min), and solubility of 11 was <30 uM in 10%
DMSO. Unlike the vinyl-pyrimidinyl group of 7, placement of the vinyl-2-pyridinyl
group in the Cbz-Phe-hPhe scaffold improved inhibition by 3-fold (13, Ki* = 0.17 uM),
while the vinyl-2-pyridinyl group was much less effective in the NMePip-Phe-Phe
scaffold (14, Ki* = 3.4 uM). Substitution of an electron-donating methoxy group on the
pyridine ring (16) of the Cbz-Phe-hPhe scaffold diminished the inhibitory activity of the
vinyl-2-pyridinyl heterocycle compared to its unsubstituted counterpart 13 by >50-fold,
suggesting that the methoxy group is large enough to create a steric barrier to inhibitor
binding. In contrast, the substitution at C-4 of the pyridine with the electron-withdrawing
trifluoromethyl group resulted in modest inhibition (17, Ki* = 0.57 uM), but nonetheless
was less potent than the unsubstituted pyridine 13. Apparently, this result arises from
steric crowding as OMe > CFs > H, implicating that substitution at the C-4 position of the
heterocycles are not well tolerated.

We next investigated how the Py and P2 sidechains of these vinyl-2-pyridinyl
inhibitors effect inhibition. The replacement of the P> Phe with Leu resulted in
diminished potency (18, Ki* = 1.42 uM) compared to the Cbz-Phe-Phe and Cbz-Phe-
hPhe scaffolds, overall demonstrating that inhibitors with bulky hydrophobic substituents

in P1and P2 enhanced binding to cruzain. To analyze how short alkyl and charged groups
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effected inhibition, we prepared Cbz-Phe-Ala-vinyl-2-pyridine (19) and Cbz-Phe-Lys-
vinyl-2-pyridine (20). We found that the Cbz-Phe-Lys scaffold, which mimics our most
optimal substrate, Cbz-Phe-Arg-AMC, exhibited good inhibition (Ki* = 0.87 uM),
whereas 19 was a poor inhibitor (Ki* = 4.8 uM), in concert with the poor substrate
activity of Cbz-Phe-Ala-AMC.

Seeking to improve the electrophilicity of the vinyl-2-pyridinyl group, we
prepared N-methylated analogues 12 and 15. This modification resulted in improved
aqueous solubility (> 50 uM in 10% DMSO), and provided potent time-dependent
inhibition of cruzain (12, Ki* = 0.28 uM; 15, Ki* = 0.126 uM) comparable to, or
exceeding, the inhibition exerted by their un-methylated counterparts (11 and 13).
Inhibition data for compound 15 were fitted by all methods outlined in Section 2.3.10.
We fitted each curve in Figure 2.4A to eq. 2-3, and the resulting values of kops were re-
plotted vs. [15] (inset), which demonstrated a hyperbolic dependence of the inhibitor
(fitting to eq. 2-4: Ki = 2.0 +0.9 uM, ks = 0.004 +0.001 s%, and ks ~ 0). Pre-incubation of
cruzain and variable concentrations of 15, followed by initiation of reaction by the
addition of substrate, produced time courses like that shown in Figure 2.4B. These data
demonstrated a significant lag phase for recovery of cruzain activity, indicative of the
slow desorption of the inhibitor, with or without the formation of a covalent bond with
Cyszs. Finally, analysis of inhibition of cruzain by 15 at early and late phases of the time
courses by fitting to eq. 2-5 provided values of K; = 0.76 £0.04 uM and Ki* =0.126 +
0.004 uM (Table 2.2). Of note, in pre-incubation studies, all P\VVHIs which contain the

vinyl-pyridinyl substituent displayed kinetic reversibility.
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We investigated 5-membered ring heterocycles that are bioisosteric with
acrylamide inactivators. The syntheses of the vinyl-2-oxazole (24), the vinyl-2-thiazole
(25) and its N-methylated counterpart (26) into the Cbz-Phe-Phe scaffold proved facile,
and provided useful inhibitors. Vinyl-2-oxazole 24 was a sub-micromolar inhibitor of
cruzain (Ki* = 0.71 uM). Vinyl-2-thiazole inhibitors 25 and 26 were cruzain inhibition of
similar potency (Ki* = 1.71 and 0.94 uM, respectively), for which N-methylation of the
thiazole improved potency by nearly two-fold.

Cruzain inhibitors 5 — 26 allowed the evaluation of six heterocyclic groups (Rs =
IV-1X) appended to the presumed electrophilic vinyl group within several dipeptide
scaffolds. The vinyl-2-pyrimidine, vinyl-2-pyridine, vinyl-2-N-methylpyridinium, vinyl-
2-oxazole, and vinyl-2-thiazole substituents, unlike the vinyl-4-pyrimidine and vinyl-4-
pyridine heterocycles, maintain bioisosteric similarity to the reactive acrylamides, and
provided potent, time-dependent inhibitors in accord with our hypothesis. Of these
PVHIs, the 2-pyridine, the charged 2-N-methylpyridinium, and the vinyl-2-pyrimidine
present the most interesting heterocycles for further exploration. The inhibition of cruzain
displayed by these PVHIs may be due to the reversible formation of an adduct with
active-site Cyszs, as is supported by the loss of time dependent inhibition when the vinyl
group is saturated. Importantly, we have no evidence that such a reversible covalent bond

is formed, and ongoing studies are underway to address this point.
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2.2.5 Selectivity of PVHIs for Cruzain over Homologous Human Cathepsins

Cruzain has, respectively, 25%, 15%, and 23% amino acid identity with human
cathepsins L, B, and S.2#2 181 |t is preferable to proceed with cruzain inhibitors that do not
readily inhibit these human lysosomal cathepsins which might engender cellular toxicity.
We evaluated selected cruzain inhibitors vs. the human cysteine proteases cathepsins L,

Table 2.3 Enzymatic selectivity of cruzain inhibitors?

Ki* (uM)
Compound Structure human human human
cruzain . . .
Cathepsin L  Cathepsin B Cathepsin S
K11777 NMePip-Phe-hPhe-VSPh ICso=0.2 NM" ICs0=0.2nM" ICso=5.7 nM® 1Cs = 0.6 nM"
7 Cbz-Phe-Phe-vinyl-2Pyrmd 0.29 =0.01 1.1 +0.1 32 +3 0.37 %£0.02
11 Cbz-Phe-Phe-vinyl-2Pyr 0.29 +£0.02 4.3 +0.5 28 +4 1.8 0.3
12 Cbz-Phe-Phe-vinyl-2PyrNMe 0.31 +0.02 0.70 =0.04 19 +4 0.87 %0.07
13 Cbz-Phe-hPhe-vinyl-2Pyr 0.123 #0.0004 1.9 0.2 6.5 *+0.9 1.41 *+0.06
15 Cbz-Phe-hPhe-vinyl-2PyrNMe 0.089 +0.002  0.88 +0.06 37 +6 0.32 +£0.04
24 Cbz-Phe-Phe-vinyl-20xz 0.71 =0.01 0.29 = 0.03 90 +14 1.51 *+0.05

3Inhibition data obtained at pH 5.5, 25<C in 10% DMSO (V/V); "Reported as apparent ICs, in Ref. 158.
B, and S (Table 2.3). For this selectivity comparison all inhibition data were obtained at

pH 5.5, for which Ki* values were invariant for all inhibitors except compound 15 (Ki* =
89 nM). The cruzain inhibitors demonstrated moderate selectivity vs. cathepsins L and S
(generally, 3-fold or greater), while all of these inhibitors displayed 40-fold or higher
selectivity vs. cathepsin B. The vinyl-2-pyridine inhibitors 13 and 15 are particularly
selective as their K values are over 10-fold lower than the corresponding values with the
three human cathepsins. In contrast, K11777 showed potent inactivation at nanomolar
concentrations for all three human cathepsins; this apparent lack of selectivity possibly
arising from its irreversible mode of inactivation. These results suggest that suitable
selectivity for reversible cruzain inhibitors may be more easily attained than for

irreversible ones.

49



2.2.6 Effects of PVHIs in Axenic Cultures of T. cruzi and in a Cell Model of T. cruzi
Infection

Initially, we tested selected compounds against epimastigotes of T. cruzi (strain Y,
ATCC 50832GFP) in axenic culture. As is observed here (Table 2.4), and has been
shown previously, K11777 weakly inhibited the growth of T. cruzi epimastigotes (ECso ~
60 uM).® PVHIs 7, 12, and 15 inhibited the growth of epimastigotes of T. cruzi (ECso =
2-20 uM) while 11, 13, and 24 were poorly effective. Compounds 12 and 15 were
comparably potent against cultures of T. cruzi (ECso = 8.6 and 2.1 uM, respectively), and

were, at a minimum, 10-fold more active than K11777.

Table 2.4 Effects of cruzain inhibitors on trypanosome and human cell
growth?

. T.cruzi T. cruzi-infected - T. b. T.b. human C2C12  selectivity
Compound cruzain axenic  cardiomyoblasts  brucei brucei cell cytotoxicity cytotoxicity index
Ki* (uM) culture (C2C12) PCFs BSFs CCap (uM) CCo (uM) CCay/ECs
ECso (0M) ECso (M) ECso (nM) ECso (uM)
K11777  I1Cs=2 nMmP >20 0.7 £0.2 1.7 +0.5 0.09 +=0.06 60-100 >10 140
7 0.364 +0.004 20 9.0 =05 7.1+09 10.4+0.2 >100 >10 >10
9 2.2 0.1 20 ND 15 +2 >20 ND ND ND
11 0.31 +0.01 >20 49 +0.2 5+1 5+4 >100 >10 >20
12 0.28 £0.08 8.7 +0.1 9.9 05 13 +3 6.6 0.6 >100 >10 >10
13 0.171 +0.004 >20 5.9 +0.3 >10 4 x2 >100 >10 >20
15 0.126 +£0.004 2.1 0.1 5.4 0.9 59+02 28=+0.1 >100 >10 >20
24 0.71 +0.01 >20 ND 27 5 ND >100 ND ND

?Effects of inhibitors were evaluated as ECs, for axenic T. cruzi, PCFs/BSFs of T. b. brucei and T. cruzi -infected murine cardiomyoblasts.
The selectivity index is the ratio of inhibitor cytotoxicity in human dermal fibroblasts (CCs)/ trypanosomacidal activity (ECs,) in infected
cardiomyoblasts. °Ref. 158.

Selected cruzain inhibitors were further evaluated in a more relevant cellular
model of Chagas disease: T. cruzi-infected murine cardiomyoblasts (C2C12 cells) (Table
2.4, Figure 2.5). Inhibitors 7, 11, 12, 13, and 15 exhibited antiparasitic efficacy at values
of ECso =5 — 10 uM, while displaying no cytotoxicity against the host cardiomyoblasts

(CCs0> 10 uM). These ECso values demonstrated that the anti-trypanosomal activities of

the reversible PVHIs are within an order of magnitude of potency of the irreversible
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Figure 2.5 Effects of cruzain inhibitors on growth of T. cruzi-infected murine
cardiomyoblasts. Growth of inhibition of T. cruzi (red) is superimposed with the viability
of the cardiomyoblasts (blue).

inactivator, K11777 (ECso = 0.7 uM), despite the large difference in activity vs. cruzain.
Accordingly, the PVHIs, while reversible in action, and with no apparent mammalian or
human cytotoxicity, are nearly as effective as the potent, irreversible inactivator K11777.
Further, the best of the PVHIs are less than 3-fold less potent than the currently-used anti-
chagasic drug benznidazole (LDso = 1.5 pM)?*®! suggesting that a second generation of

PVHIs may provide clinical candidates.

2.2.7 Effects of PVHIs in Axenic Cultures of T. b. brucei
We additionally tested our cruzain inhibitors in axenic cultures of the related
protozoan T. b. brucei, owing to the high structural similarity and reported essentiality of
the cysteine proteases brucipain (ThCatL) in T. b. brucei.r””1"® It has been demonstrated

that the cruzain inhibitor K11777 is active in cellular cultures of both T. b. brucei and T.
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cruzi, supporting the notion that our PVHIs could be effective in growth inhibition of
both species of parasite. For insect PCFs of T. b. brucei (ATCC PRA-381), compounds 7,

9, 11, 12, and 15 demonstrated growth inhibition at ECsg values of 5-15 uM (Table 2.4,
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Figure 2.6 Cell-growth inhibition of T. b. brucei. (A) Inhibition of bloodstream
forms by 15; (B) Inhibition of bloodstream forms by 7; (C) Inhibition of procyclic forms
by 15; (D) A correlation plot of values of ECso for trypanocidal activity vs. T. b. brucei
BSFs (closed circles, r> = 0.979, slope = 0.80) and T. cruzi in murine cardiomyoblasts
(open circles).

Figure 2.6). When compared to K11777 (ECso = 1.7 uM), these PVHIs exhibited potent
cell-growth inhibition. For example, compound 15 (ECso = 5.9 uM) was only 3-fold less
potent vs. T. b. brucei than K11777. Values of ECsg for these PVHIs roughly correlated
with their values of Ki*, with the exception of compound 13.

We next evaluated these inhibitors in axenic cultures of human bloodstream forms

(BSFs) of T. b. brucei (ATCC PRA-383). All PVHIs that were active vs. procyclic forms
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of T. b. brucei were also trypanocidal vs. the bloodstream forms, but with equal or lower
ECso values compared to the procyclic forms (Table 2.4). Compared to PVHIs that had
similar potencies in both PCFs and BSFs, K11777 was nearly 20-fold more potentin T.
b. brucei BSFs than in PCFs. These results suggested that a cathepsin L-like cysteine
protease in T. b. brucei, such as brucipain (or TbCatL),'’" is essential for growth of
procyclic and bloodstream T. b. brucei, but perhaps an additional cysteine protease, such
as ThCatB, is also essential in BSFs of T. b. brucei, as this enzyme is sensitive to K11777
but not to the PVHIs. This is similar to the findings of Yang et al. who showed using an
activity-based protein probe of K11777 that ThCatB and brucipain (TbCatL) are both
labeled in BSFs of T. b. brucei while only brucipain is labeled in PCFs.*® This could
explain the exceptional trypanocidal activity of K11777 in BSFs. This will be the focus
of our future studies. Nonetheless, the activity of the PVHIs vs. T. b. brucei BSFs may
hold promise for progression to their evaluation in models of African trypanosomiasis.
Interestingly, the values of ECsg obtained for PCFs of T. b. brucei and amastigotes
of T. cruzi were nearly identical for most PVHIs, despite their more modest inhibition of
cruzain. Shown in Figure 2.6D is a correlation plot of log ECso for anti-trypanosomal
activity for bloodstream forms of T. b. brucei and the amastigote forms of T. cruzi from
the murine cardiomyoblast infection model. For the former, the correlation is excellent (r?
=0.979, slope = 0.80), and the activity against parasites is nearly a 1:1 correlation with
logKi with these inhibitors. This result provided support that our PVVHIs are targeting a
cruzain-like protease in T. b. brucei. For T. cruzi, this correlation is not as strong, in part
due to an absence of a sufficient range of data. We have also compared the cytotoxicity

of selected inhibitors in human dermal fibroblasts vs. T. cruzi-infected cardiomyoblasts
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(selectivity index in Table 2.4), which demonstrates the PVHIs are more than 10-fold

selective for trypanosomes vs. human cells.

2.3 Materials and Methods

2.3.1 General Information of Synthetic Chemistry

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 a MSQ
Plus Single Quadrupole Mass Spectrometer, ThermoFisher Scientific) using electrospray
positive and negative ionization detectors. Reported liquid chromatography retention
times (Rt) were established using the following conditions: 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.

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 um C18(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).
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Temperature: Room temperature. Gradient: 0—100% B over 30 min, then a 5-min hold at
100% B. Flow: 20 mL/min. Detection: UV (254 nm).

'H/*3C NMR magnetic resonance spectra were obtained in CDCls, CDsOD, or
DMSO-ds at 400MHz/100MHz at 298 K on a Bruker Avance 111 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, g = 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.
Similar RP-HPLC conditions were used for the experiments of GSH addition to vinyl-
heterocycles. Masses detected were in the range 100 — 1000 Da and were detected in

positive or negative mode depending on the ionization of the molecule.

2.3.2 Synthetic Procedures and Compound Characterization

General procedures (GP1-GP10 in Scheme 2.1) of synthesizing PVHIs were
detailed below. Each GP described the synthesis of one representative compound.

GP1. Synthesis of Weinreb amides (a to b). A solution of Boc-L-
homophenylalanine (12.02 g, 43.03 mmol) in anh. DCM (200 mL) was cooled to 0 <C
under an N2 atmosphere. EtsN (18.1 mL, 129.09 mmol, 3 eq.) was added slowly,
followed by addition of N,O-dimethylhydroxylamine hydrochloride (6.3 g, 64.5 mmol,
1.5 eq.) and dropwise addition of T3P (50% (w/v) in MeCN, 41.1 mL, 64.55 mmol, 1.5
eq.). The resulting mixture was stirred at 0<C for 30 min to 1h until TLC analysis

(EtOAc/hexane=1:1, v/v) showed the disappearance of starting material. The reaction
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mixture was diluted with DCM and washed with H>O. The organic layer was dried over
anh. Na2SO4 and filtered. The filtrate was concentrated in vacuo to afford the crude
product. Purification of the crude product by silica gel column chromatography using a
gradient of 5% — 50% of EtOAc in hexane as eluent yielded the pure Weinreb amide tert-
butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl)carbamate (b, 13.3 g,
41.31 mmol, 96% vyield) as a colorless gum.

GP2. LAH reduction of Weinreb amides (b to c). To a solution of tert-butyl (S)-(1-
(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl)carbamate (b, 6.7 g, 20.78 mmol) in
anh. THF (120 mL) at -10<C under a N2 atmosphere was added dropwise LAH (2.0 M in
THF, 12.5 mL, 24.93 mmol, 1.2 eq.). The resulting mixture was stirred at -10<C for 30
min. Upon completion of reaction as shown by TLC analysis (EtOAc/Hexane=1:1, v/v),
the reaction was quenched at the same temperature by adding dropwise 1N HCI, followed
by removal of THF by rotary evaporation. Diethyl ether (500 mL) was added to the solid
residue, and the solution was washed with ag. NaHCO3 (1 X 50 mL) and brine (1 X 50
mL). The organic layer was dried over anh. NaxSO4 and filtered. The filtrate was
concentrated in vacuo to afford the crude product. Purification of the crude material by
silica gel column chromatography using a gradient of 10% — 60% of EtOAc in hexane as
eluent yielded the pure aldehyde tert-butyl (S)-(1-oxo-4-phenylbutan-2-yl)carbamate (c,
4.89 g, 18.57 mmol, 89% yield) as a white solid.

GP3. Preparation of chloromethyl-heterocycles (d to €). To a suspension of
methyl pyrimidine-2-carboxylate (d, 1.156 g, 8.37 mmol) in anh. EtOH (20 mL) at 0<C
under N2 atmosphere, was added portion-wise NaBHa4 (0.443 g, 11.72 mmol, 5 eq.). The

reaction mixture was stirred at 25<C for 2h. Upon the completion of the reaction as
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shown by TLC analysis (EtOAc/Hexane=1:1, v/v), the reaction solvents were removed
by rotary evaporation. To the resultant colorless gummy residue was added ice cold H20
(20 mL) and extracted with DCM (5 X 50 mL). The organic layer was dried over anh.
Na.SO4 and filtered. The filtrate was concentrated in vacuo to afford the crude product
pyrimidin-2-yl-methanol (0.900 g, 8.17 mmol). To this pyrimidin-2-yl-methanol in
CHCI3 (20 mL) at 0T under N2 atmosphere was added dropwise POCls (1.95 mL, 3.21
g, 2.5 eq.). The reaction mixture was stirred at 25<C for 1h, followed by refluxing for an
additional 3h under gentle heating until TLC analysis (EtOAc/Hexane=3:1, v/v) showed
the completion of the reaction. The reaction was quenched by a careful addition of ag.
NaHCOs3 and further addition of solid NaHCOs to afford a basic pH. The aqueous layer
was extracted with CHCIz (3 X 50 mL), and the organic layer was dried over anh.
Na>SO4 and filtered. The filtrate was concentrated in vacuo to afford the pure product 2-
(chloromethyl)pyrimidine (e, 0.948 g, 7.43 mmol, 63% vyield) as a light yellow semi-
solid, which was used further without any purification.

GP4. Preparation of heterocyclic phosphonium ylides (e to f, Wittig reagents). A
mixture of 2-(chloromethyl)pyrimidine (e, 0.92 g, 7.22 mmol) and triphenyl phosphine
(2.1 g, 7.94 mmol, 1.1 eq.) in anh. benzene (25 mL) was refluxed under N2 atmosphere
for 24h until TLC analysis (MeOH/DCM=1:19, v/v) showed the completion of the
reaction. The reaction mixture was concentrated via rotary evaporation, and the gummy
residue was triturated with diethyl ether (3 X 10 mL). The solid obtained was purified by
silica gel column chromatography using a gradient of 1% — 10% of MeOH in DCM as
eluent to afford the pure product triphenyl(pyrimidin-2-ylmethyl)phosphonium chloride

(g, 0.797 g, 2.039 mmol, 28% yield).
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GP5. Preparation of heterocyclic phosphonates (e to g, HWE reagents). 2-
(chloromethyl)pyridine hydrochloride (e, 16.5 g, 100.6 mmol) in DCM (100 mL) was
treated with ag. NaHCO3 (20 mL), and the DCM layer was dried over anh. Na;SOa. The
filtrate was concentrated by rotary evaporation. The alkyl halide thus obtained along with
triethyl phosphite (35 mL, 201.2 mmol, 2.0 eq.) were heated at 150 <C under N>
atmosphere for 5h until TLC analysis (MeOH/DCM=1:19, v/v) showed the completion of
the reaction. The reaction mixture was purified by silica gel column chromatography
using a gradient of 10% — 100% of EtOAc in hexane and later 1% — 10% of MeOH in
DCM as eluent to yield the pure product 2-pyridyl methyl phosphonate (g, 18.26 g, 79.66
mmol, 79% yield).

GP6. Wittig reaction (c + fto h). To a suspension of the Wittig reagent
triphenyl(pyrimidin-2-ylmethyl)phosphonium chloride (f, 0.719 g, 1.839 mmol) in anh.
THF (40 mL) at -70<C under an N2 atmosphere, was added dropwise LHMDS (1.0 M in
THF, 2.03 mL, 2.024 mmol, 1.1 eq.), which was stirred at the same temperature for 15
min. To this mixture a solution of Boc-Phe-H (c, 0.321 g, 1.287 mmol, 0.7 eq.) in THF
(10 mL) was added, and stirred over 2 h until the temperature reached -40<C. Upon
completion of reaction as revealed by TLC analysis (EtOAc/hexane=1:1, v/v), the
reaction was quenched by addition of 0.1 mL of glacial acetic acid, followed by aqg.
NaHCOs. Most of the THF was removed carefully using a rotary evaporator, and the
residue was extracted with EtOAc (2X). The organic layer was dried over anh. Na:SO4
and filtered. The filtrate was concentrated in vacuo to afford the crude material, which
was purified by silica gel column chromatography using a gradient of 5% — 30% of

EtOAc in hexane as eluent, yielding the pure olefin tert-butyl (S,E)-(1-phenyl-4-
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(pyrimidin-2-yl)but-3-en-2-yl)carbamate (h, E-isomer, 0.060 g, 14%). The other Z-
isomer (0.014 g) was isolated as a side product and the ratio of E to Z isomers was
typically 4:1.

GP7. Horner-Wadsworth—-Emmons reaction (c + g to h). To a solution of the 2-
pyridyl methyl phosphonate ester (g, 1.30 g, 5.65 mmol) in anh. THF (25 mL) at -70C
under N2 atmosphere, was added dropwise LHMDS (1.0 M in THF, 6.22 mL, 6.22 mmol,
1.1 eq.). The reaction was stirred at the same temperature for 15 min, followed by
dropwise addition of a solution of Boc-hPhe-H (c, 1.34 g in 10 mL THF, 5.09 mmol, 0.9
eq.). The reaction was stirred until it reached the temperature -20<C over 2 h. Upon
completion of reaction revealed by TLC analysis (EtOAc/hexane=1:1, v/v), to the
reaction mixture at 0<C was added glacial acetic acid (0.5 mL), followed by addition of
20 mL of saturated NaHCOs. The aqueous layer was extracted with EtOAc (3 X 100
mL). Extracts were washed with brine (1 X 50 mL), and the organic layer was dried over
anh. Na2SO4 and filtered. The filtrate was concentrated in vacuo to afford the crude
product, which was purified by silica gel column chromatography using a gradient of
10% — 50% of EtOAc in hexane as eluent to yield the pure product tert-butyl (S,E)-(5-
phenyl-1-(pyridin-2-yl)pent-1-en-3-yl)carbamate (h, 0.344 g, 1.016 mmol, 20% yield).

GP8. Amide coupling with Ps-P> fragment (h to j). To a solution of tert-butyl
(S,E)-(5-phenyl-1-(pyridin-2-yl)pent-1-en-3-yl)carbamate (h, 0.143 g, 0.423 mmol) in
anh DCM (5 mL) at 0<C, was added dropwise TFA (1.5 mL in 1 mL DCM) with stirring
at the same temperature for 1h. Upon the completion of the reaction as revealed by TLC
analysis (EtOAc/hexane=1:1, v/v), the reaction solvent was removed by a rotary

evaporator. The resulting oil was co-evaporated on a rotary evaporator with CHCI3 (3X)
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and ether (3X). The solid product was dried on high vacuum to yield the TFA salt (S,E)-
5-phenyl-1-(pyridin-2-yl)pent-1-en-3-aminium trifluoroacetate (0.149 g, 0.423 mmol),
which was used in subsequent synthetic steps without further purification. To a solution
of above TFA salt in anh. DCM (5 mL) at -10<C under N2 atmosphere, was added
dropwise DIPEA (0.6 mL, 0.3.44 mmol, 8 eq.), followed by addition of Cbz-Phe-OH
(0.13 g, 0.43 mmol, 1 eq.) and T3P (50% in EtOAc, 0.41 mL, 1.5 eq.). The reaction was
stirred at 0<C for an additional 1 h. Upon the completion of reaction revealed by TLC
analysis (EtOAc/hexane=1:1, v/v), the reaction mixture was diluted with DCM (50 mL),
and then washed with H20 (3X) and brine (3X). The organic layer was dried over anh.
Na>SO4 and filtered. The filtrate was concentrated in vacuo to afford the crude product,
which was purified by silica gel column chromatography using a gradient of 10% — 50%
of EtOAc in hexane as eluent to yield the pure product benzyl ((S)-1-oxo-3-phenyl-1-
(((S,E)-5-phenyl-1-(pyridin-2-yl)pent-1-en-3-yl)amino)propan-2-yl)carbamate (i, 0.113 g,
0.217 mmol, 51%).

GP9. N-methylation using methyl iodide (i to j). To a suspension of benzyl ((S)-1-
oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(pyridin-2-yl)but-3-en-2-yl)amino)propan-2-
yl)carbamate (i, 0.049 g, 0.098 mmol) in anh. MeCN (5 mL) and under N2 atmosphere,
was added Mel (0.03 mL, 0.490 mmol, 5 eq.), and the reaction mixture was heated under
reflux for 9h. Upon the completion of the reaction revealed by TLC analysis
(EtOAc/hexane=1:1, v/v), the solvents were removed by rotary evaporation. The
resulting gummy residue was dissolved in CHCI3z (1 mL), and precipitated with ether (5
mL). The solvents were decanted, and this procedure was repeated twice. The solid

obtained was dried under high vacuum to give pure product 2-((S,E)-3-((S)-2-
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(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-4-phenylbut-1-en-1-yl)-1-
methylpyridin-1-ium iodide as a yellow solid (j, 0.039 g, 61%).

GP10. Preparation of peptide acrylamide (i to k). A solution of ethyl (S,E)-4-
((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-5-phenylpent-2-enoate (i,
0.346 g, 0.69 mmol) in THF (6mL) at 0<C was treated with LiOH (1N in H20, 0.83mL,
0.83mmol, 1.2 eq) and stirred overnight. The reaction was concentrated by rotary
evaporation and the aqueous layer was added water and acidified to pH 1-2, and extracted
with EtOAc (3X). The combined organic layers were dried and concentrated to yield the
crude acrylic acid. To a solution of this acrylic acid (0.124 g, 0.262 mmol) in THF (6mL)
at -15<C was added EtsN (0.11 mL, 0.787 mmol, 3 eq.) and dropwise addition of
CICOzEt (0.035 mL, 0.367 mmol), which resulted in a white precipitate. The reaction
mixture was stirred at the same temperature for an additional 30 min, then ag. 1M NH4CI
(0.4 mL) was added dropwise with continuous stirring over 3h until a temperature of
25<C was attained. Upon completion of reaction as revealed by TLC analysis
(EtOAc/hexane=1:1, v/v), most of the reaction solvent was removed using a rotary
evaporator, and the solid residue was extracted with EtOAc. The organic layer was
washed with ag. NaHCOs3 (2X), H20 (1X) and brine (1X), and was dried over anh.
Na>SO4 and filtered. The filtrate was concentrated in vacuo to afford the crude product.
Purification of the crude product by silica gel chromatography using a gradient of 20% —
100% of EtOAc in hexane as eluent, yielded the pure product benzyl ((S)-1-(((S,E)-5-
amino-5-oxo-1-phenylpent-3-en-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate

(0.027 g, 0.057 mmol, 22% yield).

61



4-Methyl-N-((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(phenylsulfonyl)but-3-en-2-
yl)amino)propan-2-yl)piperazine-1-carboxamide (1, Cbz-Phe-Phe-VSPh). White solid,
0.115 g, 0.202 mmol, 56% yield. *H NMR (400 MHz, CDCl3) § 2.79 (d, 2H, J = 6.8 Hz),
2.85—3.12 (m, 2H), 4.26 (q, 1H, J = 7.3 Hz), 4.79 — 4.95 (m, 1H), 5.04 (s, 2H), 5.13 (s,
1H), 5.75 (s, 1H), 5.96 (dd, 1H, J1: = 1.8 Hz, J, = 15.1 Hz), 6.78 (dd, 1H, J1 = 4.8 Hz, Jo =
15.1 Hz), 6.95 — 7.03 (m, 2H), 7.05 — 7.11 (m, 2H), 7.12 — 7.23 (m, 6H), 7.27 — 7.39 (m,
5H), 7.47 — 7.56 (m, 2H), 7.57 — 7.67 (m, 1H), 7.72 — 7.84 (m, 2H); 13C NMR (100 MHz,
CDCl3) 6 38.4, 40.3, 50.4, 56.7, 67.4, 127.3, 127.4, 127.8, 128.2, 128.5, 128.7 (2C),
128.8, 129.0, 129.3, 129.4, 131.1, 133.6, 135.5, 136.1, 136.2, 140.2, 144.6, 156.0, 170.5;
LC-MS tr 7.27 min, m/z 569.31 [M+H]*, (Ca3H32N20sS* Calcd 569.21).

