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Abstract

APOBEC3 (APOBEC3A-APOBEC3H) enzymes catalyze single-stranded
(ss)DNA cytosine-to-uracil (C-to-U) deamination as a function of innate immune
defense against foreign DNA. Host cellular protection results from APOBEC3-
catalyzed lethal mutagenesis of the offending genome. When misregulated,
however, APOBEC3 enzymes have been demonstrated to drive the genetic
evolution of numerous cancers and HIV-1. Specifically, sub-lethal levels of
APOBEC3D/F/G/H-catalyzed mutation can enable HIV-1 escape from immune
defense and antiretroviral therapies. Moreover, APOBEC3B over-expression in
breast, bladder, cervical, lung, and head/neck cancers generates high levels of
C-to-U mutation, which drives tumor formation, metastasis, and
chemotherapeutic resistance. Thus, small molecule inhibition of APOBECS-
catalyzed deamination may provide a novel strategy for HIV-1 and cancer drug
development.

This thesis highlights efforts to discover small molecule inhibitors of the
APOBEC3s through high-throughput screening (HTS) and chemical synthesis.
Chapter 2 discusses an HTS of 168,192 compounds against APOBEC3B and
APOBEC3G. In this effort, MN23 was discovered as a potent inhibitor of
APOBEC3B (ICs = 150 nM) and APOBEC3G (ICso = 5.5 uM). Chapter 2 also
reports a novel synthesis of MN23, and preliminary efforts to elucidate its
mechanism of inhibition. Chapter 3 presents a class of covalent APOBEC3G-
specific inhibitors based on a 1,2,4-triazole-3-thiol substructure. This compound
class is predicted to inhibit APOBEC3G by covalently binding C321, forcing an

inhibitory conformational change within the enzyme active site. Chapter 4 reports

\Y



the discovery of a novel APOBEC3G inhibitory chemotype, which was
discovered from the deconvolution of an impure HTS hit. In this effort, we also
identified a previously unreported Pan Assay Interference Scaffold (PAINS), and
characterized the mechanism by which compounds of this class undergo
oxidative decomposition. Finally, Chapter 5 describes how benzthiazolinone-
based APOBECS3 inhibitors are being developed into probes of APOBEC3
structure and function. Brief descriptions of two unrelated projects performed

concurrent with these studies are also detailed in the Appendices.
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Chapter 1

INTRODUCTION



1.1 Overview of the APOBEC Enzyme Family

The APOBECS3 family of single-stranded DNA (ssDNA) cytosine-to-uracil
deaminases belongs to the larger human apolipoprotein B mRNA-editing enzyme
catalytic polypeptide-like (APOBEC) gene family. In total, the APOBEC family
consists of 11 polynucleotide cytosine-to-uracil (C-to-U) editing enzymes
including activation induced deaminase (AID), APOBEC1 (Al), APOBEC2 (A2),
seven APOBEC3s (APOBEC3A/B/C/D/IF/IG/H), and APOBEC4 (A4). AID
functions as an essential element of the adaptive immune system, catalyzing
antibody gene diversification through somatic hypermutation and class switch
recombination.”® APOBEC1, the sole RNA-editihg enzyme of the family,
functions in lipid metabolism®, while the activities of APOBEC2 and APOBEC4
are currently unknown.

The seven APOBEC3s constitute a vital defense network of the innate
immune system. Specifically, APOBEC3-catalyzed DNA cytosine deamination of
exogenous viruses and endogenous retroelements restricts their replication and
protects immune cells from infection. The 7 APOBECS3s are encoded in tandem
on chromosome 22 of the human genome.'® A possible explanation for the
repetitive function of these polynucleotide deaminases is to provide overlapping
protection against a broad spectrum of DNA-based pathogens.

The APOBEC3 sub-family is further divided into the Z1, Z2, and Z3
phylogenetic sub-groups, which are defined by structural features of the zinc(Zn)-
coordinating motif.>** Z1 APOBEC3s contain a Hx;ExsXV/l; SWS/TPCx,.4C Zn-

coordinating motif, and a unique isoleucine in a RIY sequence C-terminal to the
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Zn-coordinating residues.™® Z2 APOBEC3s are characterized by a Hx;ExsWF;
SWS/TPCx,4C Zn-coordinating motif — differing from Z1 APOBEC3s by a
conserved tryptophan-phenylalanine (WF) sequence five amino acids after the
catalytic Glu.**** Finally, Z3 APOBEC3s have a distinct TWSCx,C Zn-
coordinating motif. APOBEC3s may be expressed as either single domain or
double domain enzymes (Figure 1.1)." APOBEC3A, APOBEC3C, and
APOBEC3H are characterized as single domain APOBECS3s, though
APOBEC3A exhibits a Z1 domain, APOBEC3C exhibits a Z2 domain, and
APOBEC3H uniquely exhibits a Z3 domain (Figure 1.1). APOBEC3B,
APOBEC3D, APOBEC3F, and APOBEC3G contain two structural domains,
where APOBEC3B and APOBEC3G are structurally defined as having Z2-Z1

domains and APOBEC3D and APOBEC3F have Z2-Z2 domains (Figure 1.1).**

—(A3A)— A3B)— A3C — AID - AF - A -CED>

Figure 1.1. Schematic Representation of the Human APOBEC3 Loci. The
APOBEC3s are encoded in tandem on chromosome 22 of the human genome.
The seven family members can be individually distinguished by the number of
structural domains (represented as one or two ellipses) and the phylogenetic
characterization of those domains. Three phylogenetic sub-groups exist (Z1, Z2,
Z3), which are assigned based on the structural homology of the zinc-
coordinating motif.'* The Z1 sub-group is represented in green, the Z2 sub-group
in orange, and the Z3 sub-group in blue as implemented by LaRue et al.™*
Graphic inspired by Hultquist et al. J. Virol. 2011, 85, 11220.*

Human APOBEC3s are expressed in most tissues in the human body.*>*

In  freshly isolated peripheral blood mononuclear cells (PBMCs),

APOBEC3C/D/F/G and H are more highly expressed in B cells and T cells than



in monocytes as determined by quantitative PCR (qPCR).'® Accordingly,
expression levels of APOBEC3C/D/F/G and H are high in lymphoid organs, such
as the thymus and spleen, which are abundant in T lymphocytes (thymus) and B
lymphocytes (thymus/spleen).* Like PMBCs, the thymus shows virtually no
expression of APOBEC3A or APOBEC3B. The spleen, however, is also rich in
undifferentiated monocytes.’®* As APOBEC3A is predominantly expressed in
monocytes (CD14" cells)*>**?° and APOBEC3B is predominately expressed in B
cells, the spleen exhibits relatively high expression levels of all seven
APOBEC3s."* Interesting, the APOBECS3s are also expressed to a wide degree
outside of immune tissues. Harris and coworkers have observed that five
APOBEC3s (A,B,C,D,H) are expressed at appreciable levels in lung tissue, with
APOBEC3A being over-expressed almost 70-fold."®* APOBEC3A is also over-
expressed 5-fold in adipose tissue.'® Expression levels likely reflect the large
quantity of CD14" macrophages in these tissues types.”** Other notable
observations included that APOBEC3C/F and G are over-expressed between 3-
to-5-fold in ovarian tissues, and that APOBEC3B can be over-expressed up to
10-fold in breast cancer tissues.'®’ The over-expression of various APOBEC3s
in many of these tissues types has pathological consequences for overall health.
An in-depth discussion of these situations can be found in Section 1.5. Also of
note, at least two of the studied tissue types exhibit virtually no APOBEC3
expression.*® Specifically, brain and testicular tissues may not require protection
by the APOBEC3s because of their innate immune physical barriers from general
circulation, namely the blood-brain-barrier and blood-tubular barrier.*®

Within cells, differences in sub-cellular localization among the APOBEC3s

can also be noted. Using fluorescence microscopy, GFP-tagged APOBEC3s
4



transfected into HelLa cells demonstrated that APOBEC3D, APOBECSF,
APOBEC3G, and APOBEC3H localize to the cytoplasm; APOBECS3B localizes to
the nucleus, and APOBEC3A and APOBEC3C are distributed cell wide.* The
fact that multiple APOBEC3s can access the host genome and that many
cancers show evidence of APOBEC3-mediated mutation patterns prompted
Harris and co-workers to investigate the role of the APOBEC3s in cancer
mutagenesis. This work will be discussed in Section 1.5.
1.2 _Mec_hanism of APOBECS3-Catalyzed DNA Cytosine-to-Uracil
Deamination

To elicit their immunoprotective effect, the APOBEC3 family catalyzes
DNA C-to-U deamination on ssDNA substrates.>’?*% Catalytic activity is
dependent on zinc-mediated hydrolysis at the 4-position of the DNA cytosine
nucleobase. Characteristic of this enzyme family, the APOBEC3s contain a
consensus zinc-binding motif of Histidine(His)-X-Glutamic Acid(Glu)-X,3.8-
Proline(Pro)-Cysteine(Cys)-X,.4-Cysteine(Cys), where X represents any amino
acid and the His and Cys residues coordinate the zinc metal (Figure 1.2).13133

The active site of the APOBEC3s also contains a water molecule, giving the zinc

metal a tetrahedral coordination environment (Figure 1.2).