Benzyl ((S)-1-(((S,E)-5-amino-5-0xo0-1-phenylpent-3-en-2-yl)amino)-1-o0xo-3-
phenylpropan-2-yl)carbamate (2, Cbz-Phe-Phe-vinyl-CONH>). White solid, 0.027 g,
0.057 mmol, 22% yield. 'H NMR (400 MHz, DMSO-ds) & 2.64 — 2.77 (m, 1H), 2.84 (d,
2H, J = 7.2 Hz), 2.96 (dd, 1H, J1 = 3.9 Hz, J, = 13.7 Hz), 4.19 — 4.31 (m, 1H), 4.62
(pentet, 1H, J = 6.8 Hz), 4.95 (s, 1H), 5.85 (d, 1H, J = 15.5 Hz), 6.56 (dd, 1H, J; =5.9
Hz, J2 = 15.5 Hz), 6.93 (s, 1H), 7.12 — 7.46 (m, 17H), 8.25 (d, 1H, J = 8.2 Hz); 3C NMR
(100 MHz, DMSO-de) 6 28.7, 37.6, 50.9, 56.07, 65.1, 124.1, 126.2, 126.4, 127.4, 127.6,
127.9,128.1, 128.2, 129.2, 129.5, 137.0, 137.8, 138.0, 142.0, 155.6, 166.2, 170.7; LC-
MS tr 4.71 min, m/z 472.46 [M+H]*, (C2sH20N304* Calcd 472.22).

Benzyl ((S)-1-(((S,E)-6-amino-6-o0xo-1-phenylhex-4-en-3-yl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (3, Cbz-Phe-hPhe-vinyl-CONH3). White solid, 0.013 g,
0.027 mmol, 15% yield. 'H NMR (400 MHz, DMSO-ds) & 1.64 — 1.92 (m, 2H), 2.54 —

2.72 (m, 2H), 2.81 (dd, 1H, J1 = 10.6 Hz, J» = 13.6 Hz), 3.03 (dd, 1H, J1 = 4.0 Hz, J; =
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13.6 Hz), 4.25 — 4.33 (m, 1H), 4.35 — 4.43 (m, 1H), 4.85 — 5.04 (m, 2H), 5.90 (d, 1H, J =
15.5 Hz), 6.54 (dd, 1H, J1 = 5.7 Hz, J = 15.5 Hz), 6.94 (s, 1H), 7.15 — 7.35 (m, 15H),
7.41 (s, 1H), 7.49 (d, 1H, J = 8.5 Hz), 8.22 (d, 1H, J = 8.2 Hz); LC-MS tr 4.89 min, m/z
486.24 [M+H]*, (C2sH31N304" Calcd 486.24).

N-((S)-1-(((S,E)-6-amino-6-0x0-1-phenylhex-4-en-3-yl)amino)-1-oxo-3-
phenylpropan-2-yl)-4-methylpiperazine-1-carboxamide (4, NMePip-Phe-hPhe-vinyl-
CONH,). White solid, 0.022 g, 0.048 mmol, 18% yield. *H NMR (400 MHz, CDCls) §
1.66 — 1.91 (m, 2H), 2.23 (s, 3H), 2.25 — 2.34 (m, 4H), 2.50 — 2.64 (m, 2H), 2.99 — 3.15
(m, 2H), 3.25 — 3.41 (m, 4H), 4.44 — 457 (m, 1H), 4.62 (q, 1H, J = 7.4 Hz), 5.37 (d, 1H,
J=7.6 Hz), 5.60 (dd, 1H, J1 = 1.3 Hz, J, = 15.3 Hz), 5.75 (s, 1H), 6.01 (s, 1H), 6.62 (dd,
1H, J; = 5.5 Hz, J2 = 15.3 Hz), 6.93 (d, 1H, J = 8.2 Hz), 7.04 — 7.31 (m, 11H); 3C NMR
(100 MHz, DMSO-de) 6 32.0, 36.1, 38.5, 43.9, 46.1, 49.9, 54.6, 56.2, 122.9, 126.2, 126.9,
128.5, 128.6, 128.8, 129.7, 137.3, 141.1, 144.4, 157.3, 167.5, 172.0; LC-MS tr 2.54 min,
m/z 478.36 [M+H]*, (C27H3sNsOs* Calcd 478.28).

Benzyl ((S)-1-(((S,E)-1,4-diphenylbut-3-en-2-yl)amino)-1-oxo-3-phenylpropan-2-
yl)carbamate (5, Cbz-Phe-Phe-vinyl-Ph). Off-white solid, 0.054 g, 0.107 mmol, 35%
yield. *H NMR (400 MHz, CDCl3) 5 2.87 (dt, J = 2.8, 6.3 Hz, 2H), 2.96 — 3.16 (m, 2H),
4.35 (g, J = 7.6 Hz, 1H), 4.80 — 4.96 (m, 1H), 5.29 (d, J = 9.6 Hz, 1H), 5.69 (d, J = 9.9
Hz, 1H), 5.94 (ddt, J = 3.0, 6.3, 15.9 Hz, 1H), 6.27 (d, J = 15.9 Hz, 1H), 7.03 — 7.14 (m,
2H), 7.14 — 7.28 (m, 10H), 7.28 — 7.40 (m, 9H); 3C NMR (100 MHz, CDCls) § 29.7,
38.6,41.3, 51.8, 67.1, 126.4, 126.6, 127.1, 127.6, 128.0, 128.2, 128.3, 128.4, 128.5,
128.7,129.3, 129.4, 130.9, 136.5, 136.8, 169.8; LC-MS tr 6.20 min, m/z 505.31 [M+H]",

(Cs3H32N205" Caled 505.25).
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Benzyl ((S)-1-(((S,E)-4-(4-nitrophenyl)-1-phenylbut-3-en-2-yl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (6, Cbz-Phe-Phe-vinyl-(4-NO2)Ph). White fluffy solid,
0.530 g, 0.964 mmol, 55% yield. *H NMR (400 MHz, DMSO-ds) 5 2.76 (dd, 1H, J; = 9.7
Hz, J2 = 13.4 Hz), 2.85 — 2.97 (m, 3H), 4.18 — 4.35 (m, 1H), 4.68 (pentet, 1H, J = 6.7
Hz), 4.99 (s, 2H), 6.41 (d, 1H, J = 16.1 Hz), 6.50 (dd, 1H, J; = 5.4 Hz, J, = 16.1 Hz), 7.13
—7.37 (m, 15H), 7.42 (d, 1H, J = 8.5 Hz), 7.58 (d, 2H, J = 8.5 Hz), 8.14 — 8.25 (m, 3H);
13C NMR (100 MHz, DMSO-ds) & 37.7, 39.0, 51.9, 56.2, 65.2, 123.9, 126.1, 126.2,
127.0,127.4,127.6, 127.9, 128.0, 128.1, 128.2, 129.2, 129.3, 135.6, 137.0, 137.8, 138.0,
143.3, 146.2, 155.6, 170.6; LC-MS tr 6.12 min, m/z 550.28 [M+H]", (C33H31N30s* Calcd
550.23).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(pyrimidin-2-yl)but-3-en-2-
yhamino)propan-2-yl)carbamate (7, Cbz-Phe-Phe-vinyl-2Pyrmd). White solid, 0.026 g,
0.0513 mmol, 33% yield. *H NMR (400 MHz, CDCls) § 2.73 — 2.96 (m, 2H), 3.01 (d,
2H, J = 4.8 Hz), 4.23 — 4.50 (m, 1H), 4.91 — 5.02 (m, 1H), 5.05 (s, 2H), 5.30 (s, 1H), 6.05
(s, 1H), 6.48 (d, 1H, J = 15.7 Hz), 7.00 (dd, 1H, J; = 5.6 Hz, J» = 15.7 Hz), 7.05 — 7.37
(m, 16H), 8.63 (d, 2H, J = 4.0 Hz); 3C NMR (100 MHz, CDCls) § 38.6, 41.0, 51.6, 56.5,
67.3,119.0, 126.9, 127.2, 128.2, 128.3, 128.6, 128.7, 128.9, 129.4, 129.5, 130.3, 136.3.
136.5, 136.7, 139.2, 156.1, 157.1, 164.2, 170.3; LC-MS tr 5.14 min, m/z 507.26 [M+H]",
(Ca1Hz0N4Os* Caled 507.24).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-5-phenyl-1-(pyrimidin-2-yl)pent-1-en-3-
yh)amino)propan-2-yl)carbamate (8, Cbz-Phe-hPhe-vinyl-2Pyrmd). Off-white solid,
0.280 g, 0.538 mmol, 29% yield. *H NMR (400 MHz, CDCls) & 1.76 — 2.03 (m, 2H),

2.63 (t, J = 7.9 Hz, 2H), 3.10 (t, J = 8.4 Hz, 2H), 4.47 (s, 1H), 4.74 (h, J = 7.3 Hz, 1H),
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5.10 (d, J = 7.9 Hz, 2H), 5.53 (s, 1H), 6.27 (s, 1H), 6.56 — 6.72 (m, 1H), 6.96 — 7.05 (m,
1H), 7.06 — 7.14 (m, 3H), 7.19 (d, J = 7.3 Hz, 3H), 7.21 — 7.34 (m, 10H), 8.66 (dd, J =
4.9, 15.8 Hz, 2H); *C NMR (100 MHz, CDCls) § 32.0, 36.2, 38.6, 50.5, 56.6, 67.1,
118.9, 126.0, 127.0, 128.0, 128.1, 128.3, 128.4, 128.5, 128.7, 128.8, 129.3, 129.4, 130.1,
136.4, 139.6, 141.2, 156.9, 164.1, 170.3; LC-MS tr = 5.56 min, m/z 521.24 [M+H]",
(C32H22N4O3* Caled 521.26).

4-Methyl-N-((S)-1-oxo-3-phenyl-1-(((S,E)-5-phenyl-1-(pyrimidin-2-yl)pent-1-en-
3-yl)amino)propan-2-yl)piperazine-1-carboxamide (9, NMePip-Phe-hPhe-vinyl-2Pyrmd).
Off-white gum, 0.054 g, 0.105 mmol, 54% yield. *H NMR (400 MHz, CDCl3) § 1.82 —
1.99 (m, 2H) ,2.29 (s, 3H), 2.34 — 2.46 (m, 4H), 2.61 (t, 1H, J = 7.5 Hz), 3.09 (d, 2H, J =
7.5 Hz), 3.39 (s, 4H), 4.58 — 4.74 (m, 2H), 5.47 (d, 1H, J = 6.3 Hz), 6.61 (d, 1H, J = 15.7
Hz), 6.87 (d, 1H, J = 8.2 Hz), 6.98 (dd, 1H, J1 = 6.3 Hz, J, = 15.7 Hz), 7.06 — 7.31 (m,
11H), 8.66 (d, 2H, J = 4.8 Hz); 13C NMR (100 MHz, CDCl3) § 32.1, 36.5, 38.8, 43.5,
45.6, 50.6, 54.3, 56.1, 118.9, 126.0, 126.9, 128.4, 128.5 (2C), 128.6, 129.6, 130.1, 137.2,
140.1, 141.3, 157.0, 164.3, 171.8; LC-MS tr 2.96 min, m/z 513.17 [M+H]*, (C30H3sNsO2"
Calcd 513.30).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-4-(pyrimidin-2-yl)but-3-en-2-
yl)amino)propan-2-yl)carbamate (10, Cbz-Phe-Ala-vinyl-2Pyrmd). White fluffy solid,
0.017 g, 0.039 mmol, 14% yield. *H NMR (400 MHz, CDCls + MeOD) & 1.32 (d, 3H, J
= 6.6 Hz), 2.96 (dd, 1H, J; = 8.0 Hz, J2 = 13.6 Hz), 3.10 (dd, 1H, J; = 6.4 Hz, J, = 13.6
Hz), 4.36 — 4.44 (m, 4H), 4.71 (pentet, 1H, J = 6.4 Hz), 4.97 — 5.12 (m, 2H), 6.52 (d, 1H,
J=15.7 Hz), 6.98 (dd, 1H, J; = 5.8 Hz, J; = 15.7 Hz), 7.13 — 7.36 (m, 11H), 8.70 (d, 2H,

J=4.9 Hz); 3C NMR (100 MHz, CDCls + MeOD) & 19.6, 38.7, 46.1, 56.1, 66.7, 119.0,
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126.7,127.6, 127.9, 128.1, 128.3 (2C), 129.2, 136.3, 141.6, 156.9 (2C), 157.0, 163.9,
171.0; LC-MS tr 4.68 min, m/z 430.91 [M+H]", (C2sH26N4O3* Calcd 431.21).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(pyridin-2-yl)but-3-en-2-
yl)amino)propan-2-yl)carbamate (11, Cbz-Phe-Phe-vinyl-2Pyr). White solid, 0.554 g,
1.096 mmol, 81% yield. *H NMR (400 MHz, CDCl3) & 2.87 (dq, 1H, J1 = 6.8 Hz, J2 =
13.7 Hz), 3.01 (d, 2H, J = 7.1 Hz), 4.35 (q, 1H, J = 7.0 Hz), 4.91 (pentet, 1H, J = 6.8 Hz),
5.06 (s, 2H), 5.24 (s, 1H), 5.88 (d, 1H, J = 8.4 Hz), 6.32 (d, 1H, J = 15.7 Hz), 6.58 (dd,
1H, J1 = 6.1 Hz, J2 = 15.7 Hz), 7.08 — 7.36 (m, 17H), 7.59 (dt, 1H, J1 = 1.6 Hz, J, = 7.7
Hz), 8.53 (d, 1H, J = 4.3 Hz); **C NMR (100 MHz, CDCls) § 38.4, 41.1, 51.7, 56.4, 67.1,
122.1,122.2, 126.7, 127.0, 128.0, 128.2, 128.4, 128.5 (2C), 128.8, 129.4 (2C), 130.5,
133.0, 136.1, 136.4, 136.8, 149.5, 154.8, 155.9, 170.0; LC-MS tr 4.39 min, m/z 506.24
[M+H]*, (C32H31N30s* Calcd 506.24).

2-((S,E)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-4-
phenylbut-1-en-1-yl)-1-methylpyridin-1-ium iodide (12, Cbz-Phe-Phe-vinyl-2PyrNMe).
Yellow solid, 0.039 g, 0.060 mmol, 61% yield. *H NMR (400 MHz, CDCl3) § 3.01 — 3.15
(m, 3H), 3.19 (dd, 1H, J1 = 7.7 Hz, J» = 13.6 Hz), 4.19 (s, 3H), 4.51 (g, 1H, J = 7.0 Hz),
4.90 - 5.02 (m, 2H), 5.06 (s, 1H), 5.81 (s, 1H), 6.69 (d, 1H, J = 15.7 Hz), 6.86 (dd, 1H, J;
= 4.6 Hz, J, = 15.7 Hz), 7.08 — 7.28 (m, 14H), 7.65 — 7.79 (m, 2H), 7.89 — 8.01 (m, 1H),
8.21 — 8.31 (m, 1H), 8.97 — 9.09 (m, 1H); 23C NMR (100 MHz, CDCls) 6 38.1, 39.8, 47.5,
52.6, 57.1, 66.8, 119.9, 126.1, 126.3, 126.9, 127.1, 127.5, 127.6, 127.9, 128.5, 128.6,
128.8, 129.6, 129.7, 136.7, 136.9, 144.9, 146.0, 147.6, 152.8, 156.2, 171.5; LC-MS tr

3.25 min, m/z 520.32 [M+H]*, (C33H34N30s" Calcd 520.26).

66



Benzyl ((S)-1-oxo0-3-phenyl-1-(((S,E)-5-phenyl-1-(pyridin-2-yl)pent-1-en-3-
yl)amino)propan-2-yl)carbamate (13, Cbz-Phe-hPhe-vinyl-2Pyr). White solid, 0.113 g,
0.217 mmol, 51% yield. *H NMR (400 MHz, CDCl3) § 1.73 — 1.95 (m, 2H), 2.59 (t, 2H,
J=7.9Hz), 3.04 (d, 2H, J = 7.0 Hz), 4.38 — 4.52 (m, 1H), 4.65 (pentet, 1H, J = 7.1 Hz),
5.03 (s, 2H), 5.59 (d, 1H, J = 6.4 Hz), 6.34 (d, 1H, J = 5.1 Hz), 6.43 (d, 1H, J = 15.7 Hz),
6.53 (dd, 1H, J; = 6.2 Hz, J, = 15.7 Hz), 7.02 — 7.32 (m, 17H), 7.57 (dt, 1H, J; = 1.4 Hz,
Jo=7.7 Hz), 8.51 (d, 1H, J = 4.4 Hz); 3C NMR (100 MHz, CDCl3) § 32.1, 36.4, 38.7,
50.8, 56.6, 67.1, 122.1, 122.3, 126.0, 127.0, 128.0, 128.2, 128.4, 128.5 (2C), 128.7,
129.5, 130.5, 133.8, 136.2, 136.5 (2C), 141.4, 149.5, 155.0, 156.1, 170.4; LC-MS tr 4.68
min, m/z 518.74, 520.41 [M+H]*, (CasH33sN3Os* Calcd 520.26).

4-Methyl-N-((S)-1-oxo-3-phenyl-1-(((S,E)-5-phenyl-1-(pyridin-2-yl)pent-1-en-3-
yl)amino)propan-2-yl)piperazine-1-carboxamide (14, NMePip-Phe-hPhe-vinyl-2Pyr).
Off-white solid, 0.090 g, 0.176 mmol, 44% yield. *H NMR (400 MHz, CDCl3) § 1.77 —
1.94 (m, 2H), 2.21 (s, 3H), 2.22 — 2.27 (m, 4H), 2.59 (t, 2H, J = 8.0 Hz), 3.08 (d, 2H, J =
7.0 Hz), 3.28 (m, 4H), 4.61 (pentet, 1H, J = 7.3 Hz), 4.7 (g, 1H, J = 7.3 Hz), 5.39 (d, 1H,
J=7.7Hz), 6.46 (d, 1H, J = 15.8 Hz), 6.56 (dd, 1H, J; = 6.2 Hz, J, = 15.8 Hz), 6.98 (d,
1H, J = 8.4 Hz), 7.06 — 7.24 (m, 12H), 7.59 (dt, 1H, J; = 1.8 Hz, J» = 7.7 Hz), 8.53 (d,
1H, J = 4.3 Hz); 3C NMR (100 MHz, CDCl3) § 32.1, 36.6, 39.0, 43.8, 46.1, 50.7, 54.6,
55.9, 122.0, 122.2, 125.9, 126.8, 128.4 (2C), 128.5, 129.6, 130.3, 134.2, 136.4, 137.2,
141.4,149.5, 155.1, 157.0, 171.6; LC-MS tr 2.60 min, m/z 512.28 [M+H]", (C31H37N502"
Calcd 512.30).

2-((S,E)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-5-

phenylpent-1-en-1-yl)-1-methylpyridin-1-ium (15, Cbz-Phe-hPhe-vinyl-2PyrNMe).
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Yellow solid, 0.029 g, 0.044 mmol, 89% yield. *H NMR (400 MHz, CDCls) § 1.98 — 2.10
(m, 1H), 2.11 — 2.25 (m, 1H), 2.56 — 2.85 (m, 2H), 3.04 — 3.35(m, 2H), 4.22 (s, 3H), 4.62
(d, 1H, J = 5.5 Hz), 4.79 (s, 1H), 4.92 — 5.09 (m, 2H), 5.88 (s, 1H), 6.70 (d, 1H, J = 15.8
Hz), 6.77 (dd, 1H, J1 = 3.6 Hz, J, = 15.8 Hz), 7.09 — 7.34 (m, 14H), 7.66 — 7.79 (m, 2H),
7.90 (d, 1H, J = 6.0 Hz), 8.17 — 8.30 (m, 1H), 8.98 (d, 1H, J = 4.5 Hz); LC-MS tr 3.48
min, m/z 534.25 [M+H]", (Cs4H3sN3O3* Calcd 534.28).

Benzyl ((S)-1-(((S,E)-1-(4-methoxypyridin-2-yl)-5-phenylpent-1-en-3-yl)amino)-1-
oxo-3-phenylpropan-2-yl)carbamate (16, Cbz-Phe-hPhe-vinyl-2-(4-OMe)-Pyr). Pale-
yellow solid, 0.072 g, 0.131 mmol, 33% yield. *H NMR (400 MHz, CDCl3) § 1.73 — 2.01
(m, 2H), 2.59 (dt, J = 7.9, 37.9 Hz, 2H), 3.11 (dd, J = 7.0, 11.7 Hz, 2H), 3.87 (d, J = 9.2
Hz, 3H), 4.50 (dd, J = 7.6, 23.1 Hz, 1H), 4.68 (t, J = 7.1 Hz, 1H), 5.08 (d, J = 4.6 Hz,
2H), 5.74 (dd, J = 8.1, 65.8 Hz, 1H), 6.39 — 6.58 (m, 1H), 6.67 — 6.81 (m, 2H), 7.11 —
7.15 (m, 2H), 7.16 — 7.26 (m, 8H), 7.27 — 7.34 (m, 7H), 8.37 (dd, J = 5.8, 23.3 Hz, 1H).
13C NMR (100 MHz, CDCls) § 32.0, 36.3, 38.7, 50.6, 55.2, 56.5, 67.1, 108.3, 108.5,
126.0, 126.6, 127.0, 127.9, 128.0, 128.1, 128.1, 128.3, 128.4, 128.4, 128.4, 128.5, 128.5,
128.7,129.4,129.4,134.7, 135.1, 136.5, 141.3, 150.0, 156.1, 166.6, 170.3; LC-MS tr =
3.57 min, m/z 550.16 [M+H]", (C3sH3sN304* Calcd 549.26).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-5-phenyl-1-(4-(trifluoromethyl)pyridin-2-
ylpent-1-en-3-yl)amino)propan-2-yl)carbamate (17, Cbz-Phe-hPhe-vinyl-2-(4-CF3)-
Pyr). White solid, 0.260 g, 0.442 mmol, 79% yield. *H NMR (400 MHz, CDCl3) § 1.76 —
1.95 (m, 2H), 2.59 (t, 2H, J = 7.8 Hz), 3.06 (d, 2H, J = 7.1 Hz), 4.36 — 4.51 (m, 1H), 4.65
(pentet, 1H, J = 7.1 Hz), 5.05 (s, 2H), 5.49 (s, 1H), 6.13 (s, 1H), 6.35 (d, 1H, J = 15.7

Hz), 6.59 (dd, 1H, J1 = 6.0 Hz, J> = 15.7 Hz), 7.06 — 7.11 (m, 2 H), 7.14 — 7.33 (m, 15 H),
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8.67 (d, 1H, J = 4.9 Hz); *3C NMR (100 MHz, CDCl3) § 32.1, 36.4, 38.7, 50.7, 56.8, 67.3,
117.5,121.6, 124.3, 126.2, 127.0 (C-F), 127.2, 128.1, 128.3, 128.5, 128.6 (3C), 128.8,
129.2,129.5, 136.2, 136.6, 138.7, 139.1, 141.2, 150.5, 156.2 (C-F), 156.4, 170.4; LC-MS
tr 5.16 min, m/z 587.95 [M+H]", (CasH32F3N3O3* Calcd 588.25).

Benzyl ((S)-4-methyl-1-oxo-1-(((S,E)-5-phenyl-1-(pyridin-2-yl)pent-1-en-3-
yh)amino)pentan-2-yl)carbamate (18, Cbz-Leu-hPhe-vinyl-2Pyr). White solid, 0.038 g,
0.078 mmol, 26% yield. *H NMR (400 MHz, CDCl3) § 0.92 (t, 6H, J = 6.4 Hz), 1.45 —
1.57 (m, 1H) , 1.59 -1.73 (m, 2H), 1.79 (s, 1H), 1.86 — 2.05 (m, 2H), 2.68 (t, 2H, J = 7.9
Hz), 4.03 — 4.27 (m, 1H), 4.71 (pentet, 1H, J = 6.9 Hz), 5.10 (s, 2H), 5.14 (s, 1H), 6.26
(d, 1H, J = 6.2 Hz), 6.58 (d, 1H, J = 15.8 Hz), 6.69 (dd, 1H, J1 = 6.0 Hz, J, = 15.8 Hz),
7.10 — 7.34 (m, 12H), 7.60 (dt, 1H, J; = 1.7 Hz, J2 = 7.7 Hz), 8.54 (d, 1H, J = 4.6 Hz); 1*C
NMR (100 MHz, CDCls) 6 23.1, 24.9, 32.3, 36.7, 41.2, 50.9, 54.0, 67.3, 122.3, 122.4,
126.1, 128.2, 128.4, 128.6 (2C), 128.7, 130.6, 134.0, 136.3, 136.7, 141.6, 149.7, 155.1,
156.5, 171.6; LC-MS tr 4.58 min, m/z 484.46, 485.49, 486.38 [M+H]*, (C30H35N303"
Calcd 486.28).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-4-(pyridin-2-yl)but-3-en-2-yl)amino)propan-
2-yl)carbamate (19, Cbz-Phe-Ala-vinyl-2Pyr). White solid, 0.590 g, 1.374 mmol, 75%
yield. *H NMR (400 MHz, CDCl3) 6 1.58 (s, 3H), 2.96 — 3.23 (m, 2H), 4.36 (¢, J = 7.4
Hz, 1H), 4.63 — 4.80 (m, 1H), 5.10 (d, J = 1.4 Hz, 2H), 5.33 (s, 1H), 5.67 (d, J = 8.3 Hz,
1H), 6.40 (dd, J = 1.3, 15.8 Hz, 1H), 6.51 (dd, J = 5.5, 15.8 Hz, 1H), 7.13 (ddd, J = 1.1,
4.8, 7.4 Hz, 1H), 7.16 — 7.21 (m, 3H), 7.21 — 7.37 (m, 8H), 7.62 (td, J = 1.8, 7.7 Hz, 1H),

8.45 — 8.61 (m, 1H); *3C NMR (100 MHz, CDCls) & 20.0, 38.8, 46.4, 56.2, 66.8, 121.8,
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122.3,126.7, 127.7, 128.0, 128.3, 128.7, 129.3, 135.6, 136.4, 137.0, 148.8, 155.0, 170.8;
LC-MS tr = 3.49 min, m/z 430.35 [M+H]*, (C26H27F3N3O3* Calcd 430.21).

(S,E)-5-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-7-(pyridin-2-
yl)hept-6-en-1-aminium chloride (20, Cbz-Phe-Lys-vinyl-2Pyr). White solid, 0.027 g,
0.048 mmol, 51% yield. *H NMR (400 MHz, CDCls) & 1.44 — 1.59 (m, 2H), 1.65 — 1.84
(m, 4H), 2.89 — 3.02 (m, 3H), 3.09 — 3.19 (m, 1H), 4.43 (t, 1H, J = 7.5 Hz), 4.64 — 4.70
(m, 1H), 5.01 — 5.11 (m, 2H), 6.54 (d, 1H, J = 16.1 Hz), 6.92 (dd, 1H, J1 = 5.7 Hz, J» =
16.1 Hz), 7.11 (t, 1H, J = 7.5 Hz), 7.21 (t, 2H, J = 7.5 Hz), 7.25 — 7.40 (m, 7H), 7.91 (¢,
1H, J = 6.8 Hz), 8.10 (d, 1H, J = 8.0 Hz), 8.54 (t, 1H, J = 8.0 Hz), 8.69 (d, 1H, J = 5.2
Hz); 3C NMR (100 MHz, MeOD) & 23.8, 27.9, 34.0, 39.1, 40.6, 51.9, 58.2, 67.6, 121.6,
125.9,126.5, 127.7, 128.5, 128.9, 129.5, 129.7, 130.5, 138.1, 138.4, 142.0, 146.3, 147.8,
151.2, 158.3, 174.1; LC-MS tr 3.16 min, m/z 486.98 [M+H]*, 508.94 [M+Na] *
(C29H35N403" Calcd 487.27, Ca9H3sN4OsNa* Caled 509.25).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(pyridin-4-yl)but-3-en-2-
yl)amino)propan-2-yl)carbamate (21, Cbz-Phe-Phe-vinyl-4Pyr). Off-white solid, 0.051 g,
0.109 mmol, 50% yield. *H NMR (400 MHz, CDCls) § 2.83 (d, J = 6.8 Hz, 2H), 3.02 (d,
J=7.8 Hz, 2H), 4.36 (s, 1H), 4.86 (s, 1H), 5.08 (s, 2H), 5.90 (s, 1H), 6.13 (s, 1H), 7.10
(dd, J = 6.5, 31.0 Hz, 6H), 7.18 — 7.27 (m, 6H), 7.31 (dd, J = 3.6, 6.4 Hz, 5H), 8.50 (d, J
= 6.0 Hz, 2H); 13C NMR (100 MHz, CDCls) & 38.4, 41.0, 51.5, 52.1, 67.1, 105.0, 120.9,
126.9,127.1, 127.9, 128.3, 128.4, 128.5, 128.6, 128.8, 129.3, 129.4, 133.4, 136.4, 150.0,
170.1; LC-MS tr = 3.49 min, m/z 506.29 [M+H]", (C32H31:N303" Calcd 506.24).

4-((S,E)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-4-

phenylbut-1-en-1-yl)-1-methylpyridin-1-ium iodide (22, Cbz-Phe-Phe-vinyl-4PyrNMe).
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Yellow solid, 0.020 g, 0.030 mmol, 87% yield. *H NMR (400 MHz, MeOD + CDClz) &
2.75 —3.09 (m, 4H), 4.28 — 4.43 (m,5H), 4.87 (g, 1H, J = 6.3 Hz), 5.08 (s, 2H), 6.28 (d,
1H, J = 15.9 Hz), 6.83 (dd, 1H, J: = 5.0 Hz, J, = 15.9 Hz), 7.16 — 7.35 (m, 15H), 7.82 (d,
2H, J = 6.5 Hz), 8.71 (d, 2H, J = 6.5 Hz); 3C NMR (400 MHz, CDCl3 + MeOD) & 38.2,
40.1, 47.8,52.2, 56.3, 66.8, 124.5, 126.8 (2C), 127.6, 128.0, 128.3, 128.4 (3C), 128.5,
129.1,129.2, 136.1, 136.4, 143.9, 144.7, 153.1, 156.2, 171.3; LC-MS tr 3.36 min, m/z
521.33 [M+H]", (CssHaaN3O3* Calcd 521.27).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(pyrimidin-4-yl)but-3-en-2-
yl)amino)propan-2-yl)carbamate (23, Cbz-Phe-Phe-vinyl-4Pyrmd). Off-white solid,
0.800 g, 1.579 mmol, 64% yield. *H NMR (400 MHz, CDCls) § 2.79 — 2.93 (m, 2H),
3.01(d, 2H, J = 6.9 Hz), 4.35 — 4.48 (m, 1H), 4.93 (pentet, 1H, J = 6.7 Hz), 5.04 (s, 2H),
5.49 (s, 1H), 6.16 (d, 1H, J = 15.6 Hz), 6.29 (s, 1H), 6.88 (dd, 1H, J1 = 5.8 Hz, J, = 15.6
Hz), 6.97 (d, 1H, J = 4.6 Hz), 7.05 — 7.33 (m, 15H), 8.56 (d, 1H, J = 5.2 Hz), 9.06 (s,
1H); 3C NMR (100 MHz, CDCl3) & 38.5, 40.9, 51.6, 56.6, 67.2, 118.8, 126.9, 127.1,
128.0, 128.2, 128.3, 128.6 (3C), 128.8, 129.4 (2C), 136.2, 136.5, 138.6, 156.1, 157.4,
158.8, 161.5, 170.4; LC-MS tr 5.27 min, m/z 507.35 [M+H]*, (Ca1H30NsOs" Calcd
507.24).

Benzyl ((S)-1-(((S,E)-4-(oxazol-2-yl)-1-phenylbut-3-en-2-yl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (24, Cbz-Phe-Phe-vinyl-20xz). White solid, 0.020 g, 0.040
mmol, 29% yield. 'H NMR (400 MHz, CDCls) § 2.72 — 2.88 (m, 2H), 2.93 — 3.11 (m,
2H), 4.35 (g, 1H, J = 7.0 Hz), 4.88 (pentet, 1H, J = 6.7 Hz), 5.05 (s, 2H), 5.30 (s, 1H),
5.99 (d, 1H, J = 5.8 Hz), 6.14 (d, 1H, J = 16.1 Hz), 6.48 (dd, 1H, J1 = 5.9 Hz, J, = 16.1

Hz), 7.04 — 7.35 (m, 16H), 7.54 (s, 1H); 3C NMR (100 MHz, CDCls) & 38.6, 40.9, 51.5,
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56.7,67.3,117.3,127.1, 127.4, 128.2, 128.4, 128.7 (3C), 129.0, 129.4 (2C), 136.2, 136.4
(2C), 137.1, 138.3, 156.1, 160.8, 170.3; LC-MS tr 5.41 min, m/z 496.25 [M+H]",
(C30H29N304" Caled 496.22).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S,E)-1-phenyl-4-(thiazol-2-yl)but-3-en-2-
yl)amino)propan-2-yl)carbamate (25, Cbz-Phe-Phe-vinyl-2Thz). Light yellow solid,
0.206 g, 0.403 mmol, 54% yield. *H NMR (400 MHz, CDCls) § 2.75 — 2.89 (m, 2H),
2.99 (d, 2H, J = 7.1 Hz), 4.28 — 4.46 (m, 1H), 4.87 (d, 1H, J = 6.4 Hz), 4.96 — 5.11 (m,
2H), 5.44 (s, 1H), 6.19 (s, 1H), 6.39 (dd, 1H, J1 = 5.1 Hz, J, = 16.0 Hz), 6.45 (d, 1H, J =
16.0 Hz), 7.01 — 7.39 (m, 16H), 7.71 (d, 1H, J = 3.2 Hz); 3C NMR (100 MHz, CDCls) &
38.7,41.0,51.5,56.6, 67.2, 118.5, 123.9, 126.9, 127.2, 128.1, 128.3, 128.6 (2C), 128.8,
129.4 (2C), 135.0, 136.2, 136.5 (2C), 143.4, 156.0, 166.0, 170.4; LC-MS tr 5.64 min, m/z
512.18 [M+H]", (CsoH29N303* Calcd 512.20).

2-((S,E)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-4-
phenylbut-1-en-1-yl)-3-methylthiazol-3-ium iodide (26, Cbz-Phe-Phe-vinyl-2ThzNMe).
Yellow solid, 0.003 g, 0.005 mmol, 15% yield. *H NMR (400 MHz, CDCls) § 2.51 (s,
1H), 2.81 — 3.96 (m, 1H), 2.98 — 3.18 (m, 3H), 3.71 (s, 3H), 3.93 (s, 2H), 4.36 — 4.49 (m,
1H), 4.99 (s, 2H), 5.85 — 6.11 (m, 1H), 6.81 (d, 1H, J = 15.6 Hz), 6.91 (dd, 1H, J, = 3.4
Hz, J» = 15.6 Hz), 7.06 — 7.33 (m, 15H), 7.76 (s, 1H), 7.96 (m, 1H); 3C NMR (100 MHz,
CDCl3) 6 38.1, 39.8, 52.5, 54.7, 57.3, 66.7, 115.1, 121.6, 126.9, 127.1, 127.6, 128.0 (2C),
128.5, 128.7, 128.8, 129.5 (2C), 136.9, 137.0, 138.8, 150.6, 156.4, 168.7, 171.9; LC-MS
tr 3.31 min, m/z 526.18 [M+H]*, (C31H32N303S* Calcd 526.22).

Benzyl ((S)-1-oxo-3-phenyl-1-(((S)-1-phenyl-4-(pyrimidin-2-yl)butan-2-

yl)amino)propan-2-yl)carbamate (27, Cbz-Phe-Phe-(CH2).-2Pyrmd). To a solution of
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Boc-Phe-vinyl-2Pyrmd (h, prepared following GP1-GP7, 0.05g, 0.15mmol) in anh.
EtOAc (8mL) was added Pd/C (10%wt, 0.016mg) under Hz atmosphere and stirred
overnight. The reaction was filtered, and the filtrate was concentrated. The product was
coupled with P3-P> fragment following GP8 to give compound 27. White solid, 0.031 g,
0.060 mmol, 48% yield. *H NMR (400 MHz, CDCl3) § 1.63 — 1.82 (m, 1H), 1.85 — 2.01
(m, 1H), 2.63 — 2.77 (m, 2H), 2.78 — 2.94 (m, 2H ), 2.99 (d, 2H, J = 6.8 Hz), 4.05 — 4.23
(m, 1H), 4.31 (pentet, 1H, J = 7.1 Hz), 5.07 (s, 2H), 5.34 (s, 1H), 6.43 (d, 1H, J = 6.4
Hz), 7.04 — 7.38 (m, 16H), 8.59 (d, 2H, J = 4.9 Hz); 3C NMR (100 MHz, CDCls)  31.5,
35.8,38.8,41.1, 51.1, 56.8, 67.2, 118.6, 126.6, 127.0, 128.2, 128.3, 128.5, 128.7, 128.8,
129.4,129.6, 136.4, 136.7, 137.9, 155.9, 157.0, 170.5, 170.9; LC-MS tr 5.10 min, m/z

509.15, 509.28 [M+H]*, (Ca1H32N4Os* Calcd 509.26).

2.3.3 Evaluation of Covalent Adducts of Glutathione and PVHIs

The compounds 7, 11, 12, 15, 25, 26, and K1777 (0.5 mM) were added to 100
mM Tris (pH 8.0), 10% (v/v) DMSO, and 1 mM or 5 mM reduced glutathione to a final
volume of 0.2 mL at room temperature. Samples were analyzed by HPLC-MS (as
described above) by injecting 0.01-mL aliquots onto a Luna 5 mm C18(2) 100 A, 4.6
mm, 50 mm column (Phenomenex) using the HPLC method prescribed in the Section
2.3.1 at 0-6 h time points. The chromatographic peaks for each cruzain inhibitor and its
covalent adduct with glutathione were characterized by their values of m/z using
electrospray positive-ionization detection and UV absorbance at 254 nm: K11777,
retention time: 4.75 min, m/z: 575.05; K11777-GSH, retention time: 4.64 min, m/z:

882.30; 7, retention time: 6.71 min, m/z: 507.11; 11, retention time: 5.48 min, m/z:
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506.06; 12, retention time: 4.77 min, m/z: 520.10; 15, retention time: 4.81 min, m/z:
535.23; 15-GSH, retention time: 4.72 min, m/z: 842.42; 17, retention time: 5.03 min,
m/z: 587.95; 25, retention time: 4.43 min, m/z: 511.87; 26, retention time: 4.42 min, m/z:
525.90; 26-GSH, retention time: 3.61 min, m/z: 833.97. Integration of the
chromatographic peaks of the inhibitors and their GSH-adducts at each time point was
used to determine the rate of GSH-adduct formation. Integration of the chromatographic
peaks of the inhibitors and their GSH-adducts was used at each time point to calculate the

concentration of remaining inhibitor and its GSH-adduct.

2.3.4 Enzyme Preparation

Recombinant human cathepsins B, L, and S were purchased from Millipore
Sigma and used without further treatment. Based on a published protocol*®* with
modifications,**® detailed procedures for cruzain expression, purification and activation
were described below.

Craik group at UCSF gifted us with the plasmid encoding the N-terminally Hise-
tagged procruzain with the C-terminal domain being truncated (GenBank code:
M84342.1). The plasmid was transformed into ArcticExpress™ (DE3) competent cells
(Agilent, 230192) which were then inoculated into LB media containing 100 pg/mL of
carbenicillin and 20 pg/mL of gentamicin. This starting culture was grown overnight to
saturation at 37 °C. On the next day, 3 mL of starting culture was added to 600 mL of
ZYM-5052 autoinduction media containing carbenicillin and gentamicin inside a 2 L
baffled flask. After being grown until ODsoo reaching 0.6 (typically 3 — 4 h), this big

culture was moved to 20 °C and incubated for up to 3 d to enable autoinduction without
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addition of IPTG. Cells were harvested by centrifugation (5,000 xg for 30 min) and
stored at -20 °C.

Frozen cell pellets were thawed and resuspended in lysis buffer (also called buffer
A: 50 mM Tris HCI, 300 mM NaCl, 10 mM imidazole, pH 10.0) at 4 °C. Protease
inhibitors, including 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM S-Methyl
methanethiosulfonate (MMTS), were immediately added to prevent degradation. After
being stirred for 30 min, the suspension was added with lysozyme (0.2 mg/mL), DNase |
(1 pM), MgSOs4 (1 mM), and CaClz (1 mM, hygroscopic) and continued to stir for 30
min. The slurry sample was sonicated at 60% amplitude with 20 s pulse every 1 min for
15 times in total to lyse the cells. The resulting lysate was centrifuged at 17, 000 xg for
45 min, and the supernatant was rapidly filtered through a 5 pm filter followed by being
transferred into a Superloop™ 150 mL. The filtration was recommended but not
necessary. Once the Superloop™ was appropriately connected to the FPLC instrument
(AKTA™ pure), the sample was loaded onto two pre-equilibrated HisTrap™ FF 5 mL
crude columns arranged in a row. The columns were first washed with 100 mL (10 CV)
of 100% buffer A at a flowrate of 4.5 mL/min, then eluted with increasing buffer B (50
mM Tris HCI, 300 mM NaCl, 500 mM imidazole, pH 10.0) with following gradient: O-
40% B over 25 CV; 40-100% B over 5 CV; 100%B for 15 CV. The product peak
typically occurred at 25-30% B and was collected to fraction tubes which were
immediately added with 1 mM of MMTS. The combined fractions were concentrated to a
volume < 50 mL and dialyzed against 3 <2 L of activation buffer (50 mM NaOAc, 100
mM NaCl, 0.1 mM EDTA-Nay, pH 5.0) at 4 °C overnight. On the next day, the solution

in dialysis tubing turned cloudy and was transferred to a capped container. The activation
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was initiated by addition of 5 mM DTT and incubated at 37 °C for up to 1 — 2 h until the
cloudy solution became apparently clear. Prolonged incubation might lead to further
degradation of cruzain, hence the activated sample should be placed on ice and inhibited
by 1 mM of MMTS as soon as possible. The purity of cruzain was determined by SDS-
PAGE and was usually high enough (> 90%) for enzymatic assays. The clarified solution
was buffer-exchanged to general assay buffer (pH 7.5), flash-frozen and stored at -80 °C
with 10-20% glycerol (v/v). In some case when purity was not satisfactory, the activated
solution was buffer-exchanged to 10X PBS (pH 5.0) and further purified by size
exclusion chromatography. The sample must be concentrated to a small volume (3 -4
mL) and passed through a 0.2 um filter prior to being transferred to a Superloop™ 10
mL. It was then slowly loaded onto HiPrep™ 26/60 Sephacryl® S-100 HR (GE17-1194-
01) at a flowrate of < 0.5 mL/min. The column was washed isocratically with 320 mL (1
CV) of the same PBS buffer in absence of any reducing agent at 1.0 — 1.5 mL/min.
Similarly, 1 mM MMTS was added to each of the major fractions upon elution from the
column which were stored at -80 °C. Prior to use, the MMTS in the frozen sample should
be removed by at least four rounds of centrifugal filtration (Amicon® Ultra, 10 kDa
NMWL) using an assay buffer containing 5 mM DTT. The concentration of cruzain was
roughly calculated from absorbance at 280 nm using an extinction coefficient (g260) of
59930 M em™ (reduced Cys); then it was accurately titrated by varied concentrations of

E-64 protease inhibitor.
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2.3.5 Enzyme Assays and Evaluation of Inhibitors

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 uL, 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 1-10 uL of cruzain (final concentrations: 0.1 — 3.0 nM (pre-
incubation studies)). 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.

Compounds were evaluated as inhibitors or inactivators of cruzain in two ways:
(1) enzyme was added to reaction mixtures containing substrate (typically, 10 uM Cbz-
Phe-Arg-AMC) and inhibitor, and reaction time courses were measured for 0-40 min. In
addition to other methods, the effects of all inhibitors on reaction rates were determined
at t = 0-200 s; vi) and at longer incubation times (t > 1000 s; vs), to ascertain the
respective inhibition constants K;j and Ki*. (2) Enzyme and compound were pre-incubated

over extended periods of time, and then aliquots were removed and diluted 50- to 100-
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fold into reaction mixtures containing 10 uM of Cbz-Phe-Arg-AMC, followed by the
assessment of the resulting time courses.

For assays of cathepsin L, B, and S, cruzain inhibitors were evaluated in reaction
mixtures containing a buffer of sodium acetate (pH 5.5), 1 mM CHAPS, 1 mM
Na:EDTA, and 5 mM DTT at 25 <C. The substrate Cbz-Phe-Arg-AMC was dissolved in
100% DMSO, as were all inhibitors, and aliquots of both substrates and inhibitors were
added to 0.25 mL reaction mixtures to final concentrations of 10% DMSO (v/v).
Michaelis constants for Cbz-Phe-Arg-AMC were determined for all three human
cathepsins as: cathepsin L (2.9 uM), cathepsin S (60 uM), and cathepsin B (150 uM),
and fixed concentrations of Cbz-Phe-Arg-AMC of 1 or 2 Ky, were used to evaluate
inhibitors. Cruzain inhibitors were added at seven concentrations and one fixed
concentration of Cbz-Phe-Arg-AMC, and time courses of AMC formation were analyzed

as with cruzain.

2.3.6 Evaluation of Cruzain Inhibitors in Axenic Cell Cultures of T. b. brucei and T. cruzi
Selected cruzain inhibitors were evaluated in axenic cell cultures of T. b. brucei

(procyclic trypomastigotes; ATCC PRA-381) and T. cruzi (epimastigote forms; strain Y,
ATCC 50832GFP). T. b. brucei was grown in SDM-79 medium and T. cruzi was grown
in ATCC medium (1029 LIT medium). Both media included fetal calf serum (10%) and
penicillin/streptomycin (50 U/mL). Test compounds, including K11777, were dissolved
in 100% DMSO, and added to cell cultures at final concentrations of 0.5-20 uM
(maximum DMSO = 1% (v/v)). Control samples contained equal amounts of DMSO. T.

b. brucei and T. cruzi (5 mL in flask cultures) at 26 < were seeded at ~3 x 10° cells, and
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diluted daily maintaining a mid-log growth phase for up to 120 h. Treated cells were
typically grown for 4 days (T. b. brucei) or 5 days (T. cruzi). After each cell dilution,
fresh compound or an equal volume of DMSO (control samples), was supplemented into
the cultures, while maintaining a constant concentration of each inhibitor. Cell counts

were scored using a Z2 Coulter Counter.

2.3.7 Evaluation of Cruzain Inhibitors in T. cruzi-infected Murine Cardiomyoblasts
For the evaluation of the anti-trypanocidal activity of cruzain inhibitors, we

infected a C2C12 mouse cardiomyoblast cell line (ATCC CRL-1772) with T. cruzi strain
Ca-1/72 (a gift from James Dvorak, National Institutes of Health) in 1536-microwell
plates. In each well was added 10° cells and 10* parasites in a total volume of 10 i
including the test compounds in 10-point dose-response dilutions starting at 10 M (3-
fold dilutions). The plates were incubated at 37<€ for 48h, and the wells were fixed with
2% paraformaldehyde in PBS, and stained with 5 pg/ml of 4',6-diamidino-2-
phenylindole. After at least 30 min of incubation at room temperature in the dark, the
plates were read in an automated microscope, ImageXpress MicroXL (Molecular
Devices), and the images were analyzed by custom-built software to quantify and assess
viability of the parasites, as well as the host cells independently. The compilation of data

was used to calculate the antiparasitic activity (ECso) and host cytotoxicity (CCso).

2.3.8 Evaluation of Human Cell Toxicity
Primary human dermal fibroblast (HDF) cells were used to evaluate human cell

toxicity of cruzain inhibitors. HDF cells were plated in a 384-well plate at 2400 cells/well
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(62,000 cells/mL). Inhibitors in 100% DMSO were added in duplicate to final
concentrations of 0.001 — 0.1 mM and 1% DMSO (v/v) with 1% DMSO as a control
sample), and cells were cultured at 37 <C for 48 h, followed by addition of resazurin. Cell

viability was then assessed by reading of fluorescence (Aex/Aem: 544 nm/590 nm) after

an additional 24 h of incubation.

2.3.9 Molecular Modeling

Molecular docking for selected cruzain inhibitors was performed in Schré&dinger
Suite software package. The receptor (PDB accession code: 20Z2) was prepared by
Protein Preparation Wizard and the ligands were translated and optimized by LigPrep
modul. Glide module was used for a conventional non-covalent docking while CovDock
module was used for a covalent docking, K11777 in the crystal structure was set as a
reference ligand and placed in the center of a cubic enclosing box of 18 A3. Cys,s was
selected as the reactive residue. The SMARTS pattern of ligands was defined on the basis
of molecular structure. The binding affinity was scored and ranked using Glide. The best

three poses were generated as .pdb files and manually inspected.

2.3.10 Analysis of Kinetic Data
Initial velocity data for cruzain-catalyzed reactions of fluorogenic peptide
substrates were determined by fitting to eq. 2-1 using GraphPad Prism or SigmaPlot. For
eq. 2-1, keat is the turnover number, [E]:is the concentration of active sites of cruzain, and
Kwm is the Michaelis constant for the substrate. Cruzain concentrations were determined

by spectrophotometric analysis of purified sample solutions.
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v — Kcat[S] _
[Ele  Km+[S] (-1)

Competitive inhibition was fitted to eqg. 2-2, in which [S] and [I] are

concentrations of substrate and inhibitor, respectively, Vmax is the maximal velocity, and

Kis is the slope inhibition constant.

_ Vmax[s] _
VT K+ /Kig)+ 5] (22)
Data for time-dependent inhibition were fitted by several methods. All time-
course data were fitted to eq. 2-3 for studies in which reaction was initiated by the
addition of enzyme, wherein P is the fluorescence generated by AMC formation, C is a
non-zero constant, vs and v; are respectively the steady-state and initial enzymatic rates, t
is time, and kobs is the observed rate of conversion of the initial inhibited rate to the final
inhibited rate.}™ In cases for which reaction was initiated with an excess of substrate,
following pre-incubation of enzyme and inhibitor, for eq. 2-3, vi = 0.
P = vt + [E—5][1 - etk + C (2-3)
Kobs
Values of kobs vs. [inhibitor] were then re-plotted and fitted to eq. 2-4, for which

ks and ka4 represent the respective rates of formation and dissolution of the EI* complex

as depicted in Scheme 2.2.

Ks[1]

Kobs = ka + ——lL__ 2.4

obs = 14 Ki(1+ﬂ)+[l] (2-4)
M

Inhibition constants were also obtained by fitting vi and vs data to eq. 2-5, in which
Vx Is the rate in the presence of inhibitor for either early (vi) or late (vs) phases of each time
course, Vo is the rate in the absence of inhibitor, Km is the Michaelis constant of the
substrate, and Kix is the apparent inhibition constant, K; or Ki*, obtained from fitting of v;

or Vs, respectively.
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2.4 Conclusions

We have developed a novel class of reversible inhibitors for the essential cysteine
protease of Trypanosoma cruzi, cruzain. These compounds, the peptidomimetic vinyl
heterocycles, contain bioisosteric replacements for the acrylamide and vinyl sulfone
warheads present in irreversible, covalent inactivators such as K11777. We also
demonstrated that PVHIs containing vinyl-2-N-methylpyridinium or vinyl-2-N-
methylthiazolium groups, unlike other inhibitors, readily form Michael adducts with
glutathione. Our survey demonstrated that the most optimal cruzain inhibitors contained
vinyl-2-pyrimidine, vinyl-2-pyridine, and vinyl-2-N-methylpyridinium groups. These
PVHIs proved to be potent, time-dependent inhibitors of cruzain, albeit, fully reversible
in terms of mode of action. These PVHIs are significantly active in both axenic cultures
of T. b. brucei and in a cell infection model of T. cruzi, and further optimization may
produce more potent anti-trypanosomal agents. Importantly, the concept of reversible
covalent inactivation by vinyl-heterocycles is potentially expandable to other enzymes
which contain active-site cysteines, such as EGFR, G12C K-ras and other protein kinases

for which irreversible acrylamide inactivators comprise effective drugs.18

82



CHAPTER 3
SELF-MASKED ALDEHYDES AS A NOVEL CLASS OF CYSTEINE PROTEASE

INHIBITORS FOR TRYPANOSOMA CRUZI AND SARS-COV-2

3.1 Introduction

Among the reversible covalent warheads explored for cruzain to date, an aldehyde
group often, if not always, affords outstanding inhibitory potency, provided that the
peptide scaffold can be accommodated by the binding site. A simple peptide aldehyde
KS5 (Cbz-Phe-Ala-H) showed nanomolar potency (ICso = 7.2 nM) vs. cruzain, on par
with a vinyl sulfone inactivator KS48 that is structurally analogous to K11777 (Figure
3.1A).18 Al efforts to install a conformationally-constrained scaffold, either the y-lactam
(KS12) or the a-methyl Phe at P> (KS30), failed to maintain the original geometry and
thus caused drastic loss of binding affinity. Using the same Chz-Phe-Ala- or similar Chz-
Phe-Val- peptidomimetic scaffolds, another research effort aiming to hunt for assorted a-
keto-based warheads, including a-ketoesters, a-ketoamides, and a-ketoacids, were
inferior inhibitors to their aldehyde counterparts (Figure 3.1B).1®* This fact could be
attributed to the higher electrophilicity of an aldehyde, or its smaller size might also assist
with accessing the catalytic center. Later studies further expanded the scope of warheads
to nitriles, oximes, azanitriles, and some heterocycles (Figure 3.1C).*5-18 Except for
azanitriles, aldehyde inhibitors not only had superior potency for cruzain, but also
showed significant trypanocidal activity in mammalian cells infected with a strain of T.

cruzi amastigotes. Azanitriles did show improved inhibition of cruzain, in accordance
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Figure 3.1 Peptidomimetic inhibitors equipped with an aldehyde group displayed
superior inhibitory activity against cruzain (ICso) and T. cruzi (ECso) over many other
warheads. R group is invariant for all compounds in this figure. Sl represents selectivity
index for inhibition of T. cruzi over host cell. ApK; values in (C) indicate the differences
in potency between the reference aldehyde (Ki = 7.9 nM) and compounds bearing various

warheads.

with the computation study and reaction kinetics which implied that the intrinsic

reactivity of an azanitrile is superior to an aldehyde. Nonetheless, they did not surpass the

activity of the aldehyde at cellular level, and were more toxic to the host cells. As for the

P1 position, these studies collectively suggested that, while a strained structure
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(cyclopropyl, Figure 3.1C) was not a good choice, lipophilic residues like Phe, Cha, or
Val (Figure 3.1B) contributed, perhaps entropically, to binding albeit no apparent
protein-ligand interaction was observed. In brief, many pieces of evidence have proven
that an aldehyde group comprises an excellent warhead for cruzain and other cysteine
proteases, although it has been primarily used as a starting point for lead optimization or
as a chemical probe.

Despite foregoing facts, an aldehyde is commonly deemed a double-edged sword
in drug design. The major concern of using aldehydes in therapeutic molecules is linked
to their inherently high reactivity that may give rise to immunotoxicity and poor
pharmacokinetic properties.'®-18 However, apart from providing only tool molecules,'**-
192 aldehydes indeed have been used as drugs for over half a century in compounds
including natural products and synthetic molecules.*®® Generally speaking, aldehyde
substituents in natural products are well-tolerated, and much less susceptible to
metabolism. For example, the aldehyde-containing streptomycin is a WHO medicine and
is considered to be extremely safe;>> moreover, its aldehyde group is not even involved in
its mechanism of action.'®* Besides, many natural products are quite hydrophilic so that
their non-specific interactions with off-target biomolecules are minimized.'*® On the
contrary, aldehyde groups in synthetic medicines likely have more systemic exposure to
both targets and off-target protein species.'®® These aldehydes can react with a number of
nucleophiles in biological systems: they can form Schiff bases with free amines like
lysines, hydrazides, hydrazines, protein N-termini and nucleobases; also, they can form
hemiacetals with alcohols, and thiohemiacetals with thiols. Therefore, they are typically

of great importance to the biological activity; meanwhile they are frequently subject to
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aldehyde metabolism and induce immunotoxicities, liver injuries, and undesired drug-
drug interactions. Theoretically, confining drug exposure to the germane protein target
and eschewing off-target biomolecules are two principal approaches to address the safety
and pharmacokinetic stability issues associated with aldehydes. In practice, however,
such approaches have been challenging to implement.16?

An alternative approach to incorporate aldehydes into drug design is to mask the
aldehyde using another functional group. The anti-malarial aldehyde inhibitor of falcipain
PG3b was “masked” by an 1,2,4-trioxolane structure, resulting in the prodrug PG4b
from which the active aldehyde is liberated upon reaction with Fe(ll) inside the vacuoles
of the plasmodial parasite (Figure 3.2A).1%1%7 Unfortunately, this clever masked
aldehyde resulted in toxicity to the host cells, apparently from the action of free radical
byproduct(s). Its utility is also limited by the variable availability of Fe(Il) in target cells.
In a study of a calpain inhibitor, Nakamura et al. synthesized a peptidyl aldehyde with a
homoserine at P1 position which spontaneously formed a cyclic hemiacetal SNJ1715
(Figure 3.2B).1%19 Compared to the free aldehyde SJA6017 with P; Leu, this self-

masked aldehyde acquired improved physicochemical properties and excellent
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Figure 3.2 Examples of masked aldehyde strategy in the design of protease
inhibitors. (A) 1,2,4-trioxolane inhibitor breaks down to free aldehyde and radical to
effect antimalaria activity. (B) y-lactol inhibitor releases its free aldehyde to inhibit
calpain by forming thiohemiacetal with the catalytic cysteine.

transcorneal permeability, although it showed less activity against calpain.
Crystallographic study (PDB accession: 2G8E) revealed the authentic binding form to be
the free aldehyde which formed a thiohemiacetal with the catalytic Cysiis. This

interesting finding prompted us to scrutinize the practice of self-masked aldehyde
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inhibitors (SMAIs) to cruzain inhibitors. To my knowledge, this strategy has not been
reviewed and studied systematically, although it has been applied occasionally to other
highly reactive electrophiles recently.?®

In the end of this chapter, we also attempted to make SMAIs for inhibiting a
cysteine protease of SARS-CoV-2 which causes the formidable COVID-19.2%* The
ongoing pandemic not only has deprived us millions of lives, it also resulted in the largest
global recession since World War 11.2°2 Immediately after the outbreak, thousands of
research programs have been focusing on the development of treatments and vaccines.?%*-
204 promising drug targets of SARS-CoV-2 include the coronaviral spike protein, RNA-
dependent RNA polymerase (RdRp), 3C-like protease (3CLP™) and papain-like protease
(PLPr),205208 The 3CLP™ js also a major viral cysteine protease belonging to clan PA
family C3, and shares a high sequence identity (~96%) with that of SARS-CoV. Thanks
to plentiful research on SARS-CoV in past years, a vast number of compounds have been
accumulated against its 3CLP™ and may be effective for the new virus. Among those
compounds, peptidomimetic aldehydes also displayed exceptional inhibitory activity.?%"-
299 The P position of peptide substrates, which are nearly invariably glutamine residues,
is critical to the binding affinity, and may be substituted by y- or 8-lactams, which mimics
a Gln in endogenous substrates. We have taken advantage of this moiety to make SMAISs,

of which more details regarding the design and effect are described later in this

dissertation.

88



3.2 Results and Discussion

3.2.1 Rationale of SMAIs

In Chapter 2, the dipeptide aldehyde 1 (Cbz-Phe-Phe-H) was synthesized as an
intermediate for preparation of a series of vinyl heterocyclic inhibitors, and proved to be
an extraordinarily potent inhibitor of cruzain, as discussed below. Compound 1 is also a
non-natural, fairly lipophilic molecule. As stated in the introductory section, such a
molecule is likely vulnerable to aldehyde metabolism and is also inclined to be
immunotropic. In order to modify its Py structure to afford a self-masked aldehyde, we
added a hydroxyl group to the 2’ position of the phenyl ring, converting the P1 group to
an ortho-tyrosine (2, Cbz-Phe-o-Tyr-H) (Figure 3.3A). The oxygen of the phenol group
is in close proximity to the aldehydic carbon permitting a nucleophilic addition reaction
to occur, producing a cyclic hemiacetal (3-lactol) similar to the y-lactol found in calpain
inhibitor MN3.1% We anticipated that a SMAI would remain “locked” in its 3-lactol form
before binding to cruzain, after which enzyme catalysis would elaborate the free
aldehyde, followed by formation of a hemithioacetal adduct with cruzain (Figure 3.3A).
If true, then the potential advantages of SMAI include: (a) the intramolecular nature of
the d-lactol likely provides sustained protection of the aldehyde outside of an enzyme
active site; (b) compared to the 1,2,3-trioxolane masked aldehyde,*® the cleavage of the
hemiacetal does not produce reactive byproducts; and (c) the introduced hydroxyl group
on the o-tyrosine sidechain is small enough so as to impose minimal perturbation of the

original binding mode of the parent aldehyde 1.