Pro287

Figure 1.2. The APOBEC3G Active Site (PDB: 3V4K; Rendered in PyMOL 1.3).*
Key residues of the zinc-coordinating motif (His257, Pro287, Cys288, Cys291),
the catalytic Glu (Glu259), and the active site water are shown as sticks. The His
and Cys residues coordinate the zinc metal. Analogous active sites characterize
the other APOBEC3s.

The proposed mechanism of deamination is based on previous structural

4 .
|3 ,35 t36 38

studies of bacteria and yeas cytidine deaminases, and relies on the
activation of the active site water molecule through deprotonation by a
conserved, catalytic Glu (Figure 1.3). The resulting zinc-stabilized hydroxide ion
('OH) attacks the 4-position of the DNA cytosine nucleobase yielding an unstable
tetrahedral intermediate. A DNA uracil nucleobase is achieved through formation

of the C4-O double bond and the release of ammonia.
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Figure 1.3. Proposed Mechanism of APOBEC3-Catalyzed DNA Cytosine-to-
Uracil Deamination.

Unlike the bacterial and yeast cytidine deaminases on which this
mechanism is based, the APOBEC3 family cannot turnover single cytidine
nucleosides/nucleotides. For deamination, the APOBEC3 enzymes require a
minimum of a 5-mer DNA oligomer, where the targeted DNA cytosine is

preceded by three nucleotides on its 5’ end and one nucleotide on its 3' end.***°

Importantly, because the APOBEC3s require substrate oligomers, previously
designed transition state analogues zebularine (1.1) and tetrahydrouridine (1.2),
which are known inhibitors of cytidine deaminase,**** fail to inhibit the APOBEC3
enzymes (Figure 1.4; unpublished results from the Harki and Harris labs). To
date, there is no crystal structure of an APOBEC3 bound to DNA, and thus the

mechanism of deamination remains hypothetical. The currently accepted model



predicts that positively charged residues around the active site position the DNA
substrate so that the target DNA cytosine flips about the phosphodiester
backbone. This conformational change in the DNA substrate would be required

for the target DNA cytosine to contact the catalytic Glu residue.*®

OH
(§N NH
HO N’&o HO N’&o
o (o]
OH OH OH OH
1.1 (Zebularine) 1.2 (Tetrahydrouridine)

Figure 1.4. Chemical Structures of Zebularine and Tetrahydrouridine.

The APOBEC3s can also be differentiated by individual preferences for
targeted dinucleotide deamination sequences. Specifically, APOBEC3G is
unique in targeting DNA cytosines that are immediately preceded (5') by another
DNA cytosine. The other APOBEC3s (APOBEC3A/B/C/D/F/H) prefer to
deaminate DNA cytosines with a 5'-DNA thymine.***® Structurally, current
models predict that a loop positioned adjacent to the enzyme active site, loop 7,
garners the APOBEC3’s substrate sequence preferences.™***** |n addition to a
strong preference for the preceding nucleobase, the minus-two and plus-one
bases additionally affect APOBEC3 deamination efficiency, though specific

trends are less concrete.**%0-52



1.3 Structural Characteristics of the APOBEC3s

Acquiring detailed structural information about the APOBEC3 enzymes
has been an arduous process, and to date, no X-ray or NMR structure exists that
depicts the details of APOBEC3-nucleic acid binding. The APOBEC3 enzymes
have been particularly difficult to study because of poor solubility associated with
the Z2 N-terminal domain (NTD) of double domain APOBEC3s.> Significant
efforts have accomplished apo X-ray and NMR structures of APOBECS3A,
APOBEC3C, APOBEC3F CTD, APOBEC3G CTD, and APOBEC3G
NTD.1132630485461 - congistent with over-lapping function, many structural
characteristics of the APOBEC3 family are conserved. Each domain can be
characterized as having an overall globular structure with a hydrophobic core
consisting of five beta strands, three of which are arranged in parallel (B3, B4, B5)
(Figure 1.5).3*®? The hydrophobic core is surrounded by six peripheral alpha
helices (Figure 1.5).*°®? |mportantly, the parallel organization of B3-p4-B5
contrasts the antiparallel construction of bacterial and yeast cytidine deaminases,
on which the proposed deamination mechanism is based. (For a detailed
description of the mechanism of APOBECS3-catalyzed deamination, see Section
1.2). It has been suggested that this parallel B3-B4-B5 arrangement may be the
key structural feature that distinguishes polynucleotide deaminases from mono-
nucleotide deaminases.*® The loops that link the secondary structures exhibit a
high degree of variability (length/composition) among the APOBEC3s, and are
predicted to play an important role in enzyme function, substrate specificity, and

substrate binding.®® Representative of the larger family of cytosine deaminases,
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the APOBEC3s contain the conserved zinc-binding motif in a2-f3-a3, with the

conserved zinc-binding sequence motif described above.

Figure 1.5. Structure of APOBEC3G CTD (PDB: 3V4K; Rendered in PyMOL
1.3). Each APOBEC3 domain has six alpha helices (red) and five beta strands
(yellow). The flexible and variable loops are depicted in green. The active site
contains a zinc metal, which is depicted in grey as a sphere.

1.4 The Role of APOBEC3D/F/G/H in Human Immunodeficiency Virus-1
(HIV-1) Restriction

Members of the APOBEC3 family, particularly APOBEC3D, APOBECSF,

APOBEC3G, and APOBEC3H, potently inhibit HIV-1 replication in the absence of

25,30,63

viral counter mechanisms. This biological activity characterizes the
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APOBEC3s as viral restriction factors. By definition, restriction factors (1) have
the ability to directly inhibit viral replication, (2) undergo positive selection as a
result of competition with the virus, (3) are responsive to interferon, and (4) are
neutralized by a counter strategy encoded by the virus.?2%*% Although
APOBEC3G offers the prototypical example in the field of HIV-1, additional
restriction factors, including TRIM5a®, Tetherin/BST-2%', and SAMHD1%, also
play important roles in immune defense against viral restriction. To achieve a
productive infection, HIV-1 must overcome the network of restriction factors
furnished by the host. In the case of APOBEC3D/F/G/H, HIV-1 encodes virion
infectivity factor (Vif), a 23 kDa and positively charged accessory protein that

enables degradation of the APOBECS3s.
1.4.1 APOBEC3s Potently Inhibit HIV-1 in the Absence of VIF

In the absence of Vif, the APOBEC3s can potently protect host cells from
HIV-1 infection. The accepted model of APOBECS viral restriction is primarily
based on experiments with APOBEC3G, and posits that APOBEC3G, which is
expressed in the cytoplasm of an HIV-1 infected cell, incorporates into budding
viral particles through an RNA-Gag-mediated mechanism, hijacking transport
with the viral particle in a Trojan horse-like fashion until the particle fuses with the
target cell (Figure 1.6).°%°*"™ To access the viral genome, the APOBEC3s must
breach the viral nucleocapsid; however, the mechanism by which this occurs is

not known.”®’® APOBEC3 inhibition of viral replication occurs through both

79-81 65,82-85

deamination-independent and deamination-dependent mechanisms.
Once the viral particle has fused with an uninfected target cell, the viral RNA

undergoes reverse transcription (Figure 1.6). Independent of deamination, the
11



APOBEC3s have been shown to directly bind viral genomic RNA, sterically
blocking the progression of reverse transcriptase (RT).>*%%88%%9 Deamination
dependant restriction, however, is likely the dominant mechanism, where
APOBEC3G-catalyzes extensive C-to-U deamination events on the minus-strand
viral cDNA.***%® The resulting uracilated positive-stand cDNA is either degraded
or immortalized as G-to-A hypermutations once complemented and integrated
into the target cell genome (Figure 1.6).28°°% Studies which expressed
APOBEC3G catalytic mutants at physiological levels demonstrated the ability of
Vif-deficient virus to replicate, implicating deamination-dependent restriction as
the principle protective mechanism, 33849697

Though APOBEC3G has been characterized as the archetypal deaminator,
strong evidence implicates APOBEC3D/F and H as playing complementary roles

in restricting HIV-1."* The mutation patterns of proviral sequences from HIV-1+
patients reflect both 5-GG-to-AG and 5'-GA-to-AA hypermutation.®**% As
APOBEC3G preferentially deaminates the second DNA cytosine of a 5-CC
dinucleotide yielding GG-to-AA hypermutation, one or more of the other
APOBEC3s must account for the observed 5'-GA-to-AA mutation,32°0.90.9293.97.105
In 2011, the Harris laboratory identified that four of the seven APOBEC3 family
members play an integral role in HIV-1 restriction.** Although the literature
reports that all seven APOBEC3s can inhibit HIV-1 replication, APOBEC3D/F/G
and H are the only APOBEC3s to package into viral particles and restrict HIV-1
replication in human T cell lines.** It is likely, then, that APOBEC3D, APOBEC3F,
and APOBEC3H combine to elicit the 5-GA-to-AA hypermutation observed in

HIV-1.
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Impressively, if left uncontested by Vif, the APOBEC3s can mutate up to
10% of the HIV-1 cDNA cytosines in a single round of viral replication.*®® Such a
substantial accumulation of deamination forces the mutation rate of HIV-1 across
106,107

the error catastrophe threshold, effectively lethally mutagenizing the virus.