89



3.2.2 Computer-aided Inhibitor Design
The first question arising from our hypothesis is: could the lactol form of 2 bind
to cruzain and remain closed? To preliminarily address this question, we employed
molecular modeling using docking methods conforming to the binding of compound 2 in

both its noncovalent, lactol form (Figure 3.3B), or as its free aldehyde form which was

A Ph . e P on |
Ho§ iCbz 12 Cbz N i
coz. A NI N — N -0 |
H § : 0 Aazka (¢} \©
d 3 @
compound 1 il ikt S, S ;|
|e

K
E + | <=~ El|—=~ EI*| K=kik; K*=Kekd(ks+ky)

Figure 3.3 Rationale of the SMAI design. (A) The aldehyde group of 2 is
expected to be masked by the 2°-phenol group via spontaneous formation of a lactol. It is
anticipated that the SMAI will undergo enzyme-catalyzed opening of the lactol ring, and
subsequently form the hemithioacetal adduct with Cyszs. The scheme describes a two-
step inhibition mechanism in which rapid formation of an EI complex precedes
isomerization to EI*, which slowly converts back to El. (B) Lactol form of 2 (green)
non-covalently docked to cruzain. (C) Opened form of 2 covalently docked to form a
hemithioacetal with Cys25. Both structures are superimposed with a covalently-bound
K11777 (white) from crystal structure (PDB ID: 20Z2). Colored dashed lines represent
corresponding cruzain-inhibitor interactions.
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docked as a hemithioacetal adduct with the catalytic Cyszs (Figure 3.3C). The covalent
adduct of 2 is predicted to bind in a manner similar to that of the covalent inactivator
K11777 as seen in the cruzain-K11777 co-crystal structure. As expected, the phenoxy
substituent of the covalently-bound inhibitor 2 is well tolerated in the cruzain active site,
and may form hydrogen bonds with Glnie, Hisie2, Or Trpisa, Similar to the sulfone
oxygens of K11777. Although the Cbz-Phe group in Figure 3.3B adopts a similar
orientation as the opened form (Figure 3.3C), the lactol displays a puckered
conformation in the active site. The bound lactol has a poorer binding free energy
(AGpredicted = -5.08 kcal/mol) than that of the hemithioacetal (AGpredicted = -7.24 kcal/mol),
apparently owing to the bicyclic lactol moiety. One may infer that the recognition of the
Chz-Phe scaffold of 2 by cruzain assists in the binding of the lactol group, and orients it

for enzyme-catalyzed ring-opening to yield the high-affinity aldehyde.

3.2.3 Kinetic Analysis of SMAIs
A series of SMAISs and related compounds 1 — 12 were prepared and evaluated as

inhibitors of cruzain (Table 3.1). Time-course data for inhibition of cruzain by many of
these compounds conformed to the kinetic scheme shown in Figure 3.3A, that is,
initiation of reaction by adding enzyme to substrate and inhibitor led to curvilinear time
courses, in which reaction rates demonstrably decreased as the EI complex (characterized
by K;) progressed to the tighter EI* complex (characterized by Ki*). The observation of
time-dependence may or may not indicate that covalent bond formation has occurred, but

it does reflect that Ki* < K;, arising from either the formation of a hemithioacetal between
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Figure 3.4 Kinetic analysis of inhibition of cruzain by 1, 2, 11, and 12. (A-D)
Time-courses of cruzain inhibition. Insets for (A), (C) and (D): the kopbs values were
obtained by fitting progress curves to eq. 2-3. Replot of kqps vs. [I] with the line drawn
through data points from fitting to eq. 3-2. 1: ks = (7.6 £0.6) x10*s?; 11: ks = (3.8
0.4) x10%s?; 12: ks = (1.8 20.7) %10 s%. Inset for (B): the steady-state rates with (vs)
and without inhibitor (vo) were obtained at t > 20 mins. Plot of vs/vo vs. [2] with the line
drawn through data points from fitting to eq. 2-5. (E) A proposed mechanism of phenoxy-
assisted conversion of EI* back to EI.

enzyme and inhibitor, or a slow isomerization step of EIl to EI* not involving covalent
bond formation.
We first evaluated cruzain inhibition by time-course data containing fixed

concentrations of substrate and variable concentrations of inhibitors, for which reactions
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Table 3.1 Inhibition data of SMAIs and related compounds for cruzain,
human cathepsin L and B.

Structure Overall inhibition constant K i* (nM)?

Compound p3.p2 b1 . human human
B cruzain cathepsin L cathepsin B

O\
1 Cbz-Phe- ,ANj.,,, 0.44 £0.02 ND ND
H

HO,,_O
2 Cbz-Phe- [ANj/,/\@ 49 +2 28 0.9 4500 +100
H

HO
3 NMePip-Phe- ﬂNm >100,000 ND ND
H

HO__HO
4 Cbz-Phe- ,(N].,,,D >10,000 ND ND
H

|
O
5 Chz-Phe- epe 22 +2 ND ND
N -
H

HO,, O
6 Cbz-Phe- /(Nj;/\@\o/ 350 %32 38 +1.6 5500 400
H

HO O
7 Cbz-Phe- ANI'/\@\ 103 +5 58 +£2.2 6100 +900
H
HO O
8 Cbz-Phe- /QNI,D\CI 74 £10 27 +0.7 1400 +100
H

HO O
9 Cbz-Phe- ,(NI,/\@\F 48 2 2313 2300 +200
H

HO 0.
10 Cbz-Phe- /\NI,D\CO L. 1805 10.8 +0.8 670 +30
H 2

O\
11 NMePip-Phe- ,(Nj,,,,/\Ph 0.5+0.2 ND ND
H
HO o)
12 NMePip-Phe- /\NID 47 %2 20 +0.9 1300 100
H

SO,Ph
=
Ay
N

K11777  NMePip-Phe- 0.2° 0.2° 5.7°

“Cruzain was assayed at pH 7.5 while hCatL and hCatB were assayed at pH 5.5. "Reported as apparent ICs in
ref 158.

were initiated by the addition of enzyme. Inhibition of cruzain by the free aldehyde 1 was
characterized by downward-concave curvilinear time courses, often referred to as “burst
kinetics” (Figure 3.4A), indicative of time-dependent inhibition for which equilibrium

between cruzain and 1 was slowly established over 30 minutes. Each curve was fitted to
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eq. 2-3 and the resulting values of kons Were replotted vs. inhibitor concentration [1]
(Figure 3.4A, inset). The replot was best fitted to eq. 3-2 (refer to Section 3.3.5),
implying a lack of saturation of the EI complex by 1, for which K; >> Ki*. The
unimolecular rate constant for conversion of EI* back to EI was extremely slow [ks =
(7.6 £0.6) <10 s]. The low value of ks is likely the reason for the slow onset of
inhibition and potency of aldehyde 1.

Unlike aldehyde 1, inhibition of cruzain by 2 exhibited almost linear time courses
with only slight curvature observed at early stages (Figure 3.4B), as was also observed
for SMAIs 6 — 10 (all containing the Cbz-Phe- scaffold). The nominal burst phase was
only observed within the first 1-2 min, after which an apparent steady-state reaction was
established, indicating a significantly faster rate (greater ks) for conversion of EI* back to
El than for compound 1. This difference suggests that, compared to a relatively stable
hemithioacetal intermediate cruzain-1 species, the reverse reaction of this intermediate
for a SMALI is likely facilitated by the attack of its phenoxy group on the hemithioacetal
(Figure 3.4E). To characterize these inhibitors, we obtained steady-state rates of vs and vo
at assay times > 20 min. For instance, upon plotting vs/vo vs. [2] (Figure 3.4B, inset) and
fitting using eq. 2-5, we obtained a value of the overall inhibition constant (Ki*) of 49 +2
nM. For the free aldehyde 11 and the SMAI 12, both of which incorporated the N-
methylpiperazinyl-Phe scaffold (NMePip-Phe) as found in K11777, the ratio of their
activities [Ki*(12)/Ki*(11) = 94] as cruzain inhibitors was almost identical to that of their
Cbz-Phe-containing counterparts 1 and 2 [Ki*(2)/Ki*(1) = 110], and was also comparable
to that of aforementioned SJA0617 and its SMAI MN3 (Figure 3.2B). Similar to

aldehyde 1, slow onset of inhibition was observed for 11 (Figure 3.4C). Surprisingly,
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Figure 3.5 Rapid dilution assay for SMAIs. (A) Dilution scheme for testing the
reversibility of a SMAI. Upon 100-fold dilution, the inhibitor concentration decreases
from 10-fold > K;*#P (91% inhibition) to 10-fold < Ki*#P (9% inhibition). (B, C) Cruzain
activity rapidly recovered from inhibition by 2 and 6 — 10. (D-F) Cruzain activity
recovery showed a significant lag for 1, 11, and 12. All curves were fitted to eq. 2-3 to
provide Kops values listed in Table 3.2.

unlike SMAIs containing Cbz-Phe- scaffold, 12 also exhibited time-dependent inhibition
(Figure 3.4D).

To explore the reversibility of cruzain inhibition by these compounds, we first
pre-incubated each inhibitor with cruzain, followed by a 100-fold rapid dilution
accompanying the addition of substrate (Figure 3.5A). For inhibitors 2 and 6 — 10
(Figure 3.5B, C), 91% recovery of cruzain activity was observed over the course of
minutes, wherein the residual concentration of inhibitor was 0.1x<K;*?®, capable of
affording 9% inhibition, thereby demonstrating that binding of these inhibitors was fully

reversible. In comparison, the activity of cruzain pre-incubated with aldehydes 1, 11, or
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Table 3.2 Kinetic parameters obtained from rapid dilution assays

Residence Estimated k 4

Compound 4gt
p u kObS (><I'O S ) tlmet(S)a ()40_4 S_]_)b

1 3.18 +0.24 3141 2.89
2 30.2+19 331 27.5
6 67.4 +4.8 148 61.3
7 54.3+£3.5 184 49.4
8 62.4 £2.5 160 56.8
9 32.1+13 312 29.2
10 53.1 =5.7 188 48.3
11 3.71 +0.21 2695 3.37
12 6.33 +0.42 1580 5.75

*Residence time =1/K s ; °K 4 Values were estimated from k obs
based on eq. 3-2.

SMAI 12 was restored at much slower rates (Figure 3.5D-F). After fitting these “lag”
time courses to eq. 2-3, the calculated residence times (t = 1/kobs) for compounds 2 and 6
— 10 ranged from 2.5 to 5.5 min, whereas 1, 11, and 12 exhibited significantly longer
residence times of 52, 45, and 26 min, respectively (Table 3.2). While longer residence
times were expected for aldehydes 1 and 11, compound 12 was the only SMALI to effect
significant time-dependent inhibition as evidenced by the observation of both burst and
lag Kinetic time courses, and the rate of conversion of the EI* complex to EI was
comparable to that of aldehyde 11. Considering that compound 12 was equipotent to 2,
one could infer that the peptidomimetic scaffold of 12 might also affect the adduct
formation so that ka/ks remained nearly unchanged for both the SMAI and the free

aldehyde.
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3.2.4 Structure-Activity Relationships of SMAIs

Inhibition constants for all compounds prepared for this study are shown in Table
3.1. The equipotency of SMAIs 2 and 12 at ~50 nM suggests that their different P3
sidechains have no impact on their inhibition. We prepared compound 3, an analog of
SMAI 12 in which its ether oxygen was replaced with a methylene group, and the
resulting compound containing the stable tetrahydro-naphthol did not inhibit cruzain at <
100 M, despite its similarity to the chroman-2-ol group of the SMAIs. Substitution of
the aldehyde of compound 2 with a primary alcohol also resulted in the poor inhibitor 4,
which corroborates the importance of the formation of carbon-sulfur bond in the cruzain-
SMAI complex. In the free aldehyde 5, the phenoxy group was methylated, affording an
inhibitor that is 50-fold less active than aldehyde 1, implying that a bulkier 2’ substituent
sterically hinders the formation of the hemithioacetal.

Another potential feature of this SMAI structure is the ability to tune the
reactivity of phenol group by installing substituents on the benzene ring. We introduced
several 5’-substituents including electron-donating groups (e.g., -OMe, -Me), weak
electron-withdrawing groups (e.g., -F, -Cl), and moderate-to-strong electron withdrawing
groups (e.g., -CO2Me). As shown in Table 3.1, the electron-donating substituents on 6
(Ki* =350 nM) and 7 (Ki* = 100 nM) appear to undermine their potency, as these
inhibitors bind, respectively, 7- and 20-fold more weakly that un-substituted SMAI 2.
The stronger electron-withdrawing capability of the ester substituent (10; Ki* = 18 nM)
provided a 3-fold increase in potency vs. 2, suggesting that the 5’-methyl ester facilitates
the opening of the lactol ring. In addition to the electronic effect, a steric effect is likely

operative. The methoxy group of compound 6 is bulkier than the methyl group of 7,
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which may contribute to its over 3-fold lower activity. Chlorine (0.79 A, 8) has a slightly
larger radius than fluorine (0.42 A, 9), and fluorine is similar in size to a hydrogen (0.53
A, 2) (note: the C-F is longer than the C-H bond so that, at that increased length, the
fluorine is effectively the same radius as hydrogen),?'° consistent with the differences
between their Ki* values. It is interesting that the steric effect apparently dictates the
differences in potency between compounds 8 and 9, probably because fluorine and
chlorine are only weakly electron-withdrawing. The methyl ester of 10, while comprising
the bulkiest substituent among this series of compounds, provided an inhibitor of nearly
three times the potency of un-substituted 2. Apparently, the “positive” electron-
withdrawing effect afforded by this large substituent overcomes any “negative” steric
effect, resulting in the SMAI of highest potency in this study. These results suggested that
appropriate substitution of the P1 phenyl ring in SMAIs could optimize their potencies,

and further, may affect the stability of enzyme-bound lactol.

3.2.5 Mechanistic Study of SMAI Inhibition
Although a kinetic mechanism of SMAI is proposed above, the exact chemical

mechanism of inhibition has not yet been corroborated directly by experimental evidence.
To this end, 2D NMR is an ideal technique because it is applicable to sample in aqueous
solution, and is able to provide dynamic structural information that is more authentic than
static structural information afforded by X-ray crystallography. The most obvious
drawback of 2D NMR is the poor detection limit due to low abundance of *3C, especially
when the molecule of interest is not very soluble in aqueous solutions. Therefore, it was

necessary for us to make a 3C-enriched inhibitor. More specifically, the aldehydic carbon
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of compound 12 was **C-labeled because this compound has higher aqueous solubility

than other compounds with Cbz-Phe- scaffold.
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Figure 3.6 Mechanistic study of cruzain inhibition by SMAI. (A) Expansion of
the superposed *H-3C HSQC NMR spectra of *3C-labeled compound 12 with (blue) and
without (red) an approximately equimolar concentration of cruzain, which were obtained
at 800 MHz (*H) at 25 <C. (B) Time-course of phenylhydrazone formation by treating 0.2
mM 11 (aldehyde) or 12 (lactol) with 1 mM phenylhydrazine, with a control sample
containing DMSO. Data for the curve with compound 11 were fitted to OD2g2nm = a[1 —
exp(-kopst)] + C , from which a = 0.279 OD2s2nm, Kobs = (2.61 0.05) x10“ s, and C =
2.632 51, while fitting the other data to this expression led to negligible values of Kobs.

1D NMR of this compound in organic solvent (CDCIz and CD3OD) demonstrated
that the 3C-labeled carbon was virtually 100% in the §-lactol form, as no aldehyde
proton peak was observed, with its very characteristic chemical shift around 9.0 — 10.5
ppm.2t We then analyzed 0.4 mM of $3C-labeled 12 in phosphate buffer (pH 7.5) by
HSQC NMR. No discernable peak was present at 5(**C) > 180 ppm, ruling out the
existence of minute concentrations of free aldehyde in this aqueous solution (See
Appendix H for full spectrum). The two salient peaks, A and B, occurring near 8(*>C)
90.8 ppm, were consistent with the signal of a carbon occurring in a hemiacetal (Figure

3.6A, red). These signals could not be assigned as an aldehyde hydrate in view of the fact
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that analysis by LC-MS displayed a molecular ion peak corresponding to the hemiacetal
but not the hydrate (Appendix C). We propose that peaks A and B are associated with
two 6-lactol anomers spontaneously generated during lactol formation. The ratio of
anomer A to anomer B is 1:1.32 based on peak volumes (Appendix D), yet the exact
stereochemistry cannot be assigned at this point.

To the inhibitor sample was added an approximately stoichiometric amount of
cruzain, and a new spectrum was acquired after 1 h (Figure 3.6A, blue). The apparent
hemiacetal peak B was eliminated while a trace of peak A remained. Since the original
peak B was 32% greater than peak A, this result suggested a slight preference of cruzain
for anomer B over A. The 3C signals of peaks A and B were shifted to higher field
occurring at 76.25 ppm (A’) and 79.69 ppm (B’) upon the addition of cruzain, which was
a strong indication of hemithioacetal formation. Such upfield shifts were described
elsewhere, and attributed to a less efficient deshielding effect by a sulfur atom than by an
oxygen atom.?!? The broadening of peaks A’ and B’ also suggested a protein-bound
ligand, due to reduced tumbling and the increased relaxation time of the cruzain-bound
13C-labeled 12.

As phenylhydrazine readily forms phenylhydrazone adducts with aldehydes, we
treated 0.2 mM concentrations of aldehyde 11 and SMAI 12 with 1 mM phenylhydrazine
in the same buffer (lacking DTT) used in the NMR study (Figure 3.6B) to determine the
fraction of free aldehyde found in 12. While aldehyde 11 was rapidly, and apparently,
completely converted to phenylhydrazone, 12 remained intact after 2 hours. This finding
showed that even an excess amount of phenylhydrazine cannot drive the equilibrium of

12 towards the formation of open-form aldehyde, which not only corroborated the
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chemical stability of lactol, but also indicated that the ring-opening is likely an enzyme-
catalyzed process. Therefore, we conclude that SMAI 2 predominantly maintains its
lactol form in aqueous solution in the absence of cruzain, while its binding to cruzain
apparently promotes opening of its ring followed by the formation of a covalent bond

with Cysgs.

3.2.6 Selectivity of SMAIs for Cruzain over Homologous Human Cathepsins

Whether or not our cruzain inhibitors will need to be highly selective over
mammalian cysteine proteases as discussed in Section 1.3.1, selectivity for the intended
enzyme target always eliminates concerns about toxicity. Accordingly, SMAI were tested
as potential inhibitors of human CatB and CatL at lysosomal pH (5.5). Generally, the
inhibition constants of representative compounds for human CatB are above 1 M except
for compound 10, which exerts considerable inhibition for human CatB at submicromolar
concentration. Because the substrate specificity of cruzain is very similar to that of
human CatL, these inhibitors might be expected to effectively inhibit human CatL, and,
indeed, where studied, SMAIs were typically over two-fold more potent for human
cathepsin L than for cruzain. Considering the apparent abundance of CatL in mammalian
tissues and cells,** the in vivo toxicity of these inhibitors may be negligible, although this

needs to be demonstrated.

3.2.7 Effects of SMAIs in Trypanosomes
Given the anti-cruzain potency of these SMAIs, we continued to assess their

trypanocidal activity in axenic cultures of T. b. brucei in both PCFs and BSFs (Table
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Table 3.3 Effects of SMAISs in trypanosomes

T. cruzi -infected

Compound Cruzzirllnhibition T. b. brucei . T. b. brucei . cardiomyoblasts
i* (nM) PCFs ECs, (UM)? BSFs ECs (M) (C2C12) ECqp (LM)?
1 0.44 £+0.02 8+2 3.3+21
2 49 +2 17 =10 6.8 1.1 5.4 £0.2
6 350 +30 11+1 26+1.1
7 103 £5 7£2 0.5+0.2
8 74 10 10 +2 5.8 +34 -
9 48 +2 11+0.4 2.7 +0.2 3.7+05
10 18 +0.5 6.7 £0.5 4.0 +0.2 -
12 47 +2 4+0.2 0.6 +£0.1 0.5 +0.2
13° ~1,000 3.7+0.2
14° - - 3.1+0.2
15P - - 4.0 +0.2
16° - - 12 +0.1
17° - - 14 +0.9 -
K11777 0.2° 1.7 +0.5 0.09 £0.06 0.7 £0.2

*Trypanocidal activities of compounds in axenic cultures of T. b. brucei PCFs/BSFs and in
cardiomyoblasts with T. cruzi infection were all measured as ECs, value which is the half maximal

effective concentration; "Structures of 13-17 are shown in Figure 3.7B; “Reported as apparent ICs in
reference 158.

3.3). For the PCFs, these inhibitors were all effective in eliminating parasites at a low
micromolar concentration. The least potent compound 2 had an ECs of 17 £10 M,
while the most potent antitrypanosomal compound 12 exhibited an ECsg 0f 4.0 0.2 M.
While the “benchmark” anti-trypanosomal inactivator K11777 exhibited a slightly lower
value of ECsg of 1.7 £0.5 M, SMAI 12 is only two-fold less potent than this inactivator.
For the BSFs of T. b. brucei (Appendix E), SMAIs generally showed higher trypanocidal
activity than for PCFs which is encouraging as BSF is the disease-related form. The most
active inhibitors for BSFs, 7 and 12, exhibited respective ECso values of 0.5 and 0.6 pivi
that outperformed the anti-trypanosomal drug, diminazene (Berenil®, ECso = 0.99 +0.12
M in T. b. brucei BSFs).2!3 Distinct from the low potency of 6 vs. cruzain, it showed
comparable trypanocidal activity in T. b. brucei with other SMAIs, which is indicative of

either a higher cell membrane permeability of 6 owing to its methoxy group, or a subtle
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difference of binding sites between cruzain and the target inside T. b. brucei. Notably, the
free aldehyde 1 was equally or less potent in killing both forms of axenic T. b. brucei
compared to our SMAIs. Considering that aldehyde 1 is nearly four orders of magnitude
less effective vs. T. b. brucei than vs. purified cruzain (ECso/Ki* = 7,500), while the
average value of ECso/Ki* for all SMAIs is 74, one may speculate that the SMAIs are
more accessible to its cellular target(s) than free aldehyde 1 in cell culture media. In this
sense, masking of the active aldehyde within the SMAIs affords significant protection of
its electrophilic group.

Additionally, compounds 2, 9 and 12 were analyzed in a murine cardiomyoblast
model of T. cruzi infection, in which the disease-relevant amastigote forms of the parasite
were evaluated (Table 3.3, Appendix E). Compounds 2 and 9 killed T. cruzi at
respective ECso values of 5.4 and 3.7 UM, while 12 exhibited an ECso of 0.5 £0.2 M,
which was superior to the benchmark inhibitor K11777 (ECso = 0.7 0.2 |uM). These
SMAIs were essentially equipotent in axenic cultures of T. b. brucei BSFs and T. cruzi-
infected cardiomyoblasts, suggesting they target a cysteine protease homologue of
cruzain in T. b. brucei. Additionally, they exerted no apparent toxicity against the host
cardiomyoblasts at up to 10 uM where K11777 exhibited cytotoxicity. Accordingly, the
self-masking of the aldehyde group in SMAIs provides the apparent delivery of these
otherwise reactive compounds to trypanosomes harbored within mammalian
cardiomyoblasts, with no apparent untoward effects on the host cells. These results
encouraged progressing the SMAISs to pre-clinical analysis, as well as the development of

prodrug forms of SMAISs.

103



3.2.8 Design and Evaluation of O-derivatized SMAIs as Prodrugs

The pharmacokinetic evaluation of compound 12 in mice by intravenous
administration indicated a short half-life arising from apparent first-pass metabolism
(data not shown). Its analogue K11777 has superior pharmacokinetic properties to 12,
and it was shown that the sites of oxidative metabolism on K11777 were largely confined
to the N-methylpiperazine ring, common to both inhibitors, and the homophenylalanyl
sidechain.?*2%> Therefore, metabolism of the cyclic hemiacetal of 12 may be responsible
for its rapid clearance in mice.

Pralnacasan (VX-740) is a cyclic a-keto-acetal prodrug for caspase-1, allowing
for selective intervention in the pro-inflammatory cytokine cascade.?'® This prodrug can
be regarded as a SMALI, as it is rapidly converted to the active aldehyde inhibitor (VRT-
18858) by plasma esterases via formation of a hemiacetal intermediate (Figure 3.7A).2Y
Pralnacasan has a greatly improved oral bioavailability (F = 50%) compared to VRT-
18858 (F = 4%). In kind, we designed two types of derivatization on the hemiacetal
hydroxyl group, i.e., O-acylation and O-alkylation (Figure 3.7B). The O-acylated
compounds should be hydrolyzed to release compound 12 by the action of cellular
esterases, which are ubiquitous in ER lumen of mammalian tissues. The O-alkylated

compounds structurally resemble pralnacasan, yet their conversion to active inhibitors are
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Figure 3.7 Rationale of SMAI prodrugs. (A) Pralnacasan is a SMAI prodrug for
VRT-18858, an inhibitor for caspase-1. (B) Proposed metabolic routes of O-derivatized

SMAIs to compound 12.

different. From in silico prediction by SMARTCyp,?!8 hydroxylation of the carbon

marked in the scheme may occur with certain liver P450 enzymes, forming a new

hemiacetal that subsequently collapses to form compound 12.

To explore this prodrug approach, we prepared O-acylated compounds 13 — 15

and O-alkylated compounds 16 and 17 (Figure 3.7B) These compounds exhibited

negligible inhibition against cruzain, with the exception of 13, which weakly inhibited

cruzain in a time-dependent fashion (Ki* = 1 pM, Appendix F). Compounds 13 — 15
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Figure 3.8 Hydrolysis of O-acylated SMAIs by esterase. (A) Time-course of
remaining compounds 13 — 15 (structures shown in Figure 3.7B) in reactions with or
without addition of esterase. (B) HPLC traces of 15 in buffer (control). (B) HPLC traces
of 15 treated with esterase.

were treated with porcine esterase in buffer (pH 7.5), and the hydrolysis of these prodrugs
were monitored by LC-MS (Figure 3.8A). In control samples without esterase, these
compounds largely remained intact. Compound 13 was an exception and degraded about
10% in buffer over 3 h, which likely explains the observed inhibition of cruzain by 13
due to the formation of 12. Upon addition of the esterase, compounds 13 — 15 were all
converted to compound 12 at variable rates of reaction with respective half-lives of 48,
24, and 16 min, and displayed a trend of increased hydrolysis with the increasing steric
bulk of the acyl groups. A reasonable interpretation is that the main mammalian esterase,

carboxylesterase-1 (CES1), has a preference for larger acyl groups.?®22° This is also
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likely the reason for incomplete conversion of 13 to 12, as it may not be the preferred
substrate for CES1. Accordingly, modifying the acyl group of O-acylated compounds to
obtain a suitable half-life can potentially overcome the first-pass metabolism of 12. As
observed for compound 15 (Figure 3.8B, C), there are two peaks in the chromatograph
that presumably correspond to the two anomers, but the conversion of one peak (A, tr =
4.38 min) to 12 is faster than the other (B, tr = 4.52 min). Peak A is largely eliminated
after 30 min, while peak B, though it constitutes a smaller proportion of untreated
compound, does not decompose completely even after 3 h, suggesting that the anomer in
peak A is the more specific substrate for esterase. These results provide proof of concept
that use of O-acylated prodrugs of SMAIs will provide a means to deliver these inhibitors
in vivo.

Compound 12 was also modified to yield two mixed acetals 16 and 17 (Figure
3.7B) that did not inhibit cruzain. Because cytochrome P450 (CYP) forms 3A4, 2D6 and
2C9 together account for over 60% of drug-metabolizing P450 isoforms,??! we used these
enzymes to conduct in vitro assays to determine if 16 and 17 could be transformed to
compound 12 as we expected. Both compounds were incubated with different CYPs in
the presence of a NADPH-regenerating system for up to 4 h. Unfortunately, no
transformation to 12 was observed for either compound by any of the CYPs. However,
the apparent stability vs. these purified P450s does not mean that (an)other microsomal
oxidase(s) may not release the active SMAI from these prodrug forms. In vivo analysis of
these prodrugs may as yet point to their value as prodrugs.

These compounds were also tested in axenic cultures of T. b. brucei BSFs (Table

3.3, Appendix E). Although less active than their parent compound 12, compounds 13 —
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15 showed promising trypanocidal activity comparable to other SMAIs. These
encouraging results demonstrated that the O-acylated prodrug forms could well be
converted to 12, presumably by a parasitic enzyme with esterase functionality.
Interestingly, compounds 16 and 17 were able to kill the parasites in spite of lower
activity (Ki* > 5 piM). Since treatment with P450s did not lead to transformation of these
prodrugs, the data implied the existence of either a drug-metabolizing enzyme or another

potential activating enzyme in T. b. brucei.

3.2.9 Application of SMAI Strategy to Inhibitor Design for SARS-CoV-2 3CLP™
The SMAI strategy is not limited to cruzain, but it may also find application in

other protease categories like cathepsins as long as the S; binding pocket can
accommodate an aromatic ring or alkyl groups of similar size. As mentioned in the
introductory section, SARS-CoV-2 main protease 3CLP is a potential drug target for this
approach. Numerous inhibitors for homologous cysteine proteases in SARS-CoV,
MERS-CoV, and some picornaviruses have shown different levels of inhibition against
SARS-CoV-2. Peptidomimetic aldehyde inhibitors of 3CLP™ contain a nearly-invariant 2-
oxo-pyrrolidin-2-yl group (y-lactam) as the P1 side chain (Table 3.4, header). We
propose that 2-pyridone can act as a surrogate for the y-lactam. Apart from their
similarity in size and heteroatom substitution, the tautomerization of 2-pyridone towards
2-hydroxypyridine has been well characterized. Although aqueous solution tends to favor
the 2-pyridone, the presence of the C-terminal aldehyde could well form a SMAI with the

2-hydroxypyridine.
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Table 3.4 Inhibition data of potential SMAIs for SARS-CoV-2 3CLP™ and
human cathepsin L.
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24

We have synthesized several 2-pyrdione compounds 18 — 24 with different
peptidomimetic scaffolds as listed in Table 3.4. Their potency for 3CLP™ ranged from
submicromolar to nanomolar values of Ki*. From the perspective of peptidomimetic
scaffolds in the Ps position, a 2-indolyl group was not as effective as Ac-Val (20 vs. 23,
or 21 vs. 24); for the P> position, there was a clear preference for a cyclohexylalanyl

(Cha) sidechain compared to a leucyl and 4-nitrophenylalanyl (4-nitroPhe) sidechain, i.e.
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Figure 3.9 Crystal structures of SARS-CoV-2 3CLP"™ complexed with 19 and 23.
(A) Ribbon representation of 3CLP™-19 complex with 2Fo-F¢ electron density map
contoured at 0.7c. (B) Surface representation of 3CLP"-19 complex. (C) Interactions
between 3CLP™ and 23. Dashed lines depict hydrogen bonds; oxyanion hole is circled.
(D) Surface representation of 3CLP"-23 complex.

Cha > Leu > 4-nitroPhe (19, 20, 23 > 22 > 21, 24); and the nature of the P4 group effects
important contributions to inhibitor binding, as 19, the most potent inhibitor in our
survey, was superior to 20. Compound 19 slightly differs from 20 in that the former has a
Cbz group compared to the N-acetyl group of 20 at P4 position. Proton NMR of 19 in
organic solvent (10% CD30OD in CDCls) confirmed the apparent absence of aldehyde,
suggesting it forms a 6-lactol, though it is unclear what the exact species is in agueous
buffers. Compound 19 was such a potent inhibitor of 3CLP™ that its Ki* (9 nM) was a

result of apparent titration of the enzyme (40 nM used in the assay). Like other 2-
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pyridone inhibitors, compound 19 also inhibited human CatL, which was recently shown
to be essential to the penetrance of SARS-CoV-2 into mammalian cells, in that it
catalyzes essential cleavage of the coronaviral spike protein.??? As a result, compound 19
has the potential to be a dual-acting inhibitor for two enzymes which are critical to the
infection of human cells by SARS-CoV-2.

We obtained high-resolution (1.70 A) crystal structures of 3CLP™ in complex with
19 or 23 (Appendix G). In both structures, the well-defined electron density (Figure
3.9A, C) near the active site confirmed the formation of a hemithioacetal with active-site
Cysuas, and the resulting hydroxyl group of the hemithioacetal is stabilized by an
oxyanion hole provided by Glyi43 and Cysiss . The P1 2-pyridone establishes essential
interactions with 3CLP™ (Figure 3.9C), comparable to those inhibitors that have a 2-
oxopyrrolidine moiety at the P1 side chain:??® the carbonyl oxygen of the 2-pyridone
accepts two hydrogen bonds from Hisies and Seri44, while the amide nitrogen acts as a
hydrogen bond donor to Gluies and Phe1so. The Cha group at P2 inserted cozily in a
deeply-buried S, pocket where no water is present, indicating Cha contributes to binding
affinity via a likely hydrophobic effect. Unlike the Cbz-Val moiety of 19 that was well
situated in the Ss-S3 binding cleft (Figure 3.9B), the 2-indolyl group of 23 partially
swayed outward to the solvent (Figure 3.9D) which was in agreement with their
difference in potency. These crystal structures will guide us in the optimization of 2-
pyridone inhibitors and, as with cruzain, 3CLP™ is apparently capable of catalyzing ring-

opening of the putative masked aldehyde.
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Scheme 3.1 Synthesis of SMAIs and their analogs. (a) DBU, DCM. (b) Pd/C, Ha,
MeOH. (c) TFA, DCM. (d) Cbz-Phe-OH or NMePip-Phe-OH or 2-hydroxy-3-
aminotetralin, DIPEA, T3P, DCM. (e) TBSCI, imidazole, DCM. (f) K2CO3z, CHzl, DMF.

(9) NaBH4, MeOH. (h) Dess-Martin periodinane, NaHCO3, DCM, 0 °C. (i) TBAF, THF,
0 °C. (j) EtsN, THF, 0 °C. (k) mCPBA, chloroform. (I) NaN3, MeOH/H0, 60 °C.

3.2.10 Synthesis of SMAIs
Scheme 3.1 delineated the synthesis of common SMAIs and their analogs starting

from the HWE coupling reaction between salicylic aldehydes bearing different 5-
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substituents and (-Boc-a-phosphonoglycine trimethyl ester under basic conditions (step
a). The double bond of product is reduced by Pd/C-catalyzed hydrogenation (step b),
followed by removal of the Boc protecting group to give the key intermediate (step c), a
substituted ortho-tyrosine methyl ester. This intermediate was coupled to different
peptidomimetic scaffolds using T3P, yielding the methyl ester of the “full” inhibitor (step
d). At this stage, the phenol group was protected as it was relatively acidic, and might
affect subsequent reactions. The tert-butyldimethylsilyl (TBS) group was selected as the
protecting group (step e) due to its stability and mild deprotection condition. Methoxy
group was used for making compound 5 but not for protection as its removal was
inefficient and demanded harsh conditions (step f). The TBS protection proceeded
smoothly with the use of imidazole as base and catalyst. The protected product was
treated with sodium borohydride to reduce the methyl ester to a primary alcohol (step g),
which was further oxidized using Dess-Martin periodinane to form the aldehyde (step h).
Finally, removal of the TBS group by tetra-n-butylammonium fluoride (TBAF) rapidly
generated the cyclic lactol compound (step i). While the scaffold Cbz-Phe-OH was
commercially available, NMePip-Phe-OH was synthesized in lab. The amide coupling
product between phenylalanine benzyl ester with 4-methylpiperazine-1-carbonyl chloride
(step j) underwent Pd/C-catalyzed hydrogenolysis to produce the NMePip-Phe-OH. This
acid was also used to prepare the “locked” cyclic compound 3. The route to its P1 moiety

started with the epoxidation of 1,4-dihydronaphthalene using mCPBA (step k). The
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epoxide ring was opened by nucleophilic attack of sodium azide (step 1) which was

converted to free amine via catalytic hydrogenation.
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Scheme 3.2 Synthesis of O-derivatized SMAIs. (a) acetic/propionic/isobutyric
anhydride, EtsN, DMAP, DCM. (b) BF3OEt,, EtOH/iPrOH

Derivatization of the hydroxyl group of compound 12 included O-acylation and
O-alkylation (Scheme 3.2). The O-acylation was performed by reacting 12 with the
corresponding acetic/propionic/isobutyric anhydride using catalytic DMAP (step a). The
O-alkylation was carried out by reacting 12 with corresponding ethanol/isopropanol using
boron trifluoride etherate (BFsOEt,) as the Lewis acid catalyst (step b). On account of the
anomeric carbon, SMAIs and their derivatives have two diastereomers which exist in
equilibrium and cannot be isolated by flash column chromatography or preparative

HPLC.
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It is necessary to adopt a new approach (Scheme 3.3) to prepare the *C-labeled
compound 12 as no *3C-labeled starting material for Scheme 3.1 was commercially
available. Since glycine-1-13C is an affordable chemical, it was used to build the P1 ortho-
tyrosine employing a nickel(11)-based chiral auxiliary. To synthesize this auxiliary,
benzyl-L-proline was converted to a more reactive acyl chloride intermediate using
methanesulfonyl chloride (MsCI) which was immediately coupled with 2-
aminobenzophenone (step a). The resulting compound (BPB) was reacted with Gly-1-13C
and nickel (1) nitrate under a strongly base environment, generating a complex named
Ni-BPB-3Gly of which the a-carbon of glycine was activated by the coordinated nickel

(step b). The complexed glycine thereby formed a bond with the side chain moiety in a
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Scheme 3.3 Synthesis of *3C-enriched 12. (a) 1-methylimidazole, MsCl, DCM, 45
°C. (b) glycine-1-'3C, Ni(NOs)2 6H.0, KOH, MeOH, 60 °C. (c) (2-
(benzyloxy)phenyl)methanol, CMBP, toluene, 120 °C. (d) 8-quinolinol, MeCN/Hz0, 40
°C. (e) EtsN, Boc anhydride, dioxane/H20. (f) N,O-dimethylhydroxylamine, DIPEA,
T3P, DCM. (g) TFA, DCM; NMePip-Phe-OH, DIPEA, T3P, DCM. (h) LAH, THF, 0 °C.
(i) Pd/C, Hz, MeOH.

3C-enriched 12
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Mitsunobu-Tsunoda reaction by use of cyanomethylene tributylphosphorane (CMBP) at
elevated temperature (step c).??* This type of reaction could exclusively generate an S-
configured amino acid because of the hindrance from the benzyl group of proline.
Subsequent decomplexation was performed using 8-quniolinol by extracting Ni(Il) from
the complex (step d)??°, liberating the unnatural amino acid oTyr(OBn) which was first
protected with a Boc group (step e), which was then converted to a Weinreb amide (step
f). Next, this compound was deprotected and coupled to the NMePip-Phe-OH (step g).
The Weinreb amide was reduced to aldehyde with an equivalent amount of LiAlIH4 (step
h). The benzyl protecting group was eventually cleaved off by Pd/C hydrogenolysis to
yield the 3C-labeled product (step i).

The preparation of 2-pyridone-based inhibitors for 3CLP™ began with 2-oxo-1,2-
dihydropyridine-3-carbaldehyde instead of salicylaldehyde (Scheme 3.4). Because the 2-

pyridone was fixed as P1 moiety, its Weinreb amide was prepared on a relatively large
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Scheme 3.4 Synthesis of 2-pyridone-based SMAIs. (a) DBU, DCM. (b) Pd/C, H,

MeOH. (c) LiOH, MeOH/H20. (d) N,O-dimethylhydroxylamine, DIPEA, T3P, DCM. (e)
TFA, DCM; NMePip-Phe-OH, DIPEA, T3P, DCM. (f) LAH, THF, 0 °C.
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scale prior to coupling to various scaffolds, allowing for an economical synthesis. To this
end, after the HWE reaction (step a) and olefin hydrogenation (step b), the methyl ester
was hydrolyzed under basic conditions (step c), and following reactions (step d-f) were
similar to Scheme 3.3. Notably, this route does not require protection of the 2-hydroxyl
group probably because 2-pyridone is the predominant form in reaction. In fact, we

attempted to protect it with a TBS or benzyl group, but neither was successful.

3.3 Materials and Methods

3.3.1 General Information of Synthetic Chemistry

Unless otherwise noted, all starting materials, reagents and solvents were obtained
commercially and used without further purification and distillation. Reactions were
conducted under an inert atmosphere (argon or nitrogen gas), and monitored by TLC or
HPLC-MS. TLC experiments were performed with silica gel plates on aluminum foil
(Sigma, 60778) and visualized under UV light (254 and 365 nm) or using specific stains
(ninhydrin for oTyr(OBn), KMnO4 for UV-insensitive compounds, 2,4-DNP for various
aldehydes, etc.). HPLC analysis was implemented by an UltiMate 3000 HPLC system
equipped with a diode array detector and was coupled to MS analysis by an ISQ™ EM
single quadrupole mass spectrometer utilizing positive or negative electrospray
ionization. The typical settings of HPLC-MS were as follows. Column: Phenomenex
Luna 5 um C18(2) 100 A, 4.6 mm x50 mm; mobile phase A: water containing 0.1%
formic acid (v/v); mobile phase B: MeCN containing 0.1% formic acid (v/v);

temperature: 25 <C; elution: pre-equilibration of column for 2 mins at 10% B, gradient
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elution at 10%-100% B over 6 mins, then isocratic elution at 100% B for 2 mins; flow
rate: 1 mL/min; UV detector: four channels at 254, 280, 214, and 350 nm; MS
parameters: HESI, scan range m/z 100-1000, vaporizer temperature 350 °C, ion transfer
tube temperature 300 °C, source CID voltage 20 V. Most compounds were purified by
flash column chromatography (FCC) on silica gel (200-300 mesh) with different solvent
systems. Some compounds were purified by semi-preparative HPLC (Prep-HPLC) on the
same UltiMate 3000 HPLC system which was connected to a single wavelength detector
and a fraction collector sequentially. The typical settings of Prep-HPLC were as follows:
Column: Phenomenex Luna 5 um C18(2) 100 A, 21.2 mm %250 mm; mobile phase A:
water containing 0.1% formic acid (v/v); mobile phase B: MeCN containing 0.1% formic
acid (v/ v); elution method: pre-equilibration of column for 5 mins at 10% B, gradient
elution at 10%-100% B over 25 mins, then isocratic elution at 100% B for 5 mins; flow
rate: 21.2 mL/min; UV detector: single channel, typically at 254 nm. *H and *C NMR
spectra of compounds in CDCls, CD30D, or (CDz)2SO were recorded on a Bruker
AVANCE Il 400 MHz using tetramethylsilane (TMS, 0.00 ppm) or residual solvent
(CDCls, 7.26 ppm; CD30D, 3.31 ppm; (CD3).S0O, 2.50 ppm) as the internal standard.

Spectral processing and analysis were performed with MestreNova.

3.3.2 Synthetic Procedures and Compound Characterization
Detailed procedures and characterization of compounds for all reactions in
Scheme 3.1-3.4 were as follows. Some of them were general procedures which were

described by representative compounds.
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HWE reaction of substituted salicylaldehyde with ()-Boc-a-phosphonoglycine
trimethyl ester (Scheme 3.1, a). To a solution of ()-Boc-a-phosphonoglycine trimethyl
ester (4.22 g, 14.2 mmol, 1.2 eq) in DCM (20 mL) was added DBU (2.12 mL, 14.2
mmol, 1.2 eq) dropwise at -10 °C and the resulting mixture was stirred for 20 min. Then
4-methylsalicylaldehyde (1.61 g, 11.8 mmol, 1.0 eq) in DCM (10 mL) was slowly added
to the mixture over 10 min. The reaction was stirred at room temperature overnight. The
mixture was concentrated under reduced pressure, diluted with EtOAc (100 mL), and
washed successively with saturated aqueous NH4ClI (20 mL), saturated aqueous NaHCOs
(20 mL) and brine (20 mL). The organic layer was dried over Na;SOa, filtered, and
concentrated under reduced pressure. The obtained crude product was purified by FCC
(30-50% EtOAC in hexane, v/v) to give methyl (S/E)-2-((tert-butoxycarbonyl)amino)-3-
(2-hydroxy-5-methylphenyl)acrylate (2.91g, 80%).'H NMR (400 MHz, Methanol-ds) &
1.45 (s, 9H), 2.25 (s, 3H), 3.33 (g, J = 1.7 Hz, 1H), 3.83 (s, 3H), 6.77 (d, J = 8.3 Hz, 1H),
7.02 (dd, J = 2.2, 8.4 Hz, 1H), 7.41 (d, J = 2.2 Hz, 1H), 7.53 (s, 1H). 3C NMR (100
MHz, MeOD) ¢ 19.22, 27.18, 51.36, 79.97, 115.23, 120.46, 124.58, 128.22, 129.63,
131.02, 153.42, 154.76, 166.73. LC-MS: tr = 4.93 min; C11H1sNOs* [M + H - Boc]*, m/z
calcd 208.10, found 208.08.

Catalytic hydrogenation of the double bond (Scheme 3.1, b). Methyl (S/E)-2-
((tert-butoxycarbonyl)amino)-3-(2-hydroxy-5-methylphenyl)acrylate (1.15 g, 3.74 mmol,
1.0 eq) was placed in a two-necked round bottom and charged with N2 gas. 10%
palladium on carbon powder (Pd/C, 110 mg, cat.) was quickly added to the flask,
followed by addition of MeOH (20 mL). The flask was degassed and backfilled with H>

for three cycles. The reaction mixture was stirred at room temperature overnight with a
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balloon of H: for replenishment. The balloon was removed, and the mixture was filtered
under reduced pressure. Notice that the operation should be rapid, and the Pd/C powder
must be kept wet to avoid catching fire, and was appropriately disposed of in a water-
filled, cap-closed container. The filtrate was concentrated under reduced pressure and
purified by FCC (30% EtOAc in hexane, then 6% MeOH in DCM) to give methyl 2-
((tert-butoxycarbonyl)amino)-3-(2-hydroxy-5-methylphenyl)propanoate (1.1 g, 95%). *H
NMR (400 MHz, Chloroform-d) 6 0.25 (s, 6H), 1.05 (s, 9H), 1.39 (s, 9H), 2.79 — 3.02 (m,
1H), 3.07 (dd, J = 4.8, 13.5 Hz, 1H), 2.36 (s, 3H), 3.75 (s, 3H), 4.43 (d, J = 6.2 Hz, 1H),
5.54 (d, J = 7.4 Hz, 1H), 6.65 — 6.73 (m, 2H), 6.73 — 6.79 (m, 1H). 3C NMR (100 MHz,
CDCls) 6 -4.15, 18.19, 20.57, 25.82, 28.24, 32.84, 51.98, 54.97, 79.50, 113.30, 116.22,
119.28, 127.84, 147.51, 153.95, 155.33, 172.70. LC-MS: tr = 4.98 min; C16H24NOs" [M
+ H]*, m/z calcd 310.16, found 310.14.

Removal of the Boc protecting group (Scheme 3.1, ¢). To a suspension of methyl
2-((tert-butoxycarbonyl)amino)-3-(2-hydroxy-5-methylphenyl)propanoate (1.1 g, 3.56
mmol, 1.0 eq) in DCM (6 mL) was added TFA (3 mL) at 0 °C, and the resulting mixture
was stirred for 30 min. The mixture was then co-concentrated with toluene three times to
remove most of the residual TFA. The obtained crude product 3-(2-hydroxy-5-
methylphenyl)-1-methoxy-1-oxopropan-2-aminium trifluoroacetate was used without
further purification.

Amide coupling reaction of P3-P2 acid with P1 amine (Scheme 3.1, d). A mixed
suspension of 3-(2-hydroxy-5-methylphenyl)-1-methoxy-1-oxopropan-2-aminium
trifluoroacetate (~1.15 g, 3.56 mmol, 1.0 eq), Cbz-Phe-OH (1.07g, 3.56 mmol, 1.0 eq)

and DIPEA (2.17 mL, 12.46 mmol, 3.5 eq) in DCM (20 mL) was cooled to 0 °C followed
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by dropwise addition of T3P (>50% in MeCN, 3.53 mL, 5.34 mmol, 1.5 eq). The
resulting mixture was stirred at room temperature for 2 h. The reaction was concentrated
under reduced pressure, diluted with EtOAc (75 mL), and washed successively with 5%
citric acid (15 mL), saturated aqueous NaHCOs3 (15 mL) and brine (15 mL). The organic
layer was dried over Na>SOyg, filtered, and concentrated under reduced pressure. The
obtained crude product was purified by FCC (40% EtOAc in hexane) to give methyl (S)-
2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-(2-hydroxy-5-
methylphenyl)propanoate (1.11 g, 63% for two steps). *H NMR (400 MHz, Chloroform-
d) 52.30 (s, 3H), 2.83 — 3.16 (m, 4H), 3.69 (s, 3H), 4.50 (s, 1H), 4.75 (s, 1H), 4.98 — 5.14
(m, 2H), 5.70 (s, 1H), 6.68 (t, J = 8.8 Hz, 1H), 6.91 — 7.10 (m, 3H), 7.22 (dd, J = 20.7,
26.3 Hz, 7H), 7.33 (s, 3H), 8.08 (s, 1H). 3C NMR (100 MHz, CDCls) § 20.66, 33.10,
38.37,52.47, 53.19, 56.10, 67.24, 117.11, 124.49, 127.01, 127.88, 128.22, 128.32,
128.42, 128.53, 128.61, 129.25, 130.87, 135.98, 136.14, 153.57, 156.27, 171.72, 172.08.
LC-MS: tgr = 5.39 min; C2sH31N206" [M + H]", m/z calcd 491.22, found 491.19.
Protection of the phenol with a TBS protecting group (Scheme 3.1, €). A mixed
solution of methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-
(2-hydroxy-5-methylphenyl)propanoate (990 mg, 2.02 mmol, 1.0 eq), TBSCI (609 mg,
4.04 mmol, 2.0 eq), and imidazole (412 mg, 6.06 mmol, 3.0 eq) was stirred at room
temperature overnight. The reaction was quenched by addition of 0.5M HCI (10 mL), and
was stirred for another 15 min. The mixture was concentrated under reduced pressure,
and was partitioned between EtOAc (50 mL) and water (10 mL). The organic layer was
washed with saturated aqueous NaHCO3 (10 mL) and brine (10 mL), and was dried over

NaxSOg, filtered, and concentrated under reduced pressure. The obtained crude product
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was purified by FCC (20% EtOAc in hexane) to give methyl (S)-2-((S)-2-
(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-(2-((tert-
butyldimethylsilyl)oxy)-5-methylphenyl)propanoate (897 mg, 73%). *H NMR (400 MHz,
Chloroform-d) & 0.16 (s, 6H), 0.93 (s, 9H), 2.37 (s, 3H) 2.59 — 2.87 (m, 2H), 2.89 — 3.05
(m, 2H), 3.54 (d, J = 4.3 Hz, 3H), 4.36 (d, J = 22.6 Hz, 1H), 4.64 (q, J = 8.3 Hz, 1H),
4.95 (p, J = 12.1 Hz, 2H), 5.32 — 5.55 (M, 1H), 6.56 — 6.65 (m, 1H), 6.83 — 7.02 (m, 3H),
7.05—7.25 (m, 9H). °C NMR (101 MHz, CDCls) § -3.50, 18.27, 20.53, 25.81, 32.94,
38.57, 52.20, 52.57, 56.08, 66.96, 119.79, 125.91, 126.90, 127.89, 127.95, 128.02,
128.04, 128.07, 128.14, 128.44, 128.47, 128.57, 128.71, 129.28, 129.35, 130.82, 136.25,
136.47, 152.62, 155.90, 170.76, 171.62, 172.00. LC-MS: tr = 7.23 min; C34HasN206Si*
[M + H]*, m/z calcd 605.30, found 605.24.

Protection of the phenol with a methyl group (Scheme 3.1, ). To a solution of
methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-(2-
hydroxyphenyl)propanoate (172 mg, 0.36 mmol, 1.0 eq) in DMF (2 mL) was
successively added K2COs (100 mg, 0.72 mmol, 2.0 eq) and iodomethane (67 i, 1.08
mmol, 3.0 eq) at 0 °C. The resulting mixture was stirred at room temperature for 20 h
during which the system should be kept securely sealed to avoid evaporation of
iodomethane. The mixture was diluted with EtOAc (50 mL), and washed with water
extensively (5 <10 mL). The organic layer was dried over Na;SOs, filtered, and
concentrated under reduced pressure. The obtained crude product was purified by FCC
(30% EtOAC in hexane) to give methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-3-(2-methoxyphenyl)propanoate (167 mg, 95%). *H NMR (400

MHz, Chloroform-d) & 3.02 (qd, J = 5.7, 13.6, 16.9 Hz, 4H), 3.61 (s, 3H), 3.93 (s, 3H),
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4.48 (s, 1H), 4.72 (s, 1H), 4.88 —5.12 (m, 2H), 5.69 (d, J = 8.2 Hz, 1H), 6.64 — 6.88 (m,
2H), 6.92 — 7.06 (m, 3H), 7.08 — 7.18 (m, 4H), 7.24 (d, J = 18.6 Hz, 6H), 7.77 (d, J =
43.8 Hz, 1H). C NMR (101 MHz, CDCls) § 32.65, 32.96, 38.40, 52.33, 52.40, 53.70,
56.04, 67.11, 115.84, 120.35, 122.73, 126.88, 126.90, 127.88, 128.16, 128.52, 128.72,
129.30, 131.30, 136.14, 154.71, 156.21, 156.23, 171.98, 172.34. LC-MS: tr = 5.71 min;
C28H31N206" [M + H]*, m/z calcd 491.22, found 491.33.

Reduction of the methyl ester to alcohol (Scheme 3.1, g). To a solution of methyl
(S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-(2-((tert-
butyldimethylsilyl)oxy)-5-methylphenyl)propanoate (897 mg, 1.48 mmol, 1.0 eq) in
MeOH (10 mL) was added NaBHs (1.2 g, 31.7 mmol, >20 eq) in multiple portions every
30 min. The reaction was stirred at room temperature for another 2 h, and then quenched
by addition of saturated aqueous NH4Cl (10 mL). The mixture was concentrated under
reduced pressure, and diluted with EtOAc (50 mL). The organic layer was washed with
saturated aqueous NaHCOz (10 mL) and brine (10 mL), and was dried over Na>SOs,
filtered, and concentrated under reduced pressure. The obtained crude product was
purified by FCC (35% EtOAc in hexane) to give benzyl ((S)-1-(((S)-1-(2-((tert-
butyldimethylsilyl)oxy)-5-methylphenyl)-3-hydroxypropan-2-yl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (450 mg, 53%). *H NMR (400 MHz, Chloroform-d) § 0.26
(s, 6H), 1.03 (s, 9H), 2.40 (s, 3H), 2.74 (dt, J = 7.0, 13.1 Hz, 2H), 2.97 (dd, J = 6.8, 40.5
Hz, 2H), 3.25 — 3.60 (M, 2H), 4.02 — 4.15 (m, 1H), 4.39 (s, 1H), 4.97 — 5.15 (m, 2H), 5.69
(dd, J = 7.8, 66.8 Hz, 1H), 6.54 (dd, J = 6.8, 121.3 Hz, 1H), 6.72 — 6.81 (m, 1H), 7.04 —
7.14 (m, 2H), 7.15 — 7.30 (m, 6H), 7.34 (g, J = 6.2, 7.1 Hz, 4H). 3C NMR (101 MHz,

CDCl3) 6 -4.05, 18.27, 21.02, 25.87, 31.17, 39.00, 52.34, 56.69, 63.66, 67.03, 119.96,
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126.28, 127.00, 127.56, 127.93, 128.03, 128.16, 128.47, 128.65, 129.29, 130.27, 131.00,
136.24, 136.53, 152.38, 155.94, 170.98, 171.35. LC-MS: tr = 6.90 min; C33HasN20sSi*
[M + H]*, m/z calcd 577.31, found 577.37.

Oxidation of the alcohol to aldehyde (Scheme 3.1, h). To a solution of benzyl
((S)-1-(((S)-1-(2-((tert-butyldimethylsilyl)oxy)-5-methylphenyl)-3-hydroxypropan-2-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (151 mg, 0.26 mmol, 1.0 eq) in DCM
(8 mL) at 0 °C was added Dess-Martin periodinane (133 mg, 0.31 mmol, 1.2 eq) and
NaHCO3 powder (55 mg, 0.65 mmol, 2.5 eq). The resulting mixture was stirred at 0 °C
for 1 h, and then quenched by addition of saturated aqueous Na;S>03 (2 mL). The
reaction was concentrated under reduced pressure, diluted with EtOAc (50 mL), and
washed with brine (3 <10 mL). The organic layer was dried over Na;SOu, filtered, and
concentrated under reduced pressure. The obtained crude product was purified by FCC
(25% EtOAcC in hexane) to give benzyl ((S)-1-(((S)-1-(2-((tert-butyldimethylsilyl)oxy)-5-
methylphenyl)-3-oxopropan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (68 mg,
45%). 'H NMR (400 MHz, Chloroform-d) § 0.24 (d, J = 4.6 Hz, 6H), 1.01 (s, 9H), 2.24
(s, 3H), 2.77 — 3.20 (m, 4H), 451 (g, J = 6.7 Hz, 1H), 5.02 — 5.15 (m, 2H), 5.35 (s, 1H),
6.52 (d, J = 5.5 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.85 (d, J = 2.2 Hz, 1H), 6.94 (dd, J =
2.3,8.2 Hz, 1H), 7.16 (d, J = 7.1 Hz, 2H), 7.21 — 7.28 (m, 3H), 7.35 (dt, J = 4.7, 6.9 Hz,
5H), 9.41 (s, 1H). *C NMR (100 MHz, CDCls) & -4.14, -4.01, 14.19, 18.28, 20.43, 20.99,
25.90, 29.92, 38.80, 53.40, 56.11, 59.57, 60.35, 67.01, 118.77, 125.68, 127.09, 128.01,
128.16, 128.50, 128.67, 128.91, 129.26, 130.94, 131.91, 136.13, 151.28, 170.96, 198.75.

LC-MS: tr = 6.81 min; Cs3HazN20sSi* [M + H]*, m/z calcd 575.29, found 575.36.
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Removal of the TBS protecting group (Scheme 3.1, i). To a solution of benzyl
((S)-1-(((S)-1-(2-((tert-butyldimethylsilyl)oxy)-5-methylphenyl)-3-oxopropan-2-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (68 mg, 0.12 mmol, 1.0 eq) in THF (3
mL) was slowly added 1.0M TBAF in THF (131 i, 0.13 mmol, 1.1 eq) at 0 °C. The
resulting mixture was stirred at 0 °C for 1 h, and concentrated under reduced pressure.
The residue was diluted with EtOAc (50 mL) and washed with saturated aqueous NH4Cl
(20 mL) and brine (10 mL). The organic layer was dried over Na;SOa, filtered, and
concentrated under reduced pressure. The obtained crude product was purified by FCC
(35% EtOAC in hexane) to give benzyl ((2S)-1-(((3S)-2-hydroxy-6-methylchroman-3-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate, i.e. compound 7 (20 mg, 36%). H
NMR (400 MHz, Chloroform-d) & 2.10 — 2.18 (m, 3H), 2.37 — 3.10 (m, 4H), 4.10 — 4.45
(m, 2H), 4.71 — 5.10 (m, 3H), 5.53 (dd, J = 7.2, 51.9 Hz, 1H), 5.97 — 6.41 (m, 1H), 6.59
(td, J = 10.3, 31.2, 32.4 Hz, 2H), 6.78 (dd, J = 8.2, 18.7 Hz, 1H), 6.98 — 7.28 (m, 10H).
13C NMR (101 MHz, CDCls) § 20.46, 25.96, 39.10, 46.02, 56.24, 67.20, 91.04, 91.93,
116.68, 118.34, 119.01, 119.23, 128.04, 128.12, 128.20, 128.52, 128.67, 128.77, 129.19,
129.32, 129.64, 130.50, 130.63, 136.02, 136.26, 148.52, 156.15, 171.23. LC-MS: tr =
5.32 min; Ca7H29N205" [M + H]*, m/z calcd 461.21, found 461.27.

Preparation of benzyl (4-methylpiperazine-1-carbonyl)-L-phenylalaninate
(Scheme 3.1, j). To a solution of 4-methylpiperazine-1-carbonyl chloride hydrochloride
(1.365 g, 6.86 mmol, 1.1 eq) in THF (20 mL) at -10 °C was added EtsN (2.08 mL, 14.96
mmol, 2.4 eq) dropwise. The resulting mixture was stirred for 15 min and then was added
a solution of benzyl L-phenylalaninate hydrochloride (1.82 g, 6.23 mmol, 1.0 eq) in THF

(20 mL) dropwise. The reaction was stirred at room temperature overnight, quenched by
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addition of water (10 mL), and concentrated under reduced pressure. The residue was
diluted with EtOAc (100 mL) and washed successively with saturated aqueous NH4Cl
(20 mL), saturated aqueous NaHCOs (20 mL) and brine (20 mL). The organic layer was
dried over Na>SOy, filtered, and concentrated under reduced pressure. The obtained crude
product was purified by FCC (5-10% MeOH in DCM) to give benzyl (4-
methylpiperazine-1-carbonyl)-L-phenylalaninate (1.55 g, 60%). *H NMR (400 MHz,
Chloroform-d) & 2.31 (s, 3H), 2.37 (t, J = 5.1 Hz, 4H), 3.14 (d, J = 4.2 Hz, 2H), 3.37 (q, J
= 4.9 Hz, 4H), 4.87 (d, J = 5.1 Hz, 2H), 5.05 — 5.28 (m, 2H), 7.02 (dd, J = 2.9, 6.5 Hz,
2H), 7.20 — 7.27 (m, 3H), 7.30 — 7.42 (m, 5H). 13C NMR (100 MHz, CDCls) 5 38.31,
43.69, 46.09, 54.32, 54.59, 67.11, 126.93, 128.44, 128.53, 128.57, 129.38, 135.26,
136.11, 156.46, 172.45. LC-MS: tr = 3.42 min; C22H2sN303" [M + H]", m/z calcd 382.21,
found 382.2.