Thus, the APOBEC3 enzymes have the ability to wholly combat infection by HIV-
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Figure 1.6. Model for APOBEC3-Mediated HIV-1 Restriction. (A) In an infected
cell, sublethal amounts of the APOBEC3s incorporate into budding viral particles
and hijack transport to virus naive cells. HIV-1 modulates APOBEC3 expression
through Vif. Vif targets the APOBEC3s for degradation at the 26S proteasome
through ubiquitylation. (B) The APOBECS3s restrict viral replication through both
deamination-dependant lethal mutagenesis and deamination-independent
inhibition of RT. Graphic inspired by Hultquist et al. J. Virol. 2011, 85, 11220.*
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1.4.2 Vif Modulates APOBEC3 Activity

Following the observation that Vif was required by HIV-1 to infect some T-
cell lines (CEM, H9; non-permissive cell lines), but not others (CEM-SS, SupT1;
permissive cell lines), multiple laboratories elucidated the fundamental interplay
between the APOPECS3 restriction factors and the counteracting protein Vif.*%%3%
93108111 vjif is required by the virus to evade the APOBEC3 immune defense
network in vivo and ex vivo in monocytes, macrophages, primary T CD4+
lymphocytes, and non-permissive T cell lines.'®®*011#115 \ild-type HIV-1
employs Vif to nucleate the formation of an E3 ubiquitin ligase complex
consisting of CUL5/NEDDS8, ELOB, ELOC, RBX2, and CBFB, which flags the
APOBECS3s for degradation at the 26S proteasome and enables viral replication
in APOBEC3-expressing cells (Figure 1.6A).}**'??2 Moreover, secondary
mechanisms of APOBECS3 neutralization by Vif may exist including: direct
inhibition of APOBEC3 deaminase activity, physical blockage of APOBEC3
packaging in budding viral particles, sequestration of APOBEC3 in the
cytoplasm, and/or inhibition of APOBEC3 translation.'***?° The APOBECS3-Vif
interaction is therefore essential for HIV-1 infection and provides a novel, and

minimally explored, target in HIV-1 drug discovery (See Chapter 1.4.3).
1.4.3 Therapy by Hypermutation

The ability of the APOBECS3s to lethally mutagenize HIV-1 in the absence
of Vif insinuates that this natural defense network can be reinstated if the
APOBEC3s are protected from degradation (Figure 1.6A)."*%*! The most
obvious approach is the direct inhibition of HIV-1 Vif. Vif is an attractive

14



therapeutic target because it possesses sole responsibility for APOBEC3

degradation and it has no known mammalian homologues.**
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Figure 1.7. Therapeutic strategies to Target the APOBEC3-Vif Interface. (A)
Therapy by hypermutation. This therapeutic strategy seeks to inhibit Vif and/or
block the Vif-APOBEC3 interface thereby reinstating the restrictive capabilities of
the APOBEC3s. Upon Vif inhibition, the relevant APOBEC3s can lethally mutate
the viral genome. (B) In a clinical infection, APOBEC3-catalyzed restriction is
inhibited by Vif-mediated ubiquitylation and degradation of the APOBECS3s.
Despite this inhibition, a sub-lethal level of APOBEC3 deamination is observed.
Thus, the activities of Vif and the APOBEC3s are balanced to achieve optimum
viral fitness. (C) Therapy by hypomutation. Inhibition of the APOBEC3s may
deprive the virus of a needed mutation source. Inhibiting viral fithess may enable
immunological or antiretroviral HIV-1 clearance. Graphic inspired by Refsland, E.
W. et al. Curr. Top. Microbiol. Immunol. 2013, 371, 1-27.%° Concept originally
proposed by Harris, R. S. in Nat. Biotech. 2008, 26, 1089.'%
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The earliest efforts to inhibit Vif employed lentiviral delivery of HIV-1 Vif
siRNA to silence Vif gene expression.”**'* When used synergistically with
another anti-HIV-1 siRNA, the Vif siRNA exhibited >80% inhibition of HIV-1
replication in Jurkat cells. These initial studies offered proof-of-concept that Vif
SsiRNA could be used to target HIV-1 mRNA through gene therapy; however,
after these initial reports in the mid-2000s, there have been no further
studies.™***** Multiple laboratories have undertaken programs in recent years to
discover small molecule Vif inhibitors, with the first-in-class Vif inhibitor being
discovered in 2008. This small molecule, entitled RN-18 (1.3), was identified
through cell-based high through screening (HTS) of 30,000 small molecules.**
Specifically, the HTS assay probed for molecules that maintained APOBEC3-
GFP fluorescence in the presence of Vif.'* Of the 25 identified hits, two
benzamides, RN-18 (1.3, Figure 1.8) and RN-19, exhibited Vif antagonism and
anti-HIV-1 activity in non-permissive cell lines.** It was also demonstrated that
RN-18 (1.3) and RN-19 increase cellular levels of APOBEC3G and APOBEC3G
encapsidation into budding viral particles.** Ultimately, RN-18 was prioritized for
further optimization because of its better potency (ICso = 4.5 uM (CEM cells) and
10 uM (H9 cells)) as compared to RN-19."*? Follow-up work by the Rana Lab
explored the structure activity relationship studies of RN18 (1.3), identifying a
number of tolerated isosteric and water-solubilizing modifications to the parent

135,136

molecule. However, these analogues only offered modest potency

improvements (from 10 uM to 1.0 pM in H9 cells) on RN-18 (1.3)."%>*%
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Figure 1.8. Chemical Structures of Small Molecule Leads that Function through
“Therapy by Hypermutation.77133,138—140,142,143,147,148

Work by Cen and colleagues may shed light on the mechanism of RN-18
(1.3) inhibition and its structurally related analogues. Using the HTS assay
reported by the Rana laboratory, a HTS of 8634 small molecules and natural
products identified two compounds, IMB-26 (1.4) and IMB-35 (1.5), as inhibitors
of Vif-mediated APOBEC3G degradation (1.8).'*" Specifically, at 2 uM, IMB-
26/35 (1.4, 1.5) reduced HIV-1 infectivity by 97% in H9 cells.™ Interestingly,

IMB-26/35 (1.4, 1.5) are structurally analogous to RN-18 (1.3) and like RN-18,
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IMB-26 (1.4) and IMB-35 (1.4) stabilize APOBEC3G expression and packaging in
the presence of Vif."*" Surface plasmon resonance experiments with IMB-26/35
(1.4, 1.5) determined that molecules of this class directly interact with
APOBEC3G, but have no binding affinity to Vif.'*’ The authors propose a
possible inhibitory mechanism where IMB-26/35 (1.4, 1.5) bind APOBEC3G and
prevent the enzyme from interfacing with Vif.**’ However, additional data are
needed to further test this model. Due to the structural similarity between these
inhibitors and RN-18 (1.3), similar mechanisms of Vif inhibition / APOBEC3G
protection are possible. However, it is important to note that despite their
structural similarity, treatment with RN-18 (1.3) leads to a reduction of Vif
expression in the cell, while treatment with IMB-25/35 has no effect on cellular
levels of Vif.®*" This observation could imply that RN-18 (1.3) is a direct Vif
binder.