Epoxidation of 1,4-dihydronaphthalene (Scheme 3.1, k). To a solution of 1,4-
dihydronaphthalene (2.09 mg, 16.1 mmol, 1.0 eq) in chloroform (40 mL) was slowly
added 70% mCPBA (4.74 g, 19.3 mmol, 1.2 eq) at 0 °C. The resulting mixture was stirred
at room temperature overnight, and quenched by addition of 2M KOH (60 mL). The
reaction was concentrated under reduced pressure, and diluted with EtOAc (100 mL).
The organic layer was washed with brine (3 <20 mL), and was dried over Na,SOa,
filtered, and concentrated under reduced pressure. The obtained crude product was
purified by FCC (10% EtOAc in hexane) to give 1a,2,7,7a-tetrahydronaphtho[2,3-
b]oxirene (2.03 g, 86%) *H NMR (400 MHz, Chloroform-d) & 3.05 (d, J = 17.7 Hz, 2H),
3.18 (d, J = 16.8 Hz, 2H), 3.29 — 3.36 (m, 2H), 6.95 (dd, J = 3.5, 5.6 Hz, 2H), 7.06 (dd, J

=3.4,5.7 Hz, 2H). 3C NMR (100 MHz, CDCls) § 29.84, 51.71, 126.57, 129.33, 131.74.
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Epoxide ring-opening of 1a,2,7,7a-tetrahydronaphtho[2,3-b]oxirene (Scheme
3.1, ). To a solution of 1a,2,7,7a-tetrahydronaphtho[2,3-b]oxirene (2.02 g, 13.8 mmol,
1.0 eq) in a mixture of MeOH (30 mL) and H.0O (10 mL) was added NaNs (1.8 g, 27.7
mmol, 2.0 eq) and NH4ClI (1.11 g, 20.8 mmol, 1.5 eq). The resulting mixture was heated
to 60 °C and stirred overnight. The reaction was cooled to room temperature,
concentrated under reduced pressure, and diluted with EtOAc (100 mL). The organic
layer was washed with brine (3 <20 mL), and was dried over Na>SOs, filtered, and
concentrated under reduced pressure. The obtained crude product 3-azido-1,2,3,4-
tetrahydronaphthalen-2-ol (2.22 g, 85%) was used without further purification. *H NMR
(400 MHz, Chloroform-d) § 2.77 — 2.86 (m, 2H), 3.17 (ddd, J = 2.9, 5.8, 16.5 Hz, 2H),
3.66 (td, 1H), 3.87 (td, J = 5.8, 9.4 Hz, 1H), 7.04 — 7.09 (m, 2H), 7.09 — 7.16 (m, 2H). :3C
NMR (100 MHz, CDClzs) 6 33.64, 36.57, 63.62, 70.47, 126.50, 126.68, 128.59, 128.99,
132.62, 133.41.

Acylation of the hydroxyl group of compound 12 (Scheme 3.2, a). To a solution of
compound 12 (50 mg, 0.114 mmol, 1.0 eq) in DCM (3 mL) was added acetic anhydride
(32 L, 0.342 mmol, 3.0 eq), EtsN (48 piL, 0.342 mmol, 3.0 eq) and DMAP (2.8 mg,
0.023 mmol, 0.2 eq). The resulting mixture was stirred at room temperature overnight,
and concentrated under reduced pressure. The residue was diluted with EtOAc (50 mL)
and washed successively with saturated aqueous NH4ClI (10 mL), saturated aqueous
NaHCO3 (10 mL) and brine (10 mL). The organic layer was dried over Na;SOys, filtered,
and concentrated under reduced pressure. The obtained crude product was purified by
FCC (10% MeOH in DCM) to give (3S)-3-((S)-2-(4-methylpiperazine-1-carboxamido)-

3-phenylpropanamido)chroman-2-yl acetate, i.e. compound 13 (31 mg, 57%). *H NMR
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(400 MHz, Chloroform-d) § 2.01 (d, J = 23.4 Hz, 3H), 2.29 (d, J = 3.5 Hz, 3H), 2.30 —
2.38 (M, 4H), 2.69 — 2.97 (m, 2H), 2.98 — 3.15 (m, 2H), 3.25 — 3.41 (m, 4H), 4.49 (dt, J =
6.9, 13.8 Hz, 1H), 5.18 (dd, J = 7.4, 40.0 Hz, 1H), 6.12 (dd, J = 2.5, 17.4 Hz, 1H), 6.31 —
6.54 (m, 1H), 6.82 — 6.91 (m, 1H), 6.91 — 7.07 (m, 2H), 7.07 — 7.19 (m, 2H), 7.19 (s, 3H),
7.26 — 7.34 (m, 2H). *C NMR (101 MHz, CDCls) § 20.99, 26.61, 29.67, 30.86, 38.69,
43.71, 45.99, 53.39, 54.48, 56.23, 89.33, 117.07, 119.40, 121.89, 127.09, 128.06, 128.70,
128.74, 129.15, 129.20, 136.94, 150.22, 157.02, 169.38, 171.96. LC-MS: tr = 3.29 min;
C26H33N4Os" [M + H]*, m/z calcd 481.24, found 481.3.

Alkylation of the hydroxyl group of compound 12 (Scheme 3.2, b). To a solution
of compound 12 (40 mg, 0.091 mmol, 1.0 eq) in EtOH (2 mL) was added BF;OEt, (300
HL, 2.43 mmol, >20 eq) dropwise at 0 °C. The resulting mixture was stirred at room
temperature overnight, and quenched by addition of saturated aqueous NH4ClI (2 mL).
The reaction was concentrated under reduced pressure and then partitioned between
DCM (20 mL) and water (20 mL). The water layer was further washed with DCM (2 %
20 mL). The combined organic layers were dried over NaxSOs, filtered, and concentrated
under reduced pressure. The obtained crude product was purified by FCC (8% MeOH in
DCM) to give N-((2S)-1-(((3S)-2-ethoxychroman-3-yl)amino)-1-oxo-3-phenylpropan-2-
yl)-4-methylpiperazine-1-carboxamide, i.e. compound 16 (18.3 mg, 43%).*H NMR (400
MHz, Chloroform-d) § 1.00 (t, 3H), 2.16 — 2.36 (m, 7H), 2.69 (dd, J = 9.2, 14.2 Hz, 1H),
2.83 —2.95 (m, 1H), 3.10 (dt, J = 7.2, 13.4 Hz, 1H), 3.21 (dd, J = 4.0, 6.1 Hz, 1H), 3.31
(dt, J=6.0, 11.1 Hz, 3H), 3.58 — 3.76 (m, 1H), 4.13 — 4.27 (m, 1H), 4.41 (ddd, J = 8.0,
14.1, 38.9 Hz, 1H), 4.68 (dd, J = 2.3, 49.7 Hz, 1H), 4.90 — 5.15 (m, 1H), 5.78 (dd, J =

8.9, 24.8 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H), 6.80 (g, J = 6.8, 7.4 Hz, 1H), 6.90 (d, J = 7.2
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Hz, 1H), 7.03 (t, J = 7.2 Hz, 1H), 7.07 — 7.30 (m, 5H). 3C NMR (101 MHz, CDCl3) &
14.94, 14.98, 27.08, 39.59, 43.72, 45.10, 46.06, 54.58, 56.30, 64.01, 96.02, 96.34, 116.79,
120.48, 121.16, 126.99, 127.67, 128.65, 128.75, 129.20, 129.33, 136.84, 137.17, 150.58,
150.70, 156.56, 156.68, 171.26, 171.66. LC-MS: tr = 3.53 min; C2sH3sN4O4" [M + H],
m/z calcd 467.27, found 467.3.

Preparation of (S)-N-(2-benzoylphenyl)-1-benzylpyrrolidine-2-carboxamide
(BPB, Scheme 3.3, a). To a mixed solution of benzyl-L-proline (1.03 g, 5.0 mmol, 1.0
eq) and 1-methylimidazole (877 L, 11.0 mmol, 2.2 eq) in DCM (10 mL) was added
MsCI (387 |, 5.0 mmol, 1.0 eq) dropwise at 0 °C. The resulting mixture was stirred at
room temperature for 10 min and then was added a solution of 2-aminobenzophenone
(888 mg, 4.5 mmol, 0.9 eq) in DCM (10 mL). The reaction was heated to 45 °C and
stirred overnight. The reaction was quenched by addition of NH4ClI (15 mL), and
concentrated under reduced pressure. The residue was diluted with EtOAc (75 mL),
washed with saturated aqueous NaHCO3z (15 mL) and brine (15 mL). The organic layer
was dried over Na>SOs, filtered, and concentrated under reduced pressure. The obtained
crude product was purified by FCC (15-25% EtOAc in hexane) to give (S)-N-(2-
benzoylphenyl)-1-benzylpyrrolidine-2-carboxamide, i.e. BPB (1.344 g, 70%). *H NMR
(400 MHz, Chloroform-d) & 1.72 — 1.85 (m, 2H), 1.91 — 2.01 (m, 1H), 2.17 — 2.31 (m,
1H), 2.40 (td, J = 6.8, 9.5 Hz, 1H), 3.20 (ddd, J = 2.4, 6.4, 9.1 Hz, 1H), 3.31 (dd, J = 4.8,
10.1 Hz, 1H), 3.58 (d, J = 12.9 Hz, 1H), 3.91 (d, J = 12.9 Hz, 1H), 7.07 (td, J = 1.1, 7.6
Hz, 1H), 7.10 — 7.17 (m, 3H), 7.24 (s, 1H), 7.33 — 7.40 (m, 2H), 7.49 (qd, J = 6.5, 7.9 Hz,
4H), 7.56 — 7.61 (m, 1H), 7.73 — 7.83 (m, 2H), 8.57 (dd, J = 1.0, 8.4 Hz, 1H), 11.50 (s,

1H). 3C NMR (100 MHz, CDCls) § 24.18, 31.03, 53.89, 59.87, 68.32, 121.53, 122.19,
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125.36, 127.06, 128.16, 128.31, 129.13, 130.10, 132.45, 132.54, 133.35, 138.15, 138.59,
139.22, 174.60, 197.99. LC-MS: tr = 3.50 min; C25H2sN202" [M + H]*, m/z calcd 385.19,
found 384.85.

Preparation of the tetracoordinate nickel (1) complex of (S,E)-2-(((2-(1-
benzylpyrrolidine-2-carboxamido)phenyl)(phenyl)methylene)amino)acetic-1-3C acid
(Ni-BPB-Gly*, Scheme 3.3, b). To a mixed suspension of BPB (860 mg, 2.24 mmol, 1.0
eq), glycine-1-13C (425 mg, 5.59 mmol, 2.5 eq), and Ni(NOs)2 6H.0 (1.30 g, 4.47 mmol,
2.0 eq) in MeOH (7 mL) at 45 °C was added a solution of ground KOH (752 mg, 13.4
mmol, 6.0 eq) in MeOH (3 mL). The resulting mixture was stirred at 60 °C for 1 h (note
that prolonged heating might lead to racemization).The reaction was neutralized by
addition of acetic acid (800 L), and diluted with water to a volume of 50 mL. The
reaction was concentrated under reduced pressure and extracted with DCM (75 mL). The
organic layer was dried over Na>SQyg, filtered, and concentrated under reduced pressure.
The obtained crude product was purified by FCC (20-30% acetone in DCM) to give the
tetracoordinate nickel (1) complex of (S,E)-2-(((2-(1-benzylpyrrolidine-2-
carboxamido)phenyl)(phenyl)methylene)amino)acetic-1-*C acid, i.e. Ni-BPB-Gly* (715
mg, 64%). 'H NMR (400 MHz, Chloroform-d) & 2.07 (dddd, J = 2.4, 5.6, 8.5, 15.1 Hz,
1H), 2.12 — 2.21 (m, 1H), 2.42 (dddd, J = 8.3, 9.5, 10.7, 13.4 Hz, 1H), 2.57 (dddd, J =
2.6,6.3,9.2, 14.4 Hz, 1H), 3.25 - 3.40 (m, 1H), 3.46 (dd, J = 5.4, 10.7 Hz, 1H), 3.61 —
3.74 (m, 3H), 3.77 (dd, J = 5.5, 20.1 Hz, 1H), 4.48 (d, J = 12.7 Hz, 1H), 6.69 (ddd, J =
1.2, 6.9, 8.1 Hz, 1H), 6.80 (dd, J = 1.7, 8.3 Hz, 1H), 6.92 — 7.04 (m, 1H), 7.05 — 7.13 (m,
1H), 7.20 (ddd, J = 1.7, 6.9, 8.7 Hz, 1H), 7.28 — 7.33 (m, 1H), 7.42 (t, J = 7.6 Hz, 2H),

7.52 (ddd, J = 3.4, 7.7, 18.9 Hz, 3H), 8.01 — 8.12 (m, 2H), 8.31 (dd, J = 1.1, 8.6 Hz, 1H).
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13C NMR (100 MHz, CDCls) & 23.69, 30.76, 57.56, 61.57, 63.16, 69.94, 124.26, 125.16,
126.27, 128.91, 129.11, 129.34, 129.59, 131.73, 132.22, 132.77, 133.17, 133.37, 134.67,
142.62, 143.81, 177.21, 179.27. LC-MS: tr = 3.71 min; C26CH2N3NiOs" [M + H]*, m/z
calcd 499.14, found 498.83.

Preparation of the tetracoordinate nickel (1) complex of (S)-3-(2-
(benzyloxy)phenyl)-2-(((E)-(2-((S)-1-benzylpyrrolidine-2-
carboxamido)phenyl)(phenyl)methylene)amino)propanoic-1-13C acid (Ni-BPB-
oTyr(OBn)*, Scheme 3.3, ¢). A mixed slurry of Ni-BPB-Gly* (715 mg, 1.43 mmol, 1.0
eq), (2-(benzyloxy)phenyl)methanol (613 mg, 2.86 mmol, 2.0 eq), and CMBP (750 |L,
2.86 mmol, 2.0 eq) in toluene (5 mL) was heated to 120 °C and stirred overnight. The
reaction was cooled to room temperature and concentrated under reduced pressure. The
obtained crude product was purified by FCC (10% acetone in DCM) to give the
tetracoordinate nickel (1) complex of (S)-3-(2-(benzyloxy)phenyl)-2-(((E)-(2-((S)-1-
benzylpyrrolidine-2-carboxamido)phenyl)(phenyl)methylene)amino)propanoic-1-13C
acid, i.e. Ni-BPB-*0Tyr(OBn), (417 mg, 40%). *H NMR (400 MHz, Chloroform-d) &
1.48 — 1.59 (m, 1H), 1.99 (ddd, J = 6.5, 8.4, 11.1 Hz, 1H), 2.04 — 2.14 (m, 1H), 2.31 (tdd,
J=209,6.7,9.7 Hz, 2H), 2.76 (ddd, J = 1.6, 4.4, 13.6 Hz, 1H), 2.90 — 3.05 (m, 1H), 3.22
(ddd, J=5.0, 7.2, 13.6 Hz, 1H), 3.33 (dd, J = 8.0, 9.3 Hz, 1H), 3.44 (d, J = 12.6 Hz, 1H),
4.18 (q, J = 4.4 Hz, 1H), 4.23 (d, J = 12.6 Hz, 1H), 4.55 (d, J = 10.8 Hz, 1H), 4.90 (d, J =
10.8 Hz, 1H), 6.14 (dt, J = 1.5, 7.7 Hz, 1H), 6.41 (dd, J = 1.7, 8.2 Hz, 1H), 6.63 (ddd, J =
1.2, 6.9, 8.2 Hz, 1H), 6.83 — 6.94 (m, 2H), 6.96 — 7.22 (m, 9H), 7.28 (d, J = 7.6 Hz, 2H),
7.33 - 7.46 (m, 4H), 7.95 — 8.08 (m, 2H), 8.35 (dd, J = 1.1, 8.7 Hz, 1H). 13C NMR (100

MHz, Chloroform-d) 6 22.35, 25.60, 28.10, 59.19, 63.38, 68.12, 69.68, 71.86, 112.85,
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122.38, 123.33, 123.36, 124.10, 127.39, 127.74, 127.80, 128.06, 128.35, 128.51, 128.73,
128.88, 129.20, 129.27, 129.61, 130.06, 130.30, 130.32, 134.10, 134.82, 137.07, 145.11,
155.82, 158.83, 170.83, 175.71. LC-MS: tr = 4.70 min; Cao**CH3sN3NiO4" [M + H]*, m/z
calcd 695.22, found 694.96.

Preparation of (S)-2-amino-3-(2-(benzyloxy)phenyl)propanoic-1-*C acid (H-
oTyr(OBn)*-OH, Scheme 3.3, d). A mixed solution of Ni-BPB-0Tyr(OBn)* (522 mg,
0,75 mmol, 1.0 eq) and 8-quinolinol (272 mg, 1.88 mmol, 2.5 eq) in MeCN (10 mL) and
H>0 (1 mL) was heated to 40 °C and stirred overnight. The reaction was filtered, and the
filtrate was concentrated. The residue was diluted with DCM (30 mL), and washed with
water (3 <30 mL). The organic layer containing the retrieved BPB was concentrated and
saved for future use. The combined water layers were concentrated to a small volume that
was subsequently purified by Prep-HPLC to give (S)-2-amino-3-(2-
(benzyloxy)phenyl)propanoic-1-3C acid, i.e. H-oTyr(OBn)*-OH (87 mg, 43%). *H NMR
(400 MHz, Chloroform-d) & 2.96 (ddd, J = 2.5, 9.4, 14.3 Hz, 1H), 3.49 (ddd, J = 2.9, 4.5,
14.3 Hz, 1H), 3.93 (dt, J = 4.7, 9.4 Hz, 1H), 5.20 (s, 2H), 6.92 (td, J = 1.1, 7.4 Hz, 1H),
7.05 (d, J = 8.1 Hz, 1H), 7.24 (dd, J = 6.7, 8.2 Hz, 2H), 7.28 — 7.34 (m, 1H), 7.38 (dd, J =
6.6, 8.3 Hz, 2H), 7.45 — 7.53 (m, 2H). 3C NMR (100 MHz, CDCls) § 33.52, 55.91,
71.50, 114.97, 120.74, 124.67, 127.65, 127.97, 128.07, 128.32, 130.64, 139.00, 157.44,
173.03. LC-MS: tr = 2.70 min; C15:*CH1sNOs" [M + H]*, m/z calcd 273.13, found
272.75.

Protection of the amino group of (S)-2-amino-3-(2-(benzyloxy)phenyl)propanoic-
1-13C acid with Boc protecting group (Boc-oTyr(OBn)*-OH, Scheme 3.3, €). To a

solution of H-0Tyr(OBn)*-OH (87 mg, 0.32 mmol, 1.0 eq) in dioxane (5 mL) and H20 (5
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mL) was added EtsN (134 piL, 0.96 mmol, 3.0 eq) and Boc anhydride (84 mg, 0.38 mmol,
1.2 eq) at 0 °C. The resulting mixture was stirred at room temperature for 2.5 h, and then
concentrated under reduced pressure. The residue was acidified by addition of 0.1M HCI
to pH 2-3 and then diluted with EtOAc (50 mL). The organic layer was washed with
brine (3 <10 mL), dried over Na>SOs, filtered, and concentrated under reduced pressure.
The obtained crude product (S)-3-(2-(benzyloxy)phenyl)-2-((tert-
butoxycarbonyl)amino)propanoic-1-*C acid, i.e. Boc-0Tyr(OBn)*-OH (113 mg, 94%)
was used without further purification. *H NMR (400 MHz, Chloroform-d) § 1.28 (s, 9H),
2.74 —3.06 (m, 1H), 3.15 (d, J = 14.5 Hz, 1H), 4.33 — 4.55 (m, 1H), 5.00 (d, J = 6.7 Hz,
2H), 6.82 (d, J = 8.0 Hz, 2H), 7.04 — 7.15 (m, 2H), 7.21 (t, J = 7.3 Hz, 1H), 7.28 (d, J =
14.8 Hz, 2H), 7.36 (d, J = 7.4 Hz, 2H), 9.86 (s, 1H). 13C NMR (100 MHz, CDCl3) &
28.30, 29.71, 32.44,54.81, 70.26, 111.95, 121.12, 127.22, 127.93, 128.46, 128.64,
131.40, 176.93. LC-MS: tr = 4.28 min; C20**CH2sNNaOs* [M + Na]*, m/z calcd 395.17,
found 394.83; C15*CH1sNOs* [M + H - Boc]*, m/z calcd 273.13, found 272.82.
Preparation of the Weinreb amide tert-butyl (S)-(3-(2-(benzyloxy)phenyl)-1-
(methoxy(methyl)amino)-1-oxopropan-2-yl-1-*C)carbamate (Boc-0Tyr(OBn)*-
N(Me)OMe, Scheme 3.3, f). The procedure for amide coupling reaction of Boc-
oTyr(OBn)*-OH (113 mg, 0.30 mmol, 1.0 eq) with N,O-dimethylhydroxylamine
hydrochloride (44.4 mg, 0.45 mmol, 1.5 eq) was similar to that for step d in Scheme 3.1.
The obtained crude product was purified by FCC (25% EtOAc in hexane) to give tert-
butyl (S)-(3-(2-(benzyloxy)phenyl)-1-(methoxy(methyl)amino)-1-oxopropan-2-yl-1-
13C)carbamate, i.e. Boc-0Tyr(OBn)*-N(Me)OMe (136 mg, 100%).*H NMR (400 MHz,

Chloroform-d) 8 1.25 (s, 9H), 2.79 — 2.96 (m, 2H), 2.99 (d, J = 5.6 Hz, 3H), 3.44 (s, 3H),
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4.90 (s, 1H), 4.99 (d, J = 4.1 Hz, 2H), 5.21 (d, J = 8.9 Hz, 1H), 6.79 (t, J = 7.7 Hz, 2H),
7.00 — 7.14 (m, 2H), 7.18 — 7.32 (m, 3H), 7.38 (d, J = 7.5 Hz, 2H). 3C NMR (100 MHz,
CDCls) 6 28.30, 29.66, 32.03, 45.85, 61.26, 70.23, 79.09, 111.68, 120.70, 125.50, 127.52,
127.87, 128.15, 128.54, 131.42, 137.08, 155.20, 157.10, 172.86. LC-MS: tr = 4.60 min;
C22"3CH30N2NaOs* [M + Na]*, m/z calcd 438.21, found 437.81; C173CH22N205* [M + H
- Boc]*, m/z calcd 316.17, found 315.73.

Preparation of N-((S)-1-(((S)-3-(2-(benzyloxy)phenyl)-1-(methoxy(methyl)amino)-
1-oxopropan-2-yl-1-*C)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-
carboxamide (NMePip-Phe-oTyr(OBn)*-N(Me)OMe, Scheme 3.3, g). The procedure for
removal of Boc protecting group of Boc-oTyr(OBn)*-N(Me)OMe (136 mg, 0.33 mmol,
1.0 eq) was similar to that for step ¢ in Scheme 3.1. Subsequently, the procedure for
amide coupling reaction of the crude product with NMePip-Phe-OH (114 mg, 0.39 mmol,
1.2 eq) was similar to that for step d in Scheme 3.1. The obtained crude product was
purified by FCC (8% MeOH in DCM) to give N-((S)-1-(((S)-3-(2-(benzyloxy)phenyl)-1-
(methoxy(methyl)amino)-1-oxopropan-2-yl-1-13C)amino)-1-oxo-3-phenylpropan-2-yl)-4-
methylpiperazine-1-carboxamide, i.e. NMePip-Phe-oTyr(OBn)*-N(Me)OMe (107 mg,
55%).1H NMR (400 MHz, Chloroform-d) & 2.27 (s, 3H), 2.30 (dt, J = 3.7, 6.5 Hz, 4H),
2.96 (dd, J = 2.9, 6.3 Hz, 3H), 3.07 (s, 4H), 3.28 (ddd, J = 7.7, 13.5, 17.9 Hz, 4H), 3.48
(s, 3H), 4.49 (g, J = 6.5 Hz, 1H), 4.99 (d, J = 7.0 Hz, 1H), 5.05 (s, 2H), 5.19 (s, 1H), 6.62
(s, 1H), 6.79 (t, J = 7.3 Hz, 1H), 6.90 (dd, J = 7.3, 19.1 Hz, 2H), 7.12 — 7.25 (m, 6H),
7.30 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.4 Hz, 2H), 7.46 (d, J = 7.2 Hz, 2H). 13C NMR (100
MHz, CDCl3) ¢ 32.03, 32.92, 38.74, 43.62, 46.03, 49.23, 54.53, 55.10, 61.22, 70.22,

111.82, 120.68, 125.09, 126.70, 127.57, 127.97, 128.30, 128.36, 128.59, 129.68, 131.43,
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136.95, 137.02, 171.76. LC-MS: tr = 3.72 min; C3,"*CH42NsOs" [M + H]*, m/z calcd
589.32, found 589.02.

Preparation of N-((S)-1-(((S)-1-(2-(benzyloxy)phenyl)-3-oxopropan-2-yl-3-
13C)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-carboxamide (NMePip-
Phe-oTyr(OBn)*-H, Scheme 3.3, h). To a solution of NMePip-Phe-oTyr(OBn)*-
N(Me)OMe (107 mg, 0.182 mmol, 1.0 eq) in THF (8 mL) at -10 °C was added 2.0 M
LAH in THF (218 i, 0.218 mmol, 1.2 eq) dropwise. The resulting mixture was stirred
at 0 °C for 1 h, and then quenched by tiny pieces of ice. The reaction was concentrated
under reduced pressure, and diluted with EtOAc (50 mL). The organic layer was washed
successively with a saturated solution of Rochelle salt (15 mL), NaHCOs (15 mL) and
brine (15 mL), dried over Na>SQg, filtered, and concentrated under reduced pressure. The
obtained crude product was purified by FCC (10% MeOH in DCM) to give the N-((S)-1-
(((S)-1-(2-(benzyloxy)phenyl)-3-oxopropan-2-yl-3-13C)amino)-1-oxo-3-phenylpropan-2-
yl)-4-methylpiperazine-1-carboxamide, i.e. NMePip-Phe-oTyr(OBn)*-H (81 mg, 84%).
IH NMR (400 MHz, Chloroform-d) & 2.28 (s, 3H), 2.31 (t, J = 4.2 Hz, 4H), 2.95 — 3.13
(m, 4H), 3.29 (dt, J = 5.2, 9.7 Hz, 4H), 4.52 (g, J = 7.0 Hz, 2H), 4.95 (d, J = 7.3 Hz, 1H),
5.04 (dd, J = 3.6, 10.5 Hz, 2H), 6.82 (s, 3H), 7.10 — 7.24 (m, 6H), 7.29 — 7.50 (m, 6H),
9.36 (s, 1H). 13C NMR (100 MHz, CDCI3) & 29.66, 38.59, 43.67, 46.04, 54.52, 55.31,
59.49, 70.25, 97.58, 97.62, 97.73, 99.08, 99.24, 111.96, 121.04, 126.93, 127.55, 128.19,
128.55, 128.60, 128.73, 129.33, 129.43, 131.61, 136.52, 136.76, 156.39, 156.60, 171.89,
198.37. LC-MS: tr = 3.76 min; C30*3*CH3sN4O4" [M + H]*, m/z calcd 530.28, found

530.03.
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Preparation of 3C-enriched compound 12 (Scheme 3.3, i). The procedure for
reductive hydrogenolysis of the benzyl group of NMePip-Phe-oTyr(OBn)*-H (81 mg,
0.152 mmol, 1.0 eq) was similar to that for step b in Scheme 3.1. The obtained crude
product was purified by Prep-HPLC to give compound N-((S)-1-(((S)-2-hydroxy-2I3-
chroman-3-yl-2-3C)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-
carboxamide, i.e. 3C-labeled compound 12 (45 mg, 67%). *H NMR (400 MHz,
Chloroform-d) & 1.28 (s, 1H), 2.45 (s, 3H), 2.65 (p, J = 6.5 Hz, 4H), 3.03 (dt, J = 7.6,
21.2 Hz, 2H), 3.40 — 3.60 (m, 4H), 4.21 — 4.40 (m, 1H), 4.64 (dq, J = 7.7, 46.1 Hz, 1H),
5.38 (dd, J = 30.9, 170.9 Hz, 1H), 6.16 (d, J = 8.0 Hz, 1H), 6.50 (dd, J = 8.0, 141.5 Hz,
1H), 6.86 — 7.08 (m, 3H), 7.13 (dd, J = 3.0, 6.9 Hz, 1H), 7.20 (dt, J = 2.3, 6.5 Hz, 2H),
7.25 (d, J = 6.7 Hz, 2H), 7.71 (s, 2H), 8.27 (s, 1H). 3C NMR (101 MHz, CDCls) § 26.88,
30.87, 39.00, 43.55, 45.87, 54.40, 56.02, 91.14, 91.98, 116.82, 118.97, 119.93, 121.18,
126.92, 127.75, 128.63, 129.23, 129.37, 136.96, 151.02, 156.87, 172.19. LC-MS: tr =
2.77 min; C23"CHz1N4O4* [M + H]*, m/z calcd 440.24, found 439.94.

The procedures for steps a and d in Scheme 3.4 were similar to those for steps a
and b in Scheme 3.1, respectively. The procedures for steps d, e and f were similar to
those for steps f, g and h in Scheme 3.3, respectively. Therefore, only step ¢ was
described in detail as below.

Preparation of 2-((tert-butoxycarbonyl)amino)-3-(2-oxo-1,2-dihydropyridin-3-
yDpropanoic acid (Scheme 3.4, ¢). A mixed solution of methyl 2-((tert-
butoxycarbonyl)amino)-3-(2-oxo-1,2-dihydropyridin-3-yl)propanoate (1.18 g, 4.0 mmol,
1.0 eq) and LiOH (192 mg, 8.0 mmol, 2.0 eq) in MeOH (10 mL) and H20 (5 mL) was

stirred at room temperature for 2 h. The reaction was acidified by addition of 0.1M HCI
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to pH 2-3, and then concentrated under reduced pressure. The residue was extracted with
DCM (3 x50 mL). The organic layers were combined, dried over Na,SOg, filtered, and
concentrated under reduced pressure. The obtained crude product 2-((tert-
butoxycarbonyl)amino)-3-(2-oxo-1,2-dihydropyridin-3-yl)propanoic acid was used
without further purification. tH NMR (400 MHz, ) § 1.39 (s, 9H), 2.86 (dd, J = 8.9, 14.0
Hz, 1H), 3.11 (dd, J = 4.3, 13.9 Hz, 1H), 4.42 (dd, J = 4.3, 8.8 Hz, 1H), 6.32 (t, J = 6.7

Hz, 1H), 7.30 (dd, J = 2.0, 6.6 Hz, 1H), 7.39 — 7.54 (m, 1H).

3.3.3 Enzyme Preparation

The information about human cathepsins L and B, and the experimental details of
cruzain expression, purification and activation can be found in Section 2.3.4.

The gene expression and purification of SARS-CoV-2 3CLP™ were described in
our recent publication.??® Briefly, the 3CLP™-encoding gene (ORF1ab nucleotides 10055-
10972, GenBank code: MN988668.1) was E. coli-optimized and ligated into the vector
pGEX-6P-1 plasmid (Genscript). At the N-terminus with regards to the 3CLP™ gene, the
construct encoded a GST sequence preceding a 3CLP™ cleavage sequence (SAVLQ|SGF)
which resided in between Nsp4 and Nsp5 of the viral polyprotein. At the C-terminus, the
construct contained a modified PreScission protease cleavage sequence (SGVTFQ|GP)
followed by a Hiss-tag sequence. The authentic N-terminus (SGF) was produced by
removal of the GST tag during autoproteolysis while the authentic C-terminus was
exposed after purification by immobilized metal ion affinity chromatography (IMAC),

with subsequent treatment with PreScission protease.
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The plasmid was transformed into BL21(DE3) competent cells (NEB) and the
clones were inoculated into LB media containing 100 pg/mL of ampicillin which was
grown overnight at 37 °C. On the next day, 1 L of big culture was inoculated with the
starting culture and grown at 37 °C until ODeoo reaching 0.6 — 0.8, at which time 1.0 mM
of isopropyl B-D-1-thiogalactoside (IPTG) was added for induction. After being
incubated for another 4 — 5 h, cells were harvested by centrifugation (6,000 < g for 30
min) and stored at -80 °C.

Frozen cell pellets were thawed and resuspended in buffer A (12 mM Tris HCI,
120 mM NaCl, 0.1 mM EDTA-Naz, 2 mM DTT, pH 7.5). The cells were lysed by
sonication or use of a French press (25,000 psi), with the lysates then clarified by
centrifugation at 26,000 xg. The supernatant was passed through a 0.45-pm filter and
loaded on to a HisTrap™ HP 5 mL column equilibrated with buffer A. The column was
washed with buffer A, and eluted using increasing buffer B (12 mM Tris HCI, 120 mM
NaCl, 500 mM imidazole, 0.1 mM EDTA, 2 mM DTT, pH 7.5) with a linear gradient to
35% B over 25 column volumes (CV). The fractions containing target protein were
pooled and dialyzed against buffer A to remove imidazole. The resulting solution was
treated with PreScission protease (3.5 U/mg of 3CLP™) overnight, and loaded onto a
GSTrap™ HP 5 mL column and HisTrap™ HP column arranged in Series, to remove the
GST-fused PreScission protease, the Hise-tag, and undigested Hise-tagged protein. The
Hise-tag-free 3CLP™ was collected from the flow-through, characterized by SDS-PAGE,
concentrated by centrifugal filtration (Amicon® Ultra, 10 kDa NMWL). The apparently

homogenous 3CLP"™ was stored at -80 °C with 50% glycerol (v/v).
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3.3.4 Enzyme Assays and Evaluation of Inhibitors

The experimental details of cruzain inhibition assays, including rapid dilution
assays, can be found in Section 2.3.5.

Kinetic assays of purified recombinant SARS-CoV 3CLP" were performed at 25
°C in 96-well half-area flat-bottom plates (Greiner, 675076). The reaction buffer
consisted of 20 mM Tris HCI, 150 mM NaCl, 0.1 mM EDTA-Na,, and 2 mM DTT (pH
7.5). Varied concentrations of a FRET-based decapeptide substrate ACC-
SAVLQSGFRK(DNP)-NH: was first dissolved in pure DMSO and then diluted by 10-
fold into the reaction mixture (10% DMSO). Reactions were initiated by addition of
3CLP™ (30 — 50 nM). The total volume of each reaction was taken up to 80 |iL. The
fluorescence generated by hydrolyzed substrate was immediately measured using a
Synergy HTX (Biotek) microplate reader at Aex of 360 nm and Aem Of 460 nm. Initial rates
were calculated as fluorescence change per unit time within <10% consumption of
substrate, and were fitted to eq. 2-1 to produce a Km of 26 UM for this substrate.
Evaluation of inhibitors 18 — 24 was performed using the burst inhibition kinetic method.
Varied concentrations of a given inhibitor were pre-mixed with substrate in pure DMSO.
Mixtures were then added to the reaction buffer containing 50 nM of 3CLP™. Steady-state

reaction rates (vs) were measured typically between 10 — 20 min.

3.3.5 Analysis of Kinetic Data

Most of the data processing methods can be found in Section 2.3.10. However,

there are some differences described as follows.

139



As a tight-binding inhibitor, the overall inhibition constants (Ki*) of compound 1
for cruzain and compound 19 for 3CLP™ were obtained by fitting v; data to the quadratic
Morrison equation (eq. 3-1) using either a floated or fixed concentration of enzyme.??’

Notably, eq. 2-5 also gave a very similar value of Ki* for compound 1.

v IR HED + (B0 )24l
v 2E]

(3-1)

As previously described, the linear relation between kops and [1] of compound 1
and 12 were due to K; >> Kj*. Under this condition, the concentration of inhibitor
required to observe slow binding inhibition would be much less than the value of K; for

the EI complex. In this case, eq. 2-4 was reduced to following equation.

1
Kops = ka[1 + [—][S])] (3-2)

K’i*<1+m

Eq. 3-2 is a linear function with slope = ke/Ki**? and y-intercept = ke. For rapid
dilution assay, the inhibitor concentration was fixed at 0.1 < K;*?" after dilution, so ka
could be estimated as kons/1.1 according to eq. 3-2.

The half-lives of hydrolytic reactions of O-acylated SMAIs were obtained from
following the single-phase decay equation.

A=(Ay— Qe X +C (3-3)

In eg. 3-3, Ao and C are the initial and final fraction of unhydrolyzed compound,

respectively, k is the pseudo-first order rate constant which can be converted to half-life

(t2 = In2/K).
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3.3.6 2D NMR in Agueous Solution

Wilmad precision NMR tubes (541-PP-8, thin wall, 800 MHz, 5 mm %8 inch)
were used for this experiment. The total volume of sample in each tube was 660 i, and
the final concentrations of the components in the NMR buffer were as follows: 18 mM
phosphate (K2HPO4/KH2PO4), 45 mM NaCl, 4.5 mM DTT, pH 7.5, 10% DMSO-ds (V/v).
A 10 mM stock of $3C-labeled 12 in DMSO-ds was diluted into the NMR buffer to
specific concentration. The control sample contained 0.6 mM of 3C-labeled 12, while the
experimental sample contained 0.4 mM of *3C-labeled 12 and 0.44 mM of cruzain freshly
purified by size exclusion chromatography from a -80 °C stock to minimize the self-
degradation. Both samples were submitted to a Bruker AVANCE Il HD 800 MHz (18.8
Tesla) equipped with 5 mm triple resonance cryoprobe (TCI). *H-3C HSQC NMR
spectra were acquired at 25 °C with 72 scans for control sample and 128 scans for
experimental sample. Spectral widths were 9615 Hz and 28179 Hz in the *C and *H
dimensions, respectively. Spectra were processed using NMRpipe,??® and cross-peak

intensities were analyzed using Sparky and MestreNova.?2%-2%

3.3.7 Detection of Aldehyde Content
In a 96-well clear microplate, compounds 11 and 12 in DMSO solutions, or pure
DMSO as a control, were diluted into the above NMR buffer without addition of DTT to
make 250 pL-samples, each containing 0.2 mM of compounds and 10% DMSO (v/v).
Upon addition of 1M phenylhydrazine (0.25 L), the formation of phenylhydrazone in
these wells were continuously monitored for 2 hours by measuring UV absorbance at the

maximal wavelength of 282 nm.
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3.3.8 Evaluation of O-derivatized SMAIs as Prodrugs

Esterase from porcine liver was purchased as an ammonium sulfate suspension
(Sigma, E2884, 10 U/pL). O-acylated compounds were first prepared as 20 mM stock
solutions in DMSO. Inside a microcentrifuge tube, 100 L of compound stock was
diluted into 900 L of reaction buffer to make 1 mL of solution containing 2 mM
compound, 1X cruzain buffer (50 mM MES, 50 mM TAPSO, 1 mM EDTA-Na;, 1mM
CHAPS), and 10% DMSO (v/v), at pH 7.5. For the experimental sample, 4 L of esterase
suspension was added to the reaction tube (40 U/mL) which was immediately placed on a
low speed orbital shaker in a 37 °C incubator. Besides, a negative control without
addition of esterase and a blank control with only buffer were set up in the meantime.
Each aliquot (140 i) was taken from the reaction solution at 0, 15, 30, 60, 120, 180, and
300 min, and was quenched with 260 L of MeCN. The resulting solution was vortexed
and centrifuged to precipitate the protein, and the supernatant was analyzed on HPLC-
MS under UV 270 nm. The time course of the fraction of intact O-acylated compound
conformed to an integrated equation of a first-order reaction (eg. 3-3), from which the
half-life of hydrolysis by esterase was deduced.

CypExpress™ 3A4, 2D6 and 2C9 were commercially obtained P450 products
(Sigma catalogue numbers: MTOXCE3A4, MTOXCE3D6, and MTOXCE2C9) which
already included glucose-6-phosphate dehydrogenase (G6PDH) and Mg?* within the
system. Inside a small glass vial equipped with a magnetic stirring bar, the following
components were mixed in an 800 pi of solution: 0.5 mM O-alkylated compound, 5 mM
G6P-Na, 2 mM NADP-Naz, 1X cruzain buffer (50 mM MES, 50 mM TAPSO, 1 mM

EDTA-Naz, ImM CHAPS), 2.5% DMSO (v/v), pH 7.5. For the experimental samples, 64
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mg of CypExpress™ P450 lyophilized powder was added to the reaction vial (80
mg/mL), which was gently shaken to homogenize the solid, and immediately placed on a
magnetic mixer in a 30 °C incubator. The vial was capped loosely with foil to allow
aeration as well as to reduce evaporation. Additionally, a negative control without
addition of CypExpress™ P450, and a blank control with only buffer were set up in the
meantime. Each aliquot (65 L) was taken from the reaction solution at 0, 30, 60, 120,
180, and 240 min, and was quenched with 65 L of MeCN. The resulting solution was
vortexed and centrifuged to precipitate the protein, and the supernatant was analyzed on
HPLC-MS under UV 270 nm. The fraction of intact O-alkylated compound was plotted

VErsus reaction time.

3.3.9 X-ray Crystallography

SARS-CoV-2 3CLP™ was recombinantly expressed, purified and concentrated to
10 mg/mL.?%¢ 231 Crystallization conditions were initially screened against several
commercially available kits (Index™, Crystal Screen™, Crystal Screen™ 2, PEGRx™ 1,
PEGRx™ 2, PEG/Ion™, and PEG/Ion™ 2) at 18 °C with the sitting-drop method. A
droplet containing 1.0 i of 3CLP™ and 1.0 L of reservoir solution was allowed to
equilibrate against 100 pL of reservoir solution. The most promising condition yielding
crystals (PEG/Ion™ tube 44: 0.2 M ammonium phosphate dibasic, 20% PEG3350 (w/v),
pH 8.0) was further optimized in terms of temperature and concentration of precipitant
and protein. The best crystals were obtained with 14 mg/ml of 3CLP® in 0.2 M
ammonium phosphate dibasic, 17% PEG3350 (w/v), pH 8.0, at 25 °C, and were grown

overnight under this condition. Compound 19 stock was diluted into a specific volume of
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reservoir solution to prepare a 0.5 mM inhibitor solution containing 2% DMSO (v/v). On
the next day, these crystals were washed successively with reservoir solution three times
and with the prepared inhibitor solution three times. The resulting mixture was incubated
at 25<C for 2 d. The cryoprotectant solution contained reservoir solution plus 30%
glycerol, 0.5 mM inhibitor and 2% DMSO. Cryo-protected crystals were harvested for
data collection.

The 3CLP™-19/23 data were collected to 1.70 A on a Rigaku R-AXIS IV++ image
plate detector and at the Advanced Light Source beamline 5.0.2 using a PITALUS3 S 6M
detector. Reflections were indexed, integrated, scaled, and merged in space group C121
using iMosflm.?3 The structures were solved by molecular replacement in the Phaser
module of the Phenix package using a high-resolution structure of the apo SARS-CoV-2
3CLP™ (PDB accession code: 6Y2E) as the search model.?%" 23 The atomic coordinates
and geometric restraints for the inhibitors were generated in CCP4 suite.?®? The inhibitors
were built into the Fo-Fc electron density omit maps using Coot.?** Structural refinement

was performed with Real-space Refinement module of the Phenix package.

3.3.10 Others
The evaluation method of SMAIs in axenic culture of T. b. brucei, and in T. cruzi-
infected murine cardiomyoblasts, and the experimental information of molecular

modeling, can be entirely found in Section 2.3.6, 2.3.7 and 2.3.9, respectively.
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3.4 Conclusions

Taking advantage of a simple peptidyl aldehyde that is highly potent, we designed
and elaborated a self-masking strategy in hope of overcoming the obvious drawbacks of
the aldehyde. A series of SMAIs were synthesized with a promising inhibitor profile in
terms of anti-cruzain activity, trypanocidal activity, and reversibility. The substituents on
the phenol ring also offered infinite opportunities for fine-tuning of the lactol
open/closure. By means of 2D NMR and synthetically incorporation of *3C into
compound 12, we demonstrated that SMAIs functioned as “quiescent affinity labels” in
that the lactol ring remained closed in buffer but readily opened up and reacted with the
catalytic cysteine upon addition of target cruzain. This feature might keep the free
aldehyde from unwanted metabolism, but also prevent its unspecific binding to induce
toxicity or immune response. The attempt to derivatize the lactol hydroxyl group resulted
in O-acylated SMAIs that demonstrated potential to be prodrugs. We also explored the
use of this strategy for inhibiting 3CLP™ of SARS-CoV-2. A class of 2-pyridone
compounds were prepared, one of which (19) showed excellent inhibitory activity. Its
binding mode was also illustrated by virtue of X-ray crystallography. These results
collectively showed the promise and versatility of SMALI in the field of protease inhibitor

development.
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CHAPTER 4

SUMMARY AND OUTLOOK

Human trypanosomiasis, especially Chagas disease, are threatening millions of
people living in poverty. The cysteine proteases of the pathogenic parasites have been
investigated extensively and are promising therapeutic targets of anti-trypanosomal
drugs. Our group has been committed to the development of cruzain inhibitor as potential
treatment for Chagas disease.

Classical Michael acceptors are commonly used as inactivators of proteases.
K11777 is such a Michael acceptor that effectively inactivates cruzain and shows potent
anti-T. cruzi activity. The high reactivity of activated double bond can raise concern
about modification of unspecific targets. By replacing the sulfonyl group with a diversity
of heterocycles, a class of peptidomimetic inhibitors with less electrophilic warheads
(PVHIs) were proposed to allow reversible, covalent inhibition of cruzain, which could
result in relief from covalent inactivation. Covalent molecular modeling was employed to
serve as a rapid validation of the design in terms of basic shape complementarity. Next,
the electrophilicity of vinyl-heterocycles were evaluated in model reactions with
glutathione, preliminarily demonstrating the possibility to tune the electronic properties
of the double bond. Kinetic evaluation and analysis of a number of PVHIs proved many
of them to be potent, time-dependent, and fully reversible cruzain inhibitors with a
complex structure-activity relationship. Some of the PVHIs presented considerable anti-
trypanosomal activity not only in axenic cultures of T. cruzi or T. b. brucei, but also in an

infection model with murine cardiomyoblasts. On the other hand, the inherent complexity
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of heterocycles also brings about multiple challenges. The fine-tuning of PVHIs is quite
intractable because a minor change in the substituent can result in different electronic and
steric properties, as well as altered metabolic site or route of the heterocycle.

The other class of cruzain inhibitors in this dissertation was inspired by the
extraordinary potency of peptidomimetic aldehydes vs. cruzain. Masking the highly
reactive aldehyde with well-positioned P1 phenol group produced the hemiacetal SMAISs.
In like fashion with the development of PVHIs, the SMAIs were preliminarily validated
by computational study, and then kinetically characterized. These molecules appeared to
be potent, rapidly reversible inhibitors. The phenol group might play a critical role in the
expedited reversibility relative to a free aldehyde. 2D NMR analysis in aqueous solution
demonstrated the “quiescent affinity labeling” property of a 3C-enriched SMAL.
Furthermore, acylation of the lactol hydroxyl group yielded a class of “pro-prodrug”
molecules, which released the free aldehyde upon addition of esterase. These derivatized
SMAIs were also effective in axenic T. b. brucei culture, suggesting the possibility of
their in vivo efficacy. Such intramolecular machinery was also applied to the main
cysteine protease of SARS-CoV-2 by making a 2-pyridone-based P; position.
Crystallographic study indicated the equivalence of the 2-pyridone and the y/6-lactam,
the latter being almost an invariant moiety in 3C/3CLP™ inhibitors. For future work,
whether or not the 2-pyridone aldehyde fulfills a closed structure of SMAL, the O-
acylation of the tautomer of 2-pyridone inhibitors can be easily attempted. Considering
the high potency of various peptidyl aldehydes for 3CLP™, these inhibitors may be further

developed as promising prodrugs for COVID-19.
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APPENDIX A. MOLECULAR MODELING OF PVHI COMPOUNDS

In addition to compound 9, we also utilized Schrodinger to develop both covalent
and non-covalent models of compounds 7, 11-13 and 15 bound to cruzain, also based on
the crystal structure of K11777 covalently bound to cruzain as described in Experimental
Section. The covalent and non-covalent models are in general similar in terms of the
orientation of the peptide sidechains. The modeled structures differ, however, by virtue of
the nature of how the molecular modeling was performed, leading to the distal
positioning of the vinyl group in the non-covalent structures from the active-site residues
Cyszs and Hisie2. Compounds 12 and 15 which each contain an N-methyl-pyridine,
indicate that the methyl group with its attending positive charge is directed to Hisisz,
suggesting that the latter is neutral.

Table Al. Predicted affinity of covalent docking for select structures

Cdock Affinity Predicted

Compound Structure (kcal/mol) K. (uM)
7 Cbz-Phe-Phe-vinyl-2Pyrmd -7.11 6.11
9 NMePip-Phe-hPhe-vinyl-2Pyrmd -7.01 7.23
11 Cbz-Phe-Phe-vinyl-2Pyr -7.17 5.52
12 Cbz-Phe-Phe-vinyl-2PyrNMe -8.00 1.36
13 Cbz-Phe-hPhe-vinyl-2Pyr -7.63 2.54
15 Cbz-Phe-hPhe-vinyl-2PyrNMe -8.32 0.79
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Figure Al. Molecular models of compound 9, 11-13 and 15 bound to cruzain

created using Schrodinger. Left panels: binding poses in which a covalent bond is formed
between the B-carbon of the vinyl group of the inhibitor. Right panels: binding poses in
which no covalent bond is formed with Cysas.
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APPENDIX B. UNPUBLISHED STRUCTURE OF CRUZAIN COMPLEXED WITH

PVHI 1

Figure A2. Crystal structure of cruzain bound to Cbz-Phe-Phe-VSPh (PVHI 1). A
covalent bond is evidently formed between the sulfur of Cyszs and the -carbon of the
former olefin bond (Tang, et al.).

174



APPENDIX C. LC-MS OF 13C-LABELED 12
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Figure A3. LC-MS of 3C-labeled 12. Calculated m/z for molecular ion is 440.24
for hemiacetal and 458.25 for hydrate.
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APPENDIX D. HSQC PEAK INFORMATION

Table A2. The details of peaks in H-1*C HSQC NMR

peak 'H(ppm) “C (ppm) Widthl Width2  Volume
12 only
A 5.34 90.84 192.6 314 40225129.1
B 5.13 90.80 192.59 26.24 52937692.9
12 + cruzain
A 6.13 76.25 137.58 49.49 5030193.12
B’ 591 79.69 165.06 63.22 6245466.52
A (residual) 5.33 90.81 192.6 40.23 1725522.38
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APPENDIX E. RESULTS OF CELL-BASED ASSAYS FOR SMAIS

1 3NBA_BF T.brucei_LL205 2 SOEAH_BF T.brucei_LL166 G 74EAH_BF Tbrucei_LL232
. s
2™ " !
5
£, =
H '
8w 3
3 3*
o 2 =
o
-
Hours Hours Hours
7 10NBA_T.brucei_L1254 8 72EAH_BF T.brucei_L1291 9 79EAH_BF T.brucei_L1294
“ ® .
©
N 60
57 . -
S o | 5
H o | &
g - —a—5uM E
R w8
H | 50
= —.—05uM ~

w0
Hours Hours.

10 NBA_T.brucei_LL322 13

14 235H_BF Thrucei_ HMI-9 GA18_LL493_0, 1, 2.5, 5, 10, 20 uM

i -an
: —Loum
: 25
i soum
3 - 100um
1 —200um
Hours -
15 24SH_BF Tibrucei_ HMI9 G418 L1494 0, 1, 2.5,5, 10, 20 uM 16 40GE.72 B8 Theueel U090 20,1052 Lun 17
™
g £ f
H H L
5 H H
s 2 £
H w0 - 3 s § —an
i —tap g = i o
5 —25um i DU | T
[ B .0 u H —aww  F om soum
H 00 3 - 3 100w
i =200 M 1 ; — 00
! H
o

Figure A4. Growth curves for T. b. brucei BSFs treated with SMAIs and their
prodrugs. Each diagram only represents one of the duplicate experiments.
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APPENDIX F. TIME-DEPENDENT INHIBITION OF CRUZAIN BY O-ACYLATED

SMAI 13
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Figure A6. Time-dependent cruzain inhibition by 13.

179



APPENDIX G. CRYSTALLOGRAPHIC INFORMATION OF 3CLPRO WITH SMAIS

Table A3. Statistic summary of co-crystal structures of 3CLP™ complexed

with 19 and 23.

3CL""-19

3CL""-23

Data collection

Space group
Cell dimensions

cilz21

cl21

a, b, c(A) 54.20, 80.74, 85.76 54.22, 80.95, 85.53
a, B, v (°) 90.00, 97.12, 90.00 90.00, 97.34, 90.00
Resolution (A) 48.25-1.70 (1.76-1.70) 48.29-1.70 (1.73-1.70)
R merge 0.084 (1.632) 0.073 (0.856)
<l/ol> 10.2 (0.8) 11.5 (0.9)
CCyp 0.996 (0.475) 0.998 (0.824)
Completeness (%) 99.8 (99.3) 100.0 (99.7)
Redundancy 6.4 (5.6) 6.5 (6.0)
Refinement
Resolution (A) 48.25-1.70 48.29-1.70

No. Reflections
R work /R free
RMSD in bond length
RMSD in bond angles
No. atoms

Protein

Ligand

Water
B factors

Protein

Ligand

Water

40267 (4001)
0.1857/0.2058
0.008
1.17

2395
40
173

41.6
43.4
44.9

40244 (3999)
0.2030/0.2328
0.009
1.3

2395
34
186

38.1
39.6
41.7
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APPENDIX H. NMR SPECTRA OF PVHIS AND SMAIS
PVHI compounds.
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2:

BC-373, 1H NMR, DMSO-6
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EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

Date_ 20180717
o o Time 11.11 h

)L H INSTRUM spect

0N N\/‘\\)LNH PROBED  Z108618_0577 (

©/\ N H 2 PULPROG 2g30

B TD 65536

SOLVENT DM30

16

2
7211.539 Hz
S 0.220079 Hz
4.5438284 sec

1
400.1322007 MHz
1H

9.70 us
26.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

1.00

'u'u' .w'L_,L“L__ﬂ_J _____.UU'UM\J__) N i PE

9.5 9.0 85 8.0

75 7.0 6.5 6.0 55 50 45 40 35 3.0 25 20 1.5 1.0 05 ppm

I JL o) “\ k )1 (|
~(w)ele] o o| [ e ) of
Slalds 3 S g5 38le S
Slolslsl |~ o o= || o
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BC-443, purified 1HNMR, CDC13

Current Data Parameters
NAME

2
7211.539 Hz
0.220079 Hz

4.5438294 sec

BC-443
EXPNO 2
PROCNO 1

a F2 - Acquisition Parameters
)‘L Date_ 20180306

Time 12.34 h

K\N NH a INSTRUM spect
N N PROBED  2108618_0577 (
Ho A, o
H 65536
cDC13
16

69.333 usec
6.50 usec

305.
1.00000000 sec
1

400.1322007 MHz
1H

usec

8.70
26.00000000 W

F2 - Processing parameters
SI 3
sF 400.1300083 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
| FC 1.00
|
| Lok A ULAL
— (N — . LA N ___/ B S
9 8 7 6 5 4 3 2 1 ppm
AYA A TR
wlun o W|w|r~ o o[~ Ll sl Bl
~lo (=2 @fR|2|o Qe =< =[N =
BC-443, purified CI3NMR, CDC13 m
oz BRUKER
V)
| ﬂf ‘ Current Data Parameters
N BC-443
EXENO 3
PROCNO 1
F2 - Acquisition Parameters
Date_ 0180306
Time 12.38 h
INSTRUM spect
PROBHD ~ Z108618_0577 (
PULPROG zgpg30
D 32768
cpcl3
4
22058.824 Hz
1.346364 Hz
0.7427413 sec
192,64
22.667 usec
6.50 usec
305.0 K
1.00000000 sec
0.03000000 sec
1
100. 6233333 MHz
13c
10.00 usec
50.00000000 W
400.1316005 MHz
1H
waltz16
90.00 usec
PLWZ 26.00000000 W
PLW12 0.38839999 W
PLW13 0.19536000 W
F2 - Processing parameters
SI 32768
S 100. 6127559 MHz
WDW EM
ssB 0
LB 1.00 Hz
GE 0
BC 1.40
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-250C, 1HNMR, purified-twice, DMSO-dé6

Current Data Parameters

NAME C-250C
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

PROI
PULEROG

400

9.70
26.00000000 W

Processing parameters

65536
400.1300033 MHz

EM
0

0.30 Hz
0
1.00

|
|

o e LJJ (O J.u _u..w____ﬁkk_;ﬂ\__l'L Lﬂ UL_JL e

9 8 7 6 5 4 3 2 1 ppm
| | \
Il ’;)rn Al ’ér« (o) (o] [
R |2lo|q Sl o c‘ S
o ~|=|s8 - == |-

BC-250C, C13NMR, purified-twice, DMSO-dé

o HHHHZQ:THHH;¢>J o
| SN |
EXPNO 2
PROCNO 1
o
|
T
o
)
1.00000000 se
0.03000000 se
100.
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-239A 1H NMR Purified-crystallized CDC13 (—‘.K)
o
: BRUKER
S Cx}
1
| Current Data Parameters
BC-230R
1
1
N7
| F2 - Acquisition Parameters
NF Date_ 20160726
| Time 13.58 h
INSTRUM spect
PROBHED  Z108618_0577 (
N0 PULPROG zg30
65536
OJLN“ cpcl3
I 16
o z
7211.539 Hz
0.220079 Hz
4.5438294 sec
86.84
69.333 usec
E 6.50 usec
) 305.0 K
D1 1.00000000 sec
TDO
SFO1 400.1322007 MHz
NUC1 1H
P1 9.70 usec
‘ PLW1 26.00000000 W
F2 - Processing parameters
sI 65536
sF 400.1300123 MHz
‘ WoW EM
558 0
jl 12 0.30 Hz
. 1 Ga 0
| ol o
W 1 \
|

Jo ) UL Y VO

9 8 7 6 5 4 3 2 1 ppm
| AN | ) | ] /
0 ofa o ~(r=lo) o @lo
o == 2 a3l o ol
E = EE EE @ 28
=
BC-239A C13 NMR Purified-crystallized CDC13 (—1>(7
s e
a2 A @ 0 _
o 3EE 8 g e BRUKER
| | \J/ | Current Data Parameters
NAME BC-230A
EXPNO 3
PROCNO 1
F2 - Acquisition Parameters
Date 20160727
Time 10.49 h
INSTRUM spect
| PROBHD z108618_0577 (
PULPROG zgpg30
D 65536
OHN o SOLVENT cocl3
J‘L NS ]31Z
DS
©/\O N SWE 22058.824 Hz
FIDRES 0.673182 Hz
AD 1.4854827 sec
RG 192.64
oW 22.667 usec
E 6.50 usec
E 305.1 K
D1 1.00000000 sec
D11 0.03000000 sec
DO 1
SFO1 100. 6233333 MHz
NuC1 13c
P1 10.00 usec
PLW1 50.00000000 W
SFO2 400.1316005 MHz
Nucz i
CPDPRG[2 waltzl6
PCPD2 90.00 usec
PLWZ 26.00000000 W
PLW12 0.38839999 W
PLW13 0.19536000 W
FZ - Processing parameters
ST 32768
SF 100.6127563 MHz
WoW EM
SSB 0
LB 1.00 Hz
GB 0
.\ I | [pC 1.40
T T T T T T T T T T T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-415A, 1H NMR, Purified, CDC13

LW OATM A AT 0O A0 M ANDH ODONN OO WO o ANMoOocCOoOMEEE-MNO O
LR e O ENUasTesnREntarRa it BRUKER
wwaNNNNNN A A AT A 1000000 OYWNWYWWOUWOUMOoOOoWYNMMIT NGO T -

e S S S N S S R R R R ]

) == =
/ V W%—’gf{%‘ Current Data Parameters
NAME

BC-4154
EXPNO 1
PROCNO 1
= F2 - Acquisition Parameters
/ﬂjﬂ Date_ 20171113
Time 10.41 h
INSTRUM spect
PROBHD  Z108618_0577 (
PULFROG 2930
65536

cpcl3
16

2
4807.692 Hz
0.146719 Hz
©.8157439 sec

104.000 usec
6.50 us
305.0 K
1.00000000 sec
1
400.1322007 MHz
1H

usec

8.70
26.00000000 W

F2 - Processing parameters

ST 65536

SF 400.1300041 MHZ
woW El

55B 0

1B 0.30 Hz
GB 0

PC 1.00

e o e

T
6 5 4 3 2 1 ppm

T
9 8 7
I DIV I ]| JUL UL
o DN T o ~ ~ | d| =
= S| =|>|S = - = || |N|o|=| |~
q (&1—':5]—' ‘ci ‘N‘ El L‘l chq N|
BC-415A, C13 NMR, Purified, CDC13 (—‘.><7
s a8 3 oo
2% s sis o BRUKER
‘ (<O
1 \l
Current Data Parameters
NAME BC-415A
EXPNO 2
PROCNO 1
[o] F2 - Acquisition Parameters
’ﬂ\ Date_ 20171113
(“N NH N/l Time 10.48 h
: INSTRUM spect
H3C‘N\/I N\,/*§;’1‘N PROBHD  2108618_0377 (
E zgpg30
65536
cpcl3
127
1
22058.824 Hz
0.673182 Hz
1.4854827 sec
192.64
22.667 usec
€.50 usec
305.1 K
1.00000000 sec
0.03000000 sec
1
100. 6233333 MHz
13c
10.00 usec
50.00000000 W
400. 1316005 MHz
B
waltzl6
usac
26. 00 W
0.38839999 W
PLW13 0.19536000 W
F2 - Processing parameters
ST 32768
s¢ 100. 6127600 MHz
wDW EM
ssB 0
LB 1.00 Hz
GB 0
pC 1.40
T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 ppm
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BC-308A,

1H NMR,

Purified, CDCl3+MeOD

Current Data Parameters
NAME

BC-308A
EXENO 1
PROCNO 1
N7
I F2 - Acquisition Parameters
| Date_ 20170217
Time 13.15 h
INSTRUM spect
o PROBHD  2108618_0577 (
PULPROG zg30
65536
ENT cocl3
16
2
7211.539 Hz
£S5 0.220079 Hz
4.5438294 sec
192,64
69.333 usac
6.50 usec
305.0 K
1.00000000 sec
1
400.1322007 MHz
1H
9.70 usec
£.00000000 W
F? - Processing parameters
s1 65536
5% 400.1315681 MHz
WDW EM
SSB 1]
LB 0.30 Hz
GB 1]
‘l pC 1.00
‘ / Lluqhmgékg_A,J LA_A_JJhih___A_LH,_J“__44444
9 8 7 6 5 4 3 2 1 ppm
N | L VIV 1L |
) o[ o o™ =) o= ©w
@ -||& = - == —-= =1
E e B RES R E
BC-308A, C13 NMR, Purified, CDCL3+MeOD
v o owaw
s 5 88 o~ o
Lo oanE o g
s o owed . g
2 o BE8% g a
5 % ag5s 2 B
F2 - Acquisition Parameters
Date_ 20170217
| Time 15.28 h
INSTRUM spact
PROBED  Z108618_0577 (
OHN 0 PULPROG zgpg30
)il D 65536
. SOLVENT cncl3
©/\0 N NS 1078
DS 4
SWH 22058.824 Hz
FIDRES 0.673182 Hz
a0 1.4854827 sec
RG 192.64
oW 22,667 usec
B 6.50 usec
305.1
1.00000000 sec
0.03000000 sec
1
100. 6233333 MHz
13c
10.00 usec
50.00000000 W
400.1316005 MHz
1H
waltz16
90.00 usec
26.00000000 W
0.38839900 W
PLW13 0.19536000 W
F2 - Processing parameters
s1 32768
sF 100. 6131738 MHz
WDW EM
SSB o
LB 1.00 Hz
- .
PC 1.
Lo - [ | I