The above-mentioned successes of using this fluorescence-based HTS
assay in identifying inhibitors of Vif-mediated APOBEC3G degradation have
prompted its use by additional labs. An HTS of 20000 compounds (Enamine)
performed by Matsui and colleagues identified a unique class of Vif-inhibitors.**®
In this effort, secondary screening with an analogous luciferase-based assay was
also employed. In brief, expression vectors for Luc-APOBEC3G and Vif were
transfected into 293T cells and challenged with small molecules.**® Compounds
that also recovered chemiluminescence intensity validated the findings from the
primary fluorescence-based screen. Ultimately, two small molecules, MM-1 and
MM-2 (1.6), were discovered to inhibit HIV-1 replication in non-permissive cells,
increase APOBEC3G expression in a dose dependant manner, and increase

APOBEC3G packaging into Vif-proficient viral particles (Figure 1.8)."*® To
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elucidate the mechanism of inhibition, immunoprecipitation studies were
performed to determine if the small molecules inhibited APOBEC3G-Vif binding.
Co-precipitation was unaffected in the presence of inhibitor suggesting that the
APOBEC3G-Vif binding interface was untouched. Moreover, immunoblotting
experiments with an anti-ubiquitin antibody demonstrated that MM-1 and MM-2
(2.6) did not inhibit ubiquitylation of APOBEC3G. In the last set of experiments,
the authors also noted that MM-1 and MM-2 (1.6) do not inhibit the 26S
proteasome.™®® As a result, the target of the MM series remains elusive and
additional studies are required to improve upon these early leads.

Most recently, the APOBEC3G-GFP reporter assay was used to screen
>20000 small molecules from Enamine.’® Of the 372 initial hits that restored
A3G-GFP fluorescence, 133 were found to additionally inhibit HIV-1 replication in
non-permissive H9 cells.’* With potent activity (50% inhibition at 5 uM), a drug-
like scaffold, and ease of SAR investigation, Pan and co-workers prioritized a
benzimidazole hit for further investigation.'*® Extensive SAR studies identified
compound 1.7 as the most potent Vif inhibitor discovered to date, with an ICsg .
value of 3.5 nM (Figure 1.8)."*° Like the Vif inhibitors described above, 1.7
protects cellular levels of APOBEC3G, and dampens Vif-regulated ubiquitylation
and degradation of APOBEC3G, and overall HIV-1 infectivity.*®* There is
noteworthy structural similarity between the discovered Vif inhibitors 1.6 and 1.7.
Accordingly, one could envision similar mechanisms of inhibition for these two
scaffolds. As described above, 1.6 did not inhibit the co-precipitation of Vif and
APOBEC3G.*® In surface plasmon resonance experiments with 1.7, however, a

modest reduction (17% of max resonance) in Vil-fAPOBEC3G binding was
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observed.'® Although this observation is conservative, the results suggest that
1.7 and its analogues, and potentially 1.6, could inhibit at the Vif-APOBEC3G
interface.’® Moreover, co-immunoprecipitation experiments demonstrated that
1.7 and its analogues have no effect on Vif binding to ELOB, ELOC and CULS5.

Improving upon these initial inhibitory scaffolds has been limited by the
lack of a full-length crystal structure of Vif and thus, the opportunity for structure-
based drug design. In 2013, Zhou and co-workers explored the binding modes of
the RN-18 (1.3) series by computer modelling using a previously reported Vif-
homology model.****** Through blind and focused docking, binding free energy
calculations, and molecular dynamics simulations, a common binding
conformation at the C-terminal interface of Vif-ELOC-CUL5 was purported to be
the binding site of RN-18 (1.3) and analogues.'*® These computational studies
additionally support the hypothesis that RN-18 (1.3) and IMB-26/35 (1.4, 1.5)
have unique mechanisms of action despite their structural similarities. The
authors subsequently offered a number of suggested structural modifications to
RN-18 (1.3) to improve upon compound binding affinity for Vif.**° Taken with this
study and the recent achievement of the first Vif crystal structure, structure-based
rational design and/or structure-guided optimization of existing Vif inhibitors can
finally be pursued.

Although a feasible strategy for achieving APOBEC3-catalyzed lethal
mutagenesis has been demonstrated, concerns about the rapid development of
drug resistance must be taken into consideration. As HIV-1 Vif undergoes rapid
evolution as a result of positive selection by the APOBEC3s and other sources of
HIV-1 genetic variation, the attainment of mutations that confer small molecule

resistance is a likely probability.
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A secondary strategy to enable APOBEC3 mutagenesis focuses on
interrupting essential Vif interaction surfaces. To achieve APOBEC3 degradation,
Vif requires the recruitment of numerous cellular proteins including
CUL5/NEDDS8, ELOB, ELOC, RBX2, and CBFB to the E3 ubiquitin ligase
complex. Being host proteins, these targets are inherently more stable —
undergoing a drastically reduced rate of evolution. There are four protein-protein
interactions (PPI) that are required to inhibit the APOBEC3s: the APOBEC3-Vif
interaction, the CBFB-Vif interaction,*** the ELOC-Vif interaction,”**® and the
CULS5-Vif interaction.™"**® Interruption of any of these interfaces would prevent
complex assembly and thus, APOBEC3 degradation. As proof of concept,
genetic knockdown of CBFp diminishes Vif expression and function.**

The recently achieved Vif-E3 ligase complex x-ray structure has offered
an enormous amount of structural information on the interfaces in this
complex.*? As such, drug discovery efforts targeting these interfaces should
benefit immensely. Structural information on the APOBEC3-Vif interface remains
a considerable gap in the field, and inhibition of this interface may be difficult due
to the high degree of Vif disorganization and the discontinuous surface by which
it engages the APOBEC3s. While previous work has identified potently
conserved structural motifs, an NMR or X-ray structure has not been
achieved.”®'® Moreover, recent evidence suggests that APOBEC3G may
engage Vif through an interface unique to that of APOBEC3F, and potentially the
other APOBEC3s. As a result, a protein-protein interface (PPI) inhibitor that

disrupts one APOBECS3-Vif interface may not necessary inhibit the others.
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Using a previously reported Vif-ELOB/ELOC homology model, Zuo and
co-workers virtually screened 1.2 million small molecules from the Available
Chemicals Directory (ACD) to identify a benzoylindolizine (1.8), designated VEC-
5, as a first-in-class Vif-ELOC protein-protein interface (PPI) inhibitor with
micromolar potency (Figure 1.8)."*"'** Similar to the previous studies, VEC-5
(2.8) inhibits HIV-1 replication only in non-permissive (A3G-positive) cell lines,
stabilizes cellular levels of APOBEC3G in the presence of Vif, augments A3G
packaging in budding viral particles, and reduces HIV-1 infectivity with an ICsg
value of 24 puM.**? Coimmunoprecipitation assays and label-free biolayer
interferometry (BLI) technology demonstrated that VEC-5 (1.8) treatment
abolished the binding interaction of Vif to ELOC/CULS5, while having no affect on
the Vif-APOBEC3G interface’* As seen with the follow-up studies on RN-18
(1.3), however, subsequent efforts to improve upon the potency of VEC-5 (1.8)
yielded only modest improvements (from ICs, = 24 uM to 19 puM).**

While the development of drug resistance by host enzymes is less likely,
the approach of targeting host enzymes also has liabilities. Small molecules that
bind and inhibit ELOC, CUL5, and/or CBFB may interfere with essential cellular
processes, Yyielding off-target effects or toxicities. Inhibitory molecules that
function via these mechanisms must be thoroughly vetted to characterize
inhibitor safety.

A final drug design strategy in this arm seeks to identify compounds that
agonize APOBECS3 activity or increase APOBEC3 expression to overcome Vif-
mediated degradation.”®"****> Fujita and co-workers reported the first small

molecule to agonize APOBEC3G. Inspired by the discovery that N,N,N’,N'-
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tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN) leaches zinc from the zinc-
coordinating motif of Vif, which in turn prevents APOBEC3G-Vif binding, Ejima
and co-workers examined the effect of a previously reported zinc chelator named
SN-1 on the Vif-APOBECS3 interface.’* SN-1 and related analogue SN-2 (1.9, 4-
(dimethylamine)-2,6-bis[(N-(2-[(2-nitrophenyl)dithio]ethyl)amino)methyl]pyridine)
had been previously investigated as inhibitors of the HIV-EP1 zinc finger (Figure
1.8).2481%"  Unexpected to the authors, SN-2 (1.9) was found to increase A3G
expression and inhibit HIV-1 replication at a concentration of 5 uM.*** Unique to
SN-2 (1.9), as compared to the previously discussed small molecules, was that
while SN-2 (1.9) promoted the stabilization of APOBEC3G expression and
packaging, it had no affect on Vif expression or function.*** Conversely, MG-132,
a proteasome inhibitor, stabilizes both APOBEC3G and Vif, as both proteins are
ubiquitylated and degraded through the E3 ligase complex and the 26S
proteasome. This finding suggests multiple possibilities: (1) there is an
additional cellular protein that can mediate APOBEC3G degradation and that SN-
2 inhibits this process or (2) that SN-2 can protect APOBEC3G from
ubiquitylation and thus, degradation at the proteasome.'®” With the wealth of
genetic and biochemical literature on the Vif-APOBEC3G interaction, it would
seem that the second hypothesis is more probable. If SN-2 can bind APOBEC3G
and block its ubiquitylation, APOBEC3G would be saved from proteasomal
degradation while the ubiquitylation and degradation of Vif would remain
unscathed.

Although growing excitement in the field exists for this novel strategy in

HIV-1 therapeutic design and the number of publications increases every year,
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small molecules that restore the pro-mutagenic capacity of the APOBEC3s
remain in their infancy. Most notably, there is an absence of data regarding the
biological targets and mechanisms of action of these lead Vif inhibitors.
Moreover, none of the above mentioned studies discussed the selection of Vif
resistance mutants by the small molecule inhibitors. Resistance remains the gold
standard for validating that a small molecule specifically targets a viral protein.
Failure to identify resistance mutants implies that the small molecule functions
via a non-specific mechanism of action in these cellular studies. Significant work
is required in the future to elucidate the specific protein-ligand interactions so that

improvements upon the current leads can be achieved.

1.4.4 Therapy by Hypomutation

Despite the ability of Vif to counteract APOBEC3-catalyzed mutation through
proteasomal degradation, strong evidence exists to support the hypothesis that
APOBEC3G is being exploited by HIV-1 through Vif modulation 118124125
Namely, isolated proviral sequences from HIV-1+ individuals demonstrate the

two characteristic patterns of APOBEC3-catalyzed deamination: 5-GG-AG and

5'-GA-to-AA.*®**% Moreover, deep sequencing has shown that antiretroviral
resistance mutations occur more frequently in the presence of APOBEC3G. %14
This suggests that the APOBEC3s remain functional to a sub-lethal level in a
clinical infection. Thus, a paradigm exists where HIV-1, by taking advantage of
the pro-mutagenic capabilities of the APOBEC3s, may regulate APOBEC3

activity to accomplish an advantageous level of mutation enabling optimal viral

fitness.'%®°%1%2 As a result, genetic variation attributable to the APOBECS3s likely
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contributes to the characteristically high mutation rate of HIV-1, its ability to
evade immune clearance mechanisms, and its rapid evolution of antiretroviral

106130 1 fact, a number of common resistance mutations to

resistance.
antiretroviral therapies may result from APOBEC3-catalyzed
deamination,'?®148.14915L153-155  The reglity that APOBEC3-catalyzed mutation
occurs frequently in clinical infection begs the question of whether the
APOBECSs function as an essential source of mutation for HIV-1.

One hypothesis is that APOBEC3-catalyzed deamination is an indispensable
source of mutation for HIV-1, and is required by the virus to achieve its
unprecedented level of fithess (Figure 1.7C). Therefore, current therapies and
vaccination strategies may benefit from removing the APOBEC3s as enablers of
HIV-1 evolution. Our strategy to reduce HIV-1 mutation by inhibiting the
APOBEC3s can be classified as ‘“therapy by hypomutation”**® Therapy by
hypomutation may be the key to offsetting the unprecedented balance between
HIV-1 mutagenesis and pathogenesis. For example, a small molecule APOBEC3
inhibitor that limits viral evolution, in combination with host immune clearance
mechanisms and/or the effective toolbox of antiretroviral drugs, may offer the
final piece to obtaining a curative HIV-1 strategy.
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Figure 1.9. Chemical Structure of APOBEC3G Inhibitor MN30 (1.10).
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A high-throughput screen of 1280 pharmacologically active compounds
(LOPAC, Sigma) completed by the Harris lab against recombinant APOBEC3A
and APOBEC3G accomplished the first-in-class small molecule inhibitors of
APOBEC3G." Of the 34 initial HTS hits, the majority encompassed a catechol-
based core. Representative of this inhibitor class, MN30 (1.10) was prioritized for
further investigation (Figure 1.9).* Through systematic site directed mutagenesis,
x-ray crystallography, and mass spectrometry experiments, MN30 (1.10) was
determined to covalently engage Cys321 upon auto-oxidation from the catechol
to the ortho-quinone." Interestingly, electrophoretic mobility shift assays (EMSAS)
demonstrated that although MN30 (1.10) binds near the APOBEC3G active site;
enzyme - substrate binding was not inhibited." This observation is likely
explained by the ability of APOBEC3G NTD to bind substrate, while the CTD is
covalently bound to and inhibited by MN30 (1.10). As a result, MN30 (1.10)-
mediated inhibition of APOBEC3G is proposed to be competitive with substrate
binding within the active site, as an energy-minimized model of MN30 bound to
C321 suggested that the added steric bulk of MN30 forces the adjacent Y315 to
flip and negatively contact W285, an active site residue.*®* Both Y315 and W285
are conserved and essential for enzyme function.*® Thus, despite the ability of
APOBEC3G to bind its DNA substrate while inhibited by MN30 (1.10), the
resulting conformational change may prevent the targeted DNA cytosine from
entering the APOBEC3G active site or positioning appropriately for catalytic

turnover.!
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Figure 1.10. Crystal Structure of APOBEC3G CTD Emphasizing the Proximity of
C321 to the Active Site (PDB: 3V4K: Rendered in PyMOL 1.3).! Additional
residues that are key to MN30’s mechanism of inhibition, such as Y315 and
W285, are represented as sticks. Molecular modelling suggests that MN30
binding to C321 causes Y315 to flip, forcing negative interactions with W285.*

Importantly, this work identified that a cysteine residue located within 8 A of
the zinc-containing active site is a unique structural feature of APOBEC3G." As a
result, electrophilic small molecules specifically inhibit APOBEC3G versus other
APOBEC3 family members, with 1Csy’'s ~ 1-20 uM for APOBEC3G versus >200
uM for other APOBEC3s."*® Sensitivity to MN30 (1.10) could be engineered into
APOBEC3A by grafting the entire C321-containing loop (loop 7) from
APOBEC3G into APOBEC3A." Following this seminal work to deliver the first
APOBEC3G inhibitors, multiple follow-up studies were pursued collaboratively by
the Harki and Harris laboratories. The details of those studies will be presented in

the course of this thesis.
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1.5 The Role of APOBEC3B in Cancer

As described in the preceding sections, targeted mutagenesis, as
catalyzed by the APOBECS3s, represents a powerful defense mechanism of the
human innate immune system. However, the existence of a pro-mutagenic host
enzyme raises concerns about what pathological consequences exist when the
APOBEC3s are misregulated. As cancer progression requires the continued
acquisition of somatic mutations, APOBEC3s that have access to host genetic
material could rapidly mutate the human genome. A number of observations
suggested that one of more of the APOBEC3s could contribute to mutagenesis in
cancer. First, multiple reports over the last decade demonstrated that the
mutation patterns in various cancers are dominated by cytosine-to-thymine (C-to-
T) transition mutations.”"'®® DNA cytosine deamination, as catalyzed by the
APOBEC3s, destroys Watson-Crick base pairing by producing uracils that
template the insertion of adenines, which subsequently template thymines during
DNA replication. Additionally, related members of the APOBEC gene family,
APOBEC1 and AID, offer examples of enzyme dependant mutator states that
catalyze endogenous genomic mutation. AID evolved to diversify antibody gene
variable regions to promote antibody isotype switching (class switch
recombination) for greater recognition of pathogens.” However, erroneous
processing of AlD-dependant lesions can cause chromosomal translocations,
such as the Ig-Myc translocation that initiates B cell lymphomas.**®®® APOBEC1
is specifically located in hepatocytes and is implicated in cancers of the liver.**®
Finally, APOBEC3B is nuclear localized, having the opportunity to access and

mutate the human genome.***"°
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Employing breast cancer as a model, Burns et al. demonstrated that
APOBEC3B messenger RNA (mRNA) is up-regulated in 65% of patient-derived
primary breast cancer specimens and 90% of breast cancer cell lines.*” In 12 of
the 38 lines tested, APOBEC3B was over-expressed 10-fold compared to healthy
mammary epithelial lines.'” Tumors that over-express APOBEC3B also have
twice as many overall mutations compared to low APOBEC3B expressing breast
tumors and are more likely to have mutations in TP53, the well-known tumor
suppressor gene.'’ Knockdown experiments performed by the Harris laboratory
have directly correlated APOBEC3B activity with increased genomic uracil
content, overall mutation load, frequency of C-to-T transitions, cell cycle
deviations, cell death, and DNA fragmentation, each individual event contributing
to breast cancer development, propagation and relapse.’” The mutagenic
capacity of APOBECS3B suggests a chronic source of DNA damage is innate, and
further, offers a mechanism by which TP53 is endogenously inactivated.