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 ppm

190



BC-260D (BC-278R), 1HNMR, Purified, CDC13 m
RUKER

Current Data Parameters
BC-Z278A
1

1

F2 - Acquisition Parameters
Date_ 20161205
i 10.39 h

E 305.0 K

D1 1.00000000 sec
TDO

SFO! 400.1322007 MHz
NUC1 1H

Pl 9.70 usec
PLWL 26.00000000 W

F2 - Processing parameters
ST 65536

JUERE . JHL J'ul‘uk JL _

9.5 90 85 80 75 7.0 65 6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 10 05 ppm

| AV 1)1 I |\
0| (o) |euf [o)fw] (=) 0[] @ o
] LA Qo (@ ~|ele Qo
s S| K ~|a |e Seilm -|ei

BC-260D, 13CNMR, Pure, CDC13

s 8
‘ Current Data Parameters
BC-260D
3
Z 1
o
| N
[o]
22058.824 Hz
0.673182 Hz
1.4854827 sec
192.64
22.667 usec
E 6.50 usec
E 304.1 K
D1 1.00000000 sec
D11 3000000 sec
TDO 1
SFO. 100.6233333 MHz
NUC1 13c
Pl 10.00 usec
PLW1l 50.00000000 W
SFO! 400.1316005 MHz
1H
waltzlé
90.00 usec
PLW2 6.00000000 W
PLW1Z .38839999 W
PLW13 0.19536000 W
F2 - Processing parameters
51 32768
SF 100.6127696 MHz
WDH EM
858 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm

191



1HNMR, CDC13

BC-279_ppt_pure,

Current Data Parameters

NAME BC-279_ppt_pure
EXPNO 1
PROCNO 1
| F2 - Acquisition Parameters
=N Date_ 20161207
| é® Time 10.59 h
Ha INSTRUM spect
PROBHED Z108618_0577 (
diN.0 PULPROG zg30
65536
U cocl3
07 TNY 16
o z
7211.539 Hz
0.220079 Hz
4.5438204 sec
100.88
69.333 usec
6.50 usec
305.0 K
1.00000000 sec
400.1322007 MHz
1H
9.70 usec
26.00000000 W
F2 - Processing parameters
51 536
sF 400.1300081 MHz
wow M
558 0
‘ LB 0.30 Hz
| | GB 0
ﬁ I | | PC 1.00
rﬂl \L | I\l ' ‘ i .NH ‘-H\ b| JIJ L
I\ IIUANNERY | SR, VR N LV L S A8
9 7 6 5 4 3 ppm
J\ J\ JAJL LA ‘-
=] M~ ~ f=1L] o o= @ < [l lod
§ BEs e 3 el
= o £ |-|e ol o - | e
BC-279_ppt_pure, C13NMR, CDC13 (—1><—)
5 3 _— BRUKER
5 g R b B B s e
‘ \\\‘\\\N / | ‘ V! Current Data Parameters
NAME BC-279_ppt_pure
EXPNO 2
PROCNO 1
=
o) F2 - Acquisition Parameters
| N& Data_ 20161209
EH, Time 11.12 h
INSTRUM spect
N O PROBED  Z108618_0577 (
ik PULFROG 2gpg30
iR D 65536
07 N SOLVENT cpcl3
H NS 431
g DS 4
suH 22058.824 Hz
FIDRES 0.673182 Hz
AQ 1.4854827 sec
RG 192.64
oW 22.667 usec
E 6.50 usec
£ 305.1 K
D1 1.00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 100. 6233333 MHz
NUC1 13c
Pl 10.00 usec
PLW1 50.00000000 W
5FO2 400.1316005 MHz
NUC2 1H
CPDPRG[2 waltzl6
PCPD2 90.00 usec
PLWZ2 26.00000000 W
PLW12 0.38839999 W
PLW13 0.18536000 W
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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JL,LJKJ

NAME
EXPNO
PROCNO

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG

SWH
FIDRES
AQ

RG

pC
_.J ﬂp_l_,_,.. e u‘klk Y I

170710
12.14

spect
2108618 0577 (
zg30
65536
cbcl3
16

2

4807.602
0.146719
6.8157438
24.52
104.000
6.50

305.0
1.00000000
400.1322007
1H

9.70
26.00000000

65536
400.1300207

0
0.30
0
1.00

Hz
Hz
sec

usec
usec

K
sec
MHz

usec
W

Processing parameters

MHz

Hz

usec
W
MHzZ

usec
W
w
W

MHz

Hz

-
T T T T T T [T T T T e e
9 8 7 6 5 4 3 2 1 ppm
) )\ N A )
© o D [=1[=]h= M~ (= =1k = -
] 2| @ eoe @ o |2« @ &
B [F@E 5E B @AE: 3R
-
BC-380, C13 NMR, CDC13 m
SEHEE T BRUKER
ARaANIER < P °
\5§?:i*55§§$$§§;&%2%%?552‘;‘ \¢/ ‘ ‘ (C_.::><:;-.)
Current Data Parameters
NAME BC-380
EXENO 2
EROCNO 1
N7 )| F2 - Acquisition Parameters
. Date 20170710
| Time 12.18
INSTRUM spect
PROBED Z108618_0577 (
BULPROG zgpg30
P 1 25236
Jj\ SOLVENT cocl3
e} N NS 41
©/\ H DS 4
SWH 22058.824
FIDRES 0.673182
AQ 1.4854827
RG 192.64
DwW 22.667
E 6.50
E 305.0 K
D1 1.00000000
D1l 0.03000000
TDO 1
SFO1 100.6233333
NUC1 13C
Pl 10.00
PLW1 50. 00000000
SFO2 400.1316005
NUC2
CPDPRG[2 waltzlé
PCPDZ 80.00
PLWZ 26.00000000
PLW1Z 0.38830008
PLW13 0.19536000
F2 - Processing parameters
51 32768
SF 100.6127666
wWow EM
ssB 0
L8 1.00
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T |
180 160 140 120 100 80 40 20 ppm
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BC-412A, 1H NMR, Purified, CDCl3

rent Data Parameters

BC-412A
EXPNO 1
o} PROCNO 1
(\NJ‘NH " N ‘ F2 - Acquisition Parameters
: pate 20171024
HBC'N N sy Tima 16.23 h
: INSTRUM spect
PROBED  Z108618_0577 (
PULBROG 2930
D 65536
SOLVENT cocl3
NS 16
DS 2
s 4807.692 Hz
FIDRES 0.146719 Hz
ag €.8157439 sec
RG 21,92
oW 104.000 usec
E 6.50 usac
£ 305.0 K
D1 1.00000000 sec
TDO 1
sFO1 400.1322007 MAz
NUC1
P1 9.70 usec
PLW1 26.00000000 W

F2 - Processing parameters

SF 400.1300045 MH=z
wowW M
558 0
LB 0.30 Hz
GB 0

PC 1.00

T
9 8 7 6 5 4 1 ppm
\ ) I )
ﬁ ﬁ blREe e @l
& & ‘c.ca|cece m_‘ g2
o S| |g|=| |7~ [=] [

BC-412Aa, C13 NMR, Purified, CDC13 #2

3323 3 svg 2 BRUKER
g GRIIRAR8Y aa e o <
| | I
‘ X \\\\\\\W \l/ ” o ‘ Current Data Parameters
N BC-412A
EXPNO 3
PROCNO 1
0 FZ - Acquisition Parameters
JL Date_ 20171024
(\N NH u NZ | Time 16.33 h
- INSTRUM spect
Hac‘N\) N/ promen . 2108618 0577
H PULEROG 2apg30
D €5536
SOLVENT cbcl3
NS 22
Ds 4
e 22058.824 1z
FIDRES 0.673182 Hz
ag 1.4854827 sec
RG 192,64
oW 22,667 usec
E 6.50 usec
E 305.1 K
1.00000000 sec
000000 sec
1
100, 6233333 MHz
13C
10.00 usec
50.00000000 W
4001316005 Miz
1H
waltz16
90.00 usec
26.00000000 W
0.38839999 W
PLH13 0119536000 W
T2 - Processing parameters
ST 32763
sF 100, 6127652 MHz
WDW EM
S5B 0
LB 1.00 Hz
GB 0
PC 1.40
T T T I T T T I T I T T T T T T T I T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-397, 1HNMR, CDC13

Current Data Parameters
NAME BC-397
EXENO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20170904
Time 16.08 h
INSTRUM spect
PROBED  Z108618_0577 {
PULPROG 2930

D 65536
SOLVENT cpcl3

NS 16

Ds 2

SHH 4807.692 Hz
FIDRES 0.146719 Hz
AQ 6.8157439 sec
RG 100.88

DW 104.000 usec
E 6.50 usec
E 305.0 K
D1 1.00000000 sec
DO 1
SFO1 400.1322007 MH=z
NUC1
P1 9.70 usec
PLW1 26.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1300077 MHz
WDW
SSB
LB
GB
PC
'
VA T T
D S L\ VAN | S R L VY WY ' N

T T T T T T T T T T

9 8 7 6 5 4 3 2 1 ppm

| | I U|\I‘ I UL | IV )

o (o) (w]e) (o (2| @ o~ (o af |l (o=

=] S/|ael |§ |ala ~ o|rla |2 - |a |2

‘—‘ ‘v—' S| ‘9‘ - ‘o Nw—0|r’5 ‘N’ ‘N 01—1
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BC-582A, 1H NMR, Purified, CDC13
PROTON_TAEMU CDC13 /data bala 48

THNOOOTANNDDDON AN O0ON OO O A AN OONNMT A OO OA~ANYWY™

FOodovwmN Ao~ TOORN OOV MONATO DM ATOEDAdRE JdO0 =M AR

CUMNANANANNN AT AT O0WVWONNNMN A TOVWYLYWOTTOOWNING & W WO~
WO OO0 OOVON NS TSI FMONNNA A o~ o~ ~ Current Data Parameters

[ N N | | [ B -

S L L | ‘I / | e S I‘ NAME BC-582A
— [ EXPNO 2
PROCNO 1

F2 - Acquisition Parametars

Date_ 20190924
o Time 15.38 h
I CFy INSTRUM spect
PROBHD Z108618_0577 (
PULPROG Eggég
3
g0 cocl3
bt :
©/\O N 2012.820 Hz
0.244532 Hz
4.0804465 sec
31.82
£2.400 usec
6.50 usec
305.0 K
1.00000000 sec
400.1324708 MHz
1H
3.23 usec
9.70 usec
26.00000000 W
F2 - Processing parameters
51 65536
sF 400.1300177 MHz
WDW EM
S5B 0
LB 0.30 Hz
GB 1]
l l. l ‘ PC 1.00
| i
J _J L _J'_L.,,JL_.,JKU,J\_]'LA Jo ,,__M_
9 8 7 6 3 2 ppm
)\ ! YA B ANEFAN \
[=4 | = |k =T @ - [ [=]
4 bR el -
- ‘I.E o - oo =] o Al o™
BC-582A, C13 NMR, Purified, CDC13
CARBON_TAMU CDCl3 /data bala 48
o manen . BRUKER
S seonndBd = .
R e o B B B B R R i 3
‘ x\\&\w%// v Current Data Parameters
NAME BC-582A
EXPNO 3
PROCNO 1
F2 - Acquisition Parameters
Date_ 190024
N7 Time 15.43 h
I INSTRUM spect
"“CF, PROBHD 12108618 0577 (
| PULPROG 2gig30
D 65536
SOLVENT cocl3
N0 NS 54
Ds 4
OJLN,.- SWH 24038.461 Hz
g N FIDRES 0.733596 Hz
a0 1.3631488 sec
RG 192.64
oW 20,800 usec
E 6.50 usec
£ 305.0 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1
sFOl 100. 6228298 MHz
NUC1 13C
PO 3.33 usec
p1 10.00 usec
PLW1 50.00000000 W
sFO2 400.1316005 MHz
Nuc2 1H
CPDERG [2 waltzb5
PCPD2 90.00 usec
PLW2 26.00000000 W
PLW1Z 0.3883999% W
FZ - Processing parameters
sz 32768
sF 100. 6127583 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-384_II, purified , 1HNMR, CDC13 (—1>(>
OO TO N ANV NEVON NI ENANNWNE NOM ALY SO — 00~ 0
TNOORW XA NMNOPI VYOI NNNACDO T ONO AN N DD MO O e OBRUKER
MNYWOULLEOMOANANNNAATATATAA AT AT APWON A PWWOAODN DWW OO D Cx)
[T el e il el ol el ol el ol ol ol ol ol ol ol ol ol =Rt To B S S S I ek R R == =1
e . o L
= W\\/ \V Current Data Parameters
NAME 384_11
EXENO 1
PROCNO 1
F2 - Acquisition Parameters
N Date_ 20170718
| Time 16.12 h
o INSTRUM spect
| PROBHED Z108618_0577 (
BULPROG zg30
TD 65536
OHN o) SOLVENT €Dc13
16
q :
07N 4807.692 Hz
H 0.146719 Bz
6.8157439 sec
100.88
104.000 usec
6.50 usec
E 305.0
D1 1.00000000 sec
DO 1
SFO1 400.13220
NUC1 1
P1 9.70 usec
PLW1 26.00000000 W
F2 - Processing parameters
51 65536
SF 400.1300112 MHz
WOW EM
55B 0
LB 0.30 Hz
GB 0
‘ BC 1.00
| r u
I | \ /
4A_A_J_) LW)h (U A\ ) W .
I T o o L e SR e e MIBEmEamasssm s
9 8 7 6 5 4 3 2 ppm
) | (1)) JIIAL L
=3 =23 (=] O | | (ks - ~~ o o =t| = @
] @ |2 222 2| (=2 < - Q| 0] ™
2 BB EE RIE PR <
-
BC-384A, #3, purified , CL3NMR, CDC13 (—-.>()
o
5 g G2g BRUKER
2 a9 d
. (O
- |
rrent Data Parameters
NAME BC-384A
EXPNO 5
NF PROCNO 1
. ) F2 - Acquisition Parameters
. 20170718
7h
7108618_(
22058.824 Hz
0.673182 Hz
1.4854827 sec
192.64
22.667 usec
6.50 usec
305.0 K
1.00000000 sec
0.03000000 sec
1
100.6233333 MHz
13c
W
400.1316005 MHz
waltzl6
90.00 usec
26.00 W
0.38839899 W
0.19536000 W
F2 - Processing parameters
ST 32768
SF 100.6127547 MHz
Wow EM
558 0
‘ ‘ LB 1.00 Hz
GB 0
Ll I l. e A J | BC 1.40
T T T T T T T T T T T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-566, HPLC purified, Me=OD,
PROTON_TAMU MeOD /data bala 4

1H NMR

BC-566
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

pate 20190805
| Time 12.35 h
INSTRUM spect
PROBHD Z1086€18_0577 (
PULPROG zg30
65536
SOLVENT MeOD
NS 16
DS 2
suH 8012.820 Hz
FIDRES 0.244532 Hz
20 40894465 sec
RG .
oW 62,400 usec
E §.50 usec
% 305.0
D1 1.00000000 sec
TDO 1
sFO1 400.1324708 Maz
NUC1 1H
PO 3.23 usec
P1 9.70 usec
PL1 00000000 W
‘ F2 - Processing parameters
s1 65
sF 400.1300079 Maz
WDW EM
| 88B ]
‘ 1B 0.30 Hz
! 0
1.00

Jﬁ L fﬁ\k g?

T
Ppm

|

I
JLJI;JL;R “JJL "j MLJJ\
T T T T T T T T T T T T T T T T T T T
95 9.0 85 80 75 7.0 65 6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 1.0 05

PEAEEE AEY 8

BC-566, HPLC purified,
CARBON_TAMU MeOD /data

C13 NMR

MeOD,
bala 4

3

4
21

-

00

@
=

§7.5
51.91

49
49
49

/r
¢
\

o @

o

Current Data Parameters

BC-566
3
1
F2 - Acquisition Parameters
= Date_ 20190806
I Time 0.04 h
N INSTRUM act
H | N PROBHED Z108618_0577 (
N PULPROG zgig30
HN v 65536
H MeOD
(] © 2444
4
461 Hz
. 596 Hz
gH3 1.3631488 sec
192.64
20.800 usec
6.50 usec
E 305.0 K
D1 3.00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 100. 6228288 MHz
NUC1 13c
PO 3.33 usec
Pl 10.00 usec
PLW1 50.00000000 w
SFO2 400.1316005 MHz
NU 1H
CI waltz65
90.00 usec
26.00 000 W
PLW1Z 0.38839999 W
F2 - Processing parameters
ST 32768
SF 100. 6126322 MHz
WOW EM
SSB 0
L8 1.00 Hz
i ] — ”
-
\ o i . a0
T T T T T T T T T T T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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LL-DE2/M CDCI3
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BC-266, 1HNMR, Pure, MeOD+CDCl3
COoONOWMOoOPERONNYAMAONONODYNTRATMO I TN TO MW N T
NANOYTAOCN TN ACO Y THOOR RO ENTNOLDTNMTO AN C@
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BRUKER
(>

Current Data Parameters

NAME BC-266
EXPNO 1
PROCNO 1

F2 - Acquisition Parametars
Date_ 20161026
Time 14.33 h
INSTRUM

PROBHD

PULFPROG

D

192.64
69.333 usec
6.50 usec

305.0 K
1.00000000 sec

1
SFO1 400.1322007 MHz
NUC1 1H

Pl 9.70 usec
FLW1 6.00000000 W

F2 - Processing parameters
81 65536

SF 400.1299978 MHz
WOW EM

558 0

LB 0.30 Hz
GB 0

FC 1.00

9 8 7 6 5 4 3
I ] [ VA [ ]
I~ "f\ - w =3 nv— Iq‘ @‘
@ o o =] =] of ey © 5]
IR ERE BEE 2

BC-266, C13 NMR, CDCl3 + MeOD
CARBON_TAMU CDC13 /data bala 54

o)
BRUKER
(><

Current Data Parameters

BC-266
5
1
F2Z - Acquisit Parameters
Date_ 20200204
Time 3.04 h
INSTRUM spect
CH PROBHD Z108618_0577 (
& 3 PULPROG zgig30
- F ) 25036
- cocl3
[ 4908
4
24032.461 Hz
JH_o 0.733595 Hz
1.3631408 sac
@/\OJLN‘.
i
200.1316005 Miz
H
waltzes
90.00 usec
PLW2 26 000 W
PLW12 0.38839930 W
F2Z - Processing parameters
ST 32768
SF 100. 61317
WDW
ssB
LB 1
GB
BC 1.40
T T T I T T T I T I T T T T T T T 1
180 160 140 120 100 80 60 40 ppm
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BC-337B,

1HNMR, Purified, CDC13

C><)
BRUKER

Current Data Parameters

NAME BC-337B
EXENO 1
NN PROCNO 1
I F2 - Acquisition Parameters
Date_ 20170530
| Time 11.33 h
INSTRUM
PROBHD
¢iN20 PULPROG
TD
SOLVENT

305.0 K
1.00000000 sec

400.1322007 MHz
1H

8.70 w
26.00000000 W

F2 - Processing parameters

ST 65
SF 400.1300127 MHz
WOW EM
ssB 0
LB 0.30 Hz
GB 0
) . || ‘ ‘ PC 1.00
l | ‘|| | I |‘|
"lLﬁ_J“U\;,J‘L_._J L_JL_J\‘L; Jk__
R R Lo o L B IR e e S M ARRaman
9 8 7 6 5 4 3 2 1 ppm
) ] | I\ [
(=) (i lofo|o ):rv- v‘ :ros (= gncv\
@ @ Qe (@ ol (o2 | @
B e EEE gk

BC-337B, C13 NMR, Purified, CDC13

s ® o ow®
g oaA
o ) s
NF N
| F2 - Acquisition Parameters
= Date_ 20170530
| Time 11.39 h
INSTRUM spect
PROBHD Z108618_0577 (
g0 PULPROG zgpg3l
s 65536
A SOLVENT CcDC13
o o
Ds 4
sw 22058.824 Hz
FIDRES 0.673182 Hz
a0 1.4854827 sec
RG 102,584
W 22.667 usec
E 6.50 usec
305.0 K
1.00000000 sec
0.03000000 sec
1
100. 6233333 Miz
13C
10.00 usec
50.00000000 W
100. 1316005 Muz
1H
waltz16
90.00 usec
26.00000000 W
PLW1Z 0.38830098 W
PLW13 0.19536000 W
F2 - Processing parameters
51 327
sF 100. 6127626 MHz
wDW EM
SSB 0
LB 1.00 Hz
GB 0
| | L | PC 1.40
. : . : . : . : . : . : . : . : . : . :
180 160 140 120 100 80 60 40 20 ppm
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BC-218A Purified-crystallized 1HNMR, CDC13 (—‘X)
RUKER

JEenonduoanDToTndndoSTnonod oo Tnoo N Do S TonolE
TN Ao TNN NN A0 N A0V A0 N~V YWTORWMN-OWO
oMM NN N AT A A AT oo NT T A A0 O0VOOMMNO NN W0 0w o
e N e i il ol SN S TR - R R T R R TR, T R R N O I S IS IS S
L | S L ) _ o
== Current Data Parameters
NAME BC-21BA
EXPNO 1
PROCNC 1
I F2 - Acquisition Parameters
Date_ 20160506
Time 16.25 h
HN._0 INSTRUM spect
C PROBHD  Z108618_0577 (
PULPROG zg30
©/\O N D 65536
H cpc13
16
2
7211.539 Hz
0.220079 Hz
4.5438294 sec
86.84
69.333 usec
6.50 usec
£ 305.0 K
D1 1.00000000 sec
TDO 1
SFO! 400. 1322007
NUC1 1H
3 9.70 usec
PLW1 26.00000000 W
F2 - Processing parameters
sI 65536
SF 400.1300129 MHz
WDW B
s5B 0
0.30 Hz
0
1.00
| f 1 lJ
|
.y L A N )
9 8 7 6 5 4 2 1 ppm
) / \ UL
© (=] o || e | © w
a| @ s ql=l =

BC-218A, C13 NMR, CDC13
CARBON_TAMU CDC13 /data bala 14

@ o o
& b oE
s o
| ‘ “%W Current Data Parameters
BC-218,
EXENO 4
PROCNO 1
NJ N F2 - Acquisit
o Date_
| Time
INSTRUM
PROBED 210861
(o] PULPROG
TD
SOLVENT
NS
DS
SWH 38.461 Hz
FIDRES 7133596 Hz
AQ 1.3631488 sec
RG 192.64
oW 20,800 usec
E 6.50 nsec
305.0 K
3.00000000 sec
0.03000000 sec
1
100. 6228298 MHz
13C
3.33 usec
.00 usec
000000 W
.1316005 MHz
1
waltz65
90.00 usec
PLW2 26.00000000 W
PLW12 0.38839999 W
F2 - Processing paramaters
32768
100.6127535 MHz
EM
0
1.00 Hz
0
1.40
T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm
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BC-174C,

1H NMR, HPLC Purified, CDC13

Current Data Parameters

NAM ac-174c
EXPNO 1
PROCNO 1
1 F2 - Acquisition Parameters
Date_ 20180920
I 8 Time 50 h
INSTRUM spect
PROBHED Z108618_0577 (
PULPROG zg30
N0 ) 65836
s SOLVENT cocl3
@/\0 N NS 16
H D5 2
swH 7211.539 Hz
FIDRES 0.220079 Hz
AQ 4.5438294 sec
RG 15
DW 60.333 usec
& 6.50 usec
& 305.0 K
D1 1.00000000 sec
D0 1
SFO1 400.1322007 MHz
NUC1 1H
Pl .70 usec
PLW1 26.00000000 W
F2 - Processing parameters
s1 6553
sF 400.1300163 MHz
WoW EM
558 0
8 0.30 Hz
ca 0
W BC 1.00
| i i o | \
M) VAAN | J PN
T T T T T T T T T T T T T T T T T T T T
95 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 05 ppm
SO0 L P 1
© - lT|™ = i=11=) [i=] oD
ﬂ h mmm‘ 3 qﬂ‘ﬂ qk
=] e o|o|o o N o |-
BC-174C, C13 NMR, HPLC Purified, CDC13 m
. o BRUKER
: 2202 33 3 (<
| \/ ] —
BC-174C
2
1
F2 - Acquisition Parameters
Date_ 20180920
ime 15.54 h
INSTRUM spect
PROBED  2108618_0577 (
BULPROG zgpg30
32768
SOLVENT cocl3
©/\ NS 110
Ds 4
swE 22058.824 Hz
FIDRES 1.346364 Hz
ag 0.7427413 sec
RG 162,61
DH 22,667 usec
B §.50 usec
B 305.1 K
D1 1.00000000 sec
D11 0.03000000 sec
TDO 1
SFOL 100. 6233333 Miz
NOUC1 13C
Pl 10.00 usec
PLW1 50.00000000 W
5FO2 400.1316005 MAz
NUC2
CPDPRG([2 waltz1é
BCPD2 80.00 usec
PLW2 26.00000000 W
PLW1Z 0.3383999% W
PLW13 0.19536000 W
F2 - Processing parameters
51 32768
sF 100. 6127616 Miz
WOW EM
558 0
1B 1.00 Hz
Ga 0
e - " - = 140
y Py "
T T T T T T T T T T T I T I T T T I T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-512B, solid after CDC13

1H NMR,

3 ether washes,

o<
BRUKER
(>

Current Data Parameters

—-0.000

NAME BC-51ZB
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180926
ime 18.28 h
INSTRUM spect
OHN o) PROBHD Z108618_0577 (
PULPROG zg30
)L | D 65536
07N SOLVENT cDCl3
@A H NS 16
DS 2
SWH 7 39 Hz
FIDRES 0.220079 Hz
aAQ 4.5438294 sec
RG 138.22
oW £9.333 usec
E 6.50 usec
E 305.0 X
D1 1.00000000 sec
D0 1
SFOL 400.1322007 MHz
NUC1 1H
P1 9.70 usec
PLW1 26.00000000 W
F2 - Processing parameters
SI 65536
SF 400. 130010
WDW E
ss8 0
LB 0.30 Hz
| ‘ GB 0
PC 1.00
| ‘! |
I f |
I
R L o I O o o o o o B AR EE s nEan s A e s aean s na s ma
95 90 85 80 75 7.0 65 6.0 55 50 45 4.0 35 3.0 25 20 15 1.0 0.5 ppm

JUL L . JL

FT’I\} ENER —‘ =)

Njwm| oSN ~ "

-o e -o o o~

BC-512B, C13 NMR, solid after 3 ether washes, CDC13 (—‘O><—>
RN
Current Data Parameters
NAME BC-512B
EXENO 3
PROCNO 1
F2 - Acquisition Parameters
Date 20180927
Time 11.43 h
INSTRUM spect
PROBHD  Z108618_0577 (
PULPROG zgpg30
D 32768
SOLVENT cpcl3
NS 1400
DS 4
SWH 22058.824 Hz
FIDRES 1.346364 Hz
AQ 0.7427413 sec
BG 192.64
oW 22.667 usec
b 6.50 usec
z 305.0 K
DL 1.00000000 sec
D11 0.03000000 sec
TDO 1
SFO1 100. 6233333 MHz
NUC1 13C
31 10.00 usec
PLHL 50.00000000 W
SFOZ 400.1316005 MHz
NUC2
CPDPRG[2 waltzl6
PCED2 90.00 usec
PLNZ 26.00000000 W
PLW12 0.38839993 W
PLW13 0.19536000 W
F2 - Processing parameters
ST 32768
sF 100. 6127547 MHz
wWDW EM
ssB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T I T T T I T 1
180 160 140 120 100 80 60 40 20 ppm
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BC-115 1HNMR

Purified CDC13

216
198
171
158
152
131
107
104
085
072
059
440
420
066
313
294
132
996
979
883
872
864
858
844
838
824
725
709
689
672
957
945
540
764
750
743
o

C

m

Current Data Parameters

NAME BC-115
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
t 2015

Date_
Time 13.17
INSTRUM spect
PROBED 5 mm PABBO BB/
PULPROG zg30
D 65536
SOLVENT cocl3
4. 5418294 sec
69.333 usec
6.50 usec
305.0 K
1.00000000 sec
1
CHANNEL f1
SFO1 400.1322007 MHz
NUC1 1H
Pl 9.70 usec
PLW1 26.00000000 W
‘ F2 - Processing parameters
sI 65536
SF 400.1300120 MH=z
WDW EM
558 0
LB 0.30 Hz
' GB 0
L J ‘ HMLJ pc 1.00
@J%) J\«J\_‘,¥,J L.; ,JJ
R o ML o o e B R e e S R A
9 8 7 6 5 4 3 2 1 ppm
]\ L] L N )1 Lol
(o] 0 | @ [ o) 0| @| o=
e ~ ] bt | ] 2= b ] N =
2 ® [F  EE = EE oA

BC-115, C13 NMR, CDC13
CARBON_TAMU CDC13 /data bala 24

170.45

——170.93

/

NNy

—E7.16
81,13

BC-115

190 180

207

PROCNO 1

F2 - Acquisition Parameters

Date_ 20200131

Time 5.06 h

INSTRUM spect

PROBHD Z108B618_0577 (

PULPROG zgig30
65536

SOLVENT cbDcl3

NS 2003

Ds

SWH 24038. 461 Hz

FIDRES 0.733596 Hz

AQ 1.3631488 sec

RG 192.64

DW 20.800 usec

E 6.50 usec

E 05.0 K

D1 3.00000000 sec

D11 0.03000000 sec

TDO 1

SFO1 100.6228298 MHz

NUC1 13c

PO 3.33 usec

Pl 10.00 usec

PLW1 50.00000000 W

SFO2 400.1316005 MHz

Nucz 1H

CPDPRG[2 waltz65

PCPDZ 90.00 usec

PLWZ2 26.000C 00w

PLW1Z 0.38839999 W

F2 - Processing parameters

51 32768

SF 100.6127542 MHz

wWow EM

SSB i)

1B 1.00 Hz

GB 0

PC 1.40

170 160 150 140 130 120 110 100 90 80 70 60 50 ppm



SMAI compounds.

Note: The presence of lactol anomers in some of the SMAIs led to complicated splitting
and low-quality NMR spectra; therefore, the NMR spectra of corresponding precursors
(the second last products) were provided.
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'H-3C HSQC NMR of *C-labeled 12 (full view):
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