A model of chronic endogenous mutation may explain the heterogeneity,
rapid evolution and therapeutic resistance characteristic of many tumors. In that
vein, APOBEC3B expression was found to be similarly up-regulated in ovarian,**®
lung, bladder, head/neck,'®® and cervical cancers.**’*"* It is now widely accepted
that APOBEC3B over-expression prompts a ‘hypermutable cancer state’, similar
to misregulated AID and APOBEC1, allowing for rapid tumor growth, aggressive

metastasis, and therapeutic and/or immunological resistance (Figure 1.10).
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Figure 1.11. Model for APOBEC3B-Catalyzed Transition Mutations in Cancer.
Acquired somatic mutation over the course of an individual's lifetime can
transform a healthy cell into a tumor cell. In the figure, darker shades of blue
represent a higher mutational load. APOBEC3B represents one source of
endogenous somatic mutation. Mutation catalyzed by APOBEC3B can give rise
to tumor cell growth, metastasis, and the development of therapeutic resistance.
APOBEC3B preferentially deaminates DNA cytosines in 5-TCA contexts. The
resulting uracil templates the insertion of adenine during complementary strand
synthesis and uracil base excision repair will convert the U-A base pair to T-A (a
C-to-T transition mutation).

A clear relationship between APOBEC3B over-expression and clinical breast
cancer progression has recently been elucidated through survival studies of a
cohort of estrogen receptor-positive breast cancer patients (ER+)."*'"® In this
study, APOBEC3B mRNA levels in previously cryopreserved breast cancer
samples were determined by qPCR. The large cohort was divided into two
groups, APOBEC3B-high and APOBEC3B-low expressers, and overall and
disease-free survival was correlated for each of the patients.®" Ultimately,
patients in the high APOBEC3B-expressing cohort were found to have shorter
durations of both disease-free and overall survival.'’? For example, of 633 lymph-
node-negative, ER+ breast cancer patients, 201/317 APOBEC3B-low expressing
patients were alive after six years, compared to 171/316 APOBEC3B-high
expressing patients.’”> As a result, the level of APOBEC3B expression may

serve as a prognostic marker for ER+ breast cancers in the future.
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As a result of these paradigm shifting observations, APOBEC3B serves as a
candidate drug target to control pro-cancerous mutations that likely result in
cancer recurrence, metastasis, and the development of chemotherapeutic
resistance. Moreover, APOBEC3B is a non-essential enzyme in humans,
confirmed by the existence of a prevalent polymorphic deletion allele in the
general population.'® Efforts to discover the first APOBEC3B small molecule
inhibitor for further development into a useful cellular probe of APOBEC3B-

catalyzed mutation will be discussed in the course of this thesis.

1.6 Preface to this Thesis

The following chapters disclose my efforts to discover novel APOBEC3
inhibitors for development as HIV-1 and cancer therapeutic leads. Chapter 2
discusses optimization and implementation of the first APOBEC3B-focused HTS
of approximately 168,000 small molecules. This screen identified inhibitory lead
MN23 (2.16), which is currently under investigation for APOBEC3B and
APOBEC3G inhibition. Chapter 3 builds on the work described in Section 1.4.4.
Specifically, a novel APOBEC3G inhibitor, based on a 1,2,4-triazole-3-thiol
substructure, was discovered to inhibit APOBEC3G through a mechanism similar
to MN30 (1.10). The synthesis, SAR, and mechanism of action studies regarding
this scaffold are reported therein. Chapter 4 communicates the discovery of an
APOBEC3B/G inhibitor from a decomposed HTS hit. An extensive study on the
mechanism and scope of this decomposition was investigated to properly
annotate HTS libraries in the future. Chapter 5 continues the work reported in
Chapter 3 by designing and synthesizing small molecule covalent probes of

APOBEC3G to investigate protein — ligand structure and possible mechanisms of
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inhibition. Appendix A highlights work conducted on the characterization of
guanosine monophosphate synthetase (GMPS) enantioselectivity, an essential
enzyme in nucleotide biosynthesis. Finally, Appendix B discusses the in vitro thiol
reactivity of EPI-001, a small molecule of interest for future development into a

next-generation prostate cancer therapy.
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Chapter 2

HIGH-THROUGHPUT SCREENING FOR APOBECS3B INHIBITOR DISCOVERY

This work was performed in collaboration with Dr. Ming Li, Dr. Angela L. Perkins,
Dr. Dibyendu Dana, Professor Reuben S. Harris, and Professor Daniel A. Harki.

This work would not be possible without the instruction and guidance of the
Harvard Medical School ICCB-Longwood Screening Staff. In particular, Dr.
Jennifer Smith was instrumental in helping us plan and optimize our high-
throughput screen. Mr. Douglas Flood and Mr. Stewart Rudnicki were invaluable
to troubleshooting obstacles associated with the screen. Finally, Mr. David
Wrobel and Ms. Jennifer Nale helped to compile and manage the screening data.
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2.1 Introduction

APOBEC3B (apolipoprotein B  mRNA editing enzyme, catalytic
polypeptide-like 3B) is a single stranded (ss)DNA cytosine-to-uracil (C-to-U)
deaminase that functions in innate immunity to protect host cells from viral
infection.>”**3° APOBEC3B belongs to a larger family of polynucleotide DNA
cytosine deaminases, which includes AID, APOBEC1, APOBEC2,
APOBEC3A/B/C/D/FIG/H, and APOBEC4.* The protective mechanism catalyzed
by this enzyme family is C-to-U deamination of DNA parasites, such as
retroviruses and retrotransposons, which translates to an elevated level of DNA
uracil content in the foreign genome. Importantly, DNA uracils (U) are pre-
mutagenic lesions because DNA polymerases incorrectly read these
nucleobases as thymines (T), templating the insertion of adenines (A) during
replication. As a result, APOBECS3B can initiate C-to-T transition mutations when
the DNA uracils resulting from APOBEC3B-dependant deamination go
unrepaired. Moreover, uracil DNA glycosylase (UDG), a DNA proofreading
enzyme, can excise DNA uracils to generate abasic sites, which are often
incorrectly repaired. For example, the REV1 polymerase inserts a C opposite an
abasic site, which in the case of APOBEC3B-dependant deamination, results in a
C-to-G transversion mutation.'”*'”> Taken together, the biological function of
APOBEC3B underlies a number of simple and complex mutagenic
outcomes. '’ 71178177

The existence and widespread expression of the APOBEC3 family
prompted the APOBEC mutator hypothesis, whereby one or more of the

APOBEC3s was proposed to provide an endogenous source of somatic mutation
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in cancer.?*"®1% Accumulated somatic mutation not only transforms healthy cells
into tumor cells, but continuously provides the evolutionary fuel to enable tumor
cell growth, cancer metastasis, and chemotherapeutic resistance.’” Following
this hypothesis, array hybridization experiments suggested that at least one
APOBEC3 was over-expressed in several cancers,” and genetic experiments in
yeast indicated that the APOBEC3 enzymes could mutate eukaryotic genomic
DNA.*® Further, genome sequencing of many cancers displayed somatic
mutation patterns dominated by C-to-T transitions, the characteristic pattern of
APOBEC3-catalyzed mutation.'>" %181

Evidence for enzyme-dependent mutator states can be demonstrated by
the APOBEC3-related proteins AID and APOBEC1. AID evolved to diversify
antibody gene variable regions to promote antibody isotype switching (class
switch recombination) for greater recognition of pathogens.” However, erroneous
processing of AlD-dependent lesions can cause chromosomal translocations,
such as the Ig-Myc translocation that initiates B cell lymphomas.?®°1¢7
Moreover, mis-regulation of APOBEC1-catalyzed deamination has recently been
implicated in esophageal adenocarcinomas.'® Recent evidence suggests that
APOBEC3B similarly prompts a ‘hypermutable’ cancer state, which allows for
rapid tumor growth, aggressive metastasis, and therapeutic and/or
immunological resistance.*’

Quantitative PCR (qPRC) experiments were employed by Harris and
colleagues to determine which APOBEC3s were expressed at higher levels in
breast cancer cells in comparison to normal breast tissues.'” APOBEC3B was
the sole APOBEC family member found to be up-regulated in cancerous tissues,

and was virtually non-detectable in matched normal tissues.’” The other
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APOBEC3s (APOBEC3A/D/FIG and H) were expressed at similar levels in both
cancerous and normal cells.'” Specifically, APOBEC3B was over-expressed in
65% of primary breast cancers and 90% of breast cancer cell lines.*” The distinct
pattern of APOBEC3B up-regulation in breast tumors and cells lines suggested
that this enzyme may have a role in breast cancer mutagenesis.*’

To provide evidence for this hypothesis, the Harris laboratory
demonstrated that over-expression of APOBEC3B in breast tumors correlates to
an increase in C-to-T transition mutations as compared to low APOBEC3B-
expressing tumors.!” Moreover, genetic knockdown of APOBEC3B mRNA
produces cells with lower levels of genomic uracil content and lower mutation
frequencies in TP53, the well-known tumor suppressor gene.!’ Ultimately, tumors
that over-express APOBEC3B have twice as many overall mutations when
compared to their low APOBEC3B-expressing counterparts. As a result,
APOBEC3B has become widely accepted as a cancer facilitator, driving the
genetic diversity of tumors through deamination-mediated mutational
events.'’"*®® This foundational work, which implicated APOBECB as a source of
genetic diversity in breast cancer, has since been extended to mutagenesis
paradigms in head/neck, cervical, bladder, lung, and ovarian cancers.*’*!6:184-188

APOBEC3B over-expression also correlates to negative outcomes in a
clinical setting. Survival in a large cohort of estrogen receptor-postive breast
cancer patients was recently analyzed for a relationship to APOBEC3B
expression levels.'”? Strikingly, the duration of survival in APOBEC3B-high
expressing patients was significantly shorter than in APOBEC3B-low
expressers.*’? Consequently, APOBEC3B may offer a prime therapeutic target

for preventing the evolution of tumors, and thus, detrimental mutation-dependent
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outcomes such as cancer recurrence, metastasis and drug resistance.
Importantly, APOBEC3B is a non-essential enzyme, as a natural 29.5 kb deletion
allele is prevalent in some populations.'®® Specifically, the frequency of the
deletion allele is 93% in Oceanic populations, 37% in Asian populations, and
58% in North American Indian populations.'®® Moreover, APOBEC3B is rarely
expressed in most normal tissues, highlighting its benefits as a novel therapeutic

target for cancer.
2.2 Previous APOBECS3 Screening Efforts

The Harki and Harris Labs previously collaborated with the University of
Minnesota Institute for Therapeutics Discovery & Development (ITDD) and the
Sanford-Burnham Medical Research Institute to accomplish the HTS of ~350,000
small molecules for APOBEC3A (88% amino acid identity to APOBEC3B CTD)
and APOBEC3G (65% amino acid identity to APOBEC3A CTD) inhibition.>*%¢%°
A fluorescence-based DNA deamination assay was employed (Figure 2.1), and
relied on the 2 h incubation of full-length human APOBEC3A or APOBEC3G with
a ssDNA oligonucleotide substrate that contains the target DNA cytosine, a 5'-6-

FAM fluorophore, and a 3-TAMRA quenching molecule.® Subsequent addition of

E. coli uracil DNA glycosylase (UDG) enabled excision of the deamination-
dependant DNA uracil lesion, and treatment with NaOH promoted cleavage of
the phosphodiester backbone at the abasic site." Upon cleavage, the 6-FAM
fluorophore was released from the quenching TAMRA, and deaminase activity
was quantified directly with a fluorescence plate reader." The average Z-score for

these screens was ~0.85, highlighting the robust and reproducible nature of the
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assay. Using this fluorescence-based assay, 32 APOBEC3A-specific, 154
APOBEC3G-specific, and 161 APOBEC3A/APOBEC3G-dual inhibitory
compounds were identified through primary HTS and confirmatory biochemical
evaluation with commercially purchased materials. On-going studies of small
molecules leads identified through these screening efforts form the basis of

Chapters 3-5 in this thesis.

2.3 Design of the APOBEC3B-Focused HTS Assay

With the characterization of APOBEC3B as an enabler of genetic
evolution in multiple cancers, we sought to identify the first small molecule
inhibitors of APOBEC3B. An APOBEC3B inhibitor would complement the current
arsenal of chemotherapeutics by decreasing the overall DNA mutation rate in
cancer cells, reducing the ability of tumors to adapt to chemotherapeutic and/or
immunological pressures. We employed the previously reported fluorescence-
based DNA deamination assay to discover APOBEC3B inhibitory leads.>*****! In
short, recombinant APOBEC3B CTD was incubated with a ssDNA oligomer
containing a 5’-6-FAM fluorophore and a 3-TAMRA quenching molecule (Figure
2.1)." In this absence of a small molecule inhibitor, APOBEC3B CTD deaminates
the target DNA cytosine to a DNA uracil, which is excised by E. coli UDG."
Addition of NaOH prompts cleavage of the phosphodiester backbone at the
abasic site, which releases the 6-FAM fluorophore from the TAMRA quench.!
Deaminase activity is quantified by measuring fluorescence.® Small molecule
inhibition of APOBEC3B CTD deamination preserves the DNA oligomer,

maintaining the substrate with quenched fluorescence." Based on the

recommended guidelines for reporting HTS assays proposed by Inglese, Shamu
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& Guy, a detailed description of this fluorescence-based DNA C-to-U HTS assay

is described in Table 2.1.1%

= Quenched” ~
pas nm/-\ < ’ fluorescence ~\
6-FAM E ’ TAMRA

APOBE ) +/- small molecule
inhibitors
Jracil-DNA
Slycosylase
I
NaOH (aq.)

l

517 nm emission

Figure 2.1. Fluorescence-Based C-to-U Deamination Assay for High-Throughput
Screening. Uninhibited APOBEC3-catalyzed deamination results in a high
fluorescence readout, while potent APOBECS3 inhibition reads as background
fluorescence signal. This figure is inspired by an earlier version published in Li,
M. et al. ACS Chem. Biol., 2012, 7, 506.517."

This assay was employed by Ms. Margaret Olson and Dr. Ming Li to
screen 168,192 small molecules against APOBEC3B CTD at the ICCB-
Longwood Screening Center at Harvard Medical School (Boston, MA). Specificity
for APOBEC3B CTD inhibition was gauged by counter-screening against related
APOBEC3 family member APOBEC3G. APOBEC3G has been previously shown

to contain a reactive and readily modified cysteine residue nearby the active site
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(for a detailed description, see Chapter 1.4.4).%**® As a result, counter-screening
against APOBEC3G flagged many predicted electrophilic inhibitors present in the
HTS libraries. The average Z-scores for the HTS were 0.8 for APOBEC3B CTD
and 0.6 for APOBECSG, indicating that the assay was robust and reproducible.
Though this effort, a small molecule pan inhibitor of the APOBEC3 family was
discovered, offering an exciting starting point for further development as a

molecular probe of the APOBEC3B mutator hypothesis.

Table 2.1 Step-Wise HTS Protocol and Description

Assay Protocol (384 Well Plate Format)

Parameter Value Description
Enzvmes 401 APOBEC3B CTD or APOBEC3G-
y 9 mycHis in Protein Dilution Buffer?
Compounds 33 1L Library Compounds as 10 mM DMSO
Stock Solutions
Substrate 2 oMol 5'-6-FAM-AAA-TAT-CCC-AAA-GAG-
P AGA-TAMRA-3'
Reaction L a b
Volume 12 L Protein Dilution Buffer® and TE Buffer
Regctlon 30 min RT Incubation
Time
Detection 172 ul Protein Dilution Buffer?, TE Buffer®, 4
Volume <M N NaOH, 2 M Tris-CI°
Det_ectlon 60 min RT
Time
Readout 517 nm Fluorescence
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Assay Steps

1 Add 10 uL enzyme in protein dilution buffer® to each well.
2 Compound transferred to each well via pin array.
3 Add substrate and UDG (0.01 unit) in 2 uL TE buffer®.
4 Add 1.2 uL 4 N NaOH to quench reaction.
5 Add 4 pL 2 M Tris-CI° to neutralize reaction.

Measure fluorescence with Perkin Elmer Envision®
6

(Ex: 490 nm; Em: 517 nm)

450 mM Tris-Cl, pH 7.4 150 mM NaCl, 10% glycerol, 0.5% Triton X-100
®1x TE Buffer: 10 mM Tris, 1 mM EDTA, pH=8.0
“Tris-Cl: 2 M Tris, HCI to adjust pH to 7.4

2.3.1 Assay Optimization from Previous Screens

The assay described above was previously employed in a large scale
HTS to discover the first inhibitors of APOBEC3G.>**® A total of 330,000 small
molecules were interrogated, and ultimately, a disproportionately high number of
covalent APOBEC3G modifiers were identified. We reasoned that the conditions
of the previous assay enriched for inhibitors with covalent mechanisms of action
because of an excessively long incubation time (2 h). When initiating this
APOBEC3B-focused HTS, we sought to optimize the assay as to identify

inhibitors that were more likely to exhibit non-covalent mechanisms of action. To
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enrich for a desired mechanism of inhibition, such as allosteric, competitive,
slow-binding, or uncompetitive, important considerations for optimizing an HTS
assay include incubation time, substrate concentration, and order of reagent
addition.’®*** |n optimizing this screen, we interrogated the assay incubation
time as it related to the kinetics of APOBEC3B deamination. Previous screening
efforts with this assay employed a 2 h incubation time; however, in studying the
extent of APOBEC3B/G deamination over time, it was evident that the enzyme
was well outside its initial rate period at 2 h. Thus, the previous screen effectively
enriched for HTS ‘hits’ that were slow-binding and irreversible covalent inhibitors
that saturated the enzyme. It was hypothesized that quenching the reaction at an
earlier time point could eliminate the identification of irreversible inhibitors. As a
result, this APOBEC3B-focused screen relied on an incubation time of 30 min,
which would query the enzyme during initial velocity, yet logistically allow for the

handling of large numbers of plates.
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Figure 2.2. Activity vs. Time Plot of APOBEC3 Deamination Activity. The linear
period lasts for 50 min. For HTS, a 30 min incubation was selected to enable
screening during the initial velocity of APOBEC3B and APOBEC3G.
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The HTS assay was also miniaturized for resource efficiency in
comparison with previous screening efforts. Formerly, small molecules, as 10
mM DMSO stock solutions, were transferred to 15 uL of enzyme (APOBEC3A/G)
in protein dilution buffer." ssDNA substrate and UDG diluted in 15 pL of oligomer
buffer were added, resulting in a 30 uL reaction volume.! In this screen, the final
reaction volume was 12 ulL, which was comprised of 10 uL of 150 nM
APOBEC3B CTD and 67.5 nM APOBECS3G in protein dilution buffer, to which the
small molecule stock solutions were transferred, and 2 uL ssDNA substrate and
UDG in TE buffer. Though our strategy was to reduce the reaction volume
further, the 12 pL reaction volume was selected for compatibility with ICCB-
Longwood’s compound transfer technology. Specifically, a robotic platform with a

stainless steel pin array (V&P _Scientific, Inc.) was employed to transfer nanoliter

volumes of small molecule stock solutions. After being submerged in the source
plate, small droplets of the small molecule DMSO stock form on the pin heads.
Compound transfer is accomplished when the droplets, which are held to the pin
head by surface tension, are immersed into the experimental wells. For accurate
transfer, we needed 10 uL of pre-dispensed volume in the experimental plates.
For the APOBEC3B-focused screen, small molecule controls were also
incorporated into each experimental plate. Specifically, aurintricarboxylic acid
(ATA), a potent and non-specific inhibitor of the APOBEC3s, was used as a
positive control for APOBECS3B inhibition. MN256.0102 (3.8), an APOBEC3G-
specific inhibitor, was employed as a positive control for APOBEC3G-specific
inhibition. These controls were used in addition to the high and low protein

controls employed previously. The high protein control reports the fluorescent

43


http://www.vp-scientific.com/

reading when the APOBEC3s are unchallenged by small molecule inhibitor, and
the low protein control contains all assay reagents except protein. The low
control enables the measurement of background fluorescence.

The final modification to this APOBEC3B-focused screen was the
strategy to test every compound in duplicate against both enzymes. In other
words, each library member was screened four times, two times against
APOBEC3B and two times against APOBEC3G. Our earlier screens were
characterized by a significant number of false positive hits, slowing efforts in both
the discovery and development of APOBEC3 inhibitors. In this screen, duplicate
screening was employed to reduce the number of false positive hits. Duplicate
screening enables the removal of experimental outliers during data analysis
(Figure 2.3). While these outliers would have been characterized as hits in
previous screening efforts, they were easily reclassified as false positives using
this strategy. Compounds were only prioritized for further investigation after two

confirmatory data points in the primary screen.
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Figure 2.3. Reproducibility of the Screening Data. Duplicate data for plate 1436
are displayed to represent results of the primary screen. Data that are consistent
between the two plates fall on the linear plot with good fit (R* > 0.99). Control
data are observed on the far left of the plot with RFU readings ~1.0x10". Non-
active compounds fall on the far right of the plot with RFU readings ~5.0x10".
Confirmed hits would be observed in between. Outliers are observed askew from
the linear fit as demonstrated by the data point circled in red. RFU = Relative
Fluorescence Units.

2.4 Implementation of the Primary Screen and ldentification of Hits

In this effort, 168,192 small molecules from 20 commercially-available
libraries were screened at 27.5 uM. The screened libraries included: the Library
of Pharmacologically Active Compounds (LOPAC, Sigma), the NIH Chemical
Collection (NIHCC), Maybridge Libraries 3-5, Asinex1, Biomol4 (FDA Approved
Library), the Prestwick 2 Collection, MicroSource Discovery 1, Tocrisscreen Mini-
Library, ChemDiv 5-7, SYNthesis Med Chem Kinase Inhibitor 1, the ChemBridge
Focused G-Protein Coupled Receptor Library, the ChemBridge Focused lon
Channel Core, the ChemBridge Focused Nuclear Hormone Receptor-Based

Core, the ChemBridge Focused Kinase-Based Core, LINCS3 Chromatin
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Targeting Library, Enamine 2, ChemBridge 3, and Life Chemicals 1. The primary
screen resulted in 83 APOBECS3B-specific inhibitors (0.05% hit rate), 1099
APOBEC3G-specific inhibitors (0.7% hit rate), and 253 APOBEC3B/G dual
inhibitors (0.2% hit rate), after filtering to remove pan assay inference scaffolds
(PAINS)."® Compounds that reduced APOBEC3B CTD deaminase activity by at
least 20%, and inhibited APOBEC3G no more than 15% were defined as
APOBEC3B-specific. Compounds that reduced APOBEC3G deaminase activity
by at least 40% and inhibited APOBEC3B CTD no more than 15% were defined
as APOEC3G-specific. Finally, compounds that inhibited APOBEC3B by at least
20% and APOBEC3G by at least 40% were identified as dual inhibitors. The
number of identified hits in each library is displayed in Table 2.2. After visual
inspection to ensure drug-likeness of the primary hits, 371 small molecules were
selected for further dose response experiments. The 371 compounds included 69
A3B-specific inhibitors, 184 A3B/A3G dual inhibitors, and 119 APOBEC3G-

specific inhibitors.

Table 2.2. Summary of Screened Libraries and Hit Rates

Primary Screening Report é‘?‘l[?’) A3G Dual Total
1 14 12 27

LOPAC (1,280)
01%  1.1% 0.9% 2.1%

0 8 4 12
NIHCC (727)
0.0% 11% 0.6% 1.7%
3 180 21 204
Maybridge(15,427)

0.0% 1.2% 0.1% 1.3%

4 200 43 247
Asinex 1 (12,378)
0.0% 1.6% 0.3% 2.0%
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2 2 0 4
Biomol 4 - FDA Approved Drug Library (640)
0.3% 0.3% 0.0% 0.6%
0 2 1 3
Prestwick2 Collection (1,120)
0.0% 0.2% 0.1% 0.3%
0 2 1 3
MicroSource Discovery 1 (270)
0.0% 0.7% 0.4% 1.1%
7 3 4 14
Tocriscreen™ Mini Library-Makoto (1,120)
0.6% 0.3% 0.4% 1.3%
1 476 63 540
ChemDiv7 (49,128)
0.1% 1.0% 0.1% 1.1%
28 147 54 229
ChemDivé6 (44,000)
0.1% 0.3% 0.1% 0.5%
0 1 0 1
ChemDiv5 (1,249)
0.0% 0.1% 0.0% 0.1%
SYNthesis med chem Kinase Inhibitor 1 0 0 0 0
(288) 00%  0.0% 0.0% 0.0%
ChemBridge Focused G-Protein Coupled 0 0 0 0
Receptor Library (250) 0.0% 0.0% 00% 0.0%
ChemBridge Focused lon Channel Core 0 0 0 0
(250) 0.0% 0.0% 0.0% 0.0%
ChemBridge Focused Nuclear Hormone 0 1 0 1
Receptor-Based Core (250) 0.0% 0.4% 0.0% 0.4%
ChemBridge Focused Kinase-Based Core 0 0 0 0
(250) 0.0%  0.0% 0.0% 0.0%
0 3 2 5
LINCS3 Chromatin-Targeting Library (164)
0.0% 1.8% 1.2% 3.0%
37 806 193 1,036
Enamine 2 (26,576)
0.1% 3.0% 0.7% 3.9%
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3 112 14 129
ChemBridge3 (9,504/10,560)
0.0% 11% 0.1% 1.2%

0 96 24 120
Life Chemicals 1 (3,893)
0.0% 25% 0.6% 3.1%

83 1,099 253 1,645
Total (168,192)
0.05% 0.7% 0.2% 1.0%

2.5 Dose Response Assays

Twelve-point dose response curves (100 uM — 49 nM, 1.2 dilutions) were
generated for the 371 primary hits to reconfirm the observed inhibitory activity
and to determine ICs, values. Of the 69 APOBEC3B-specific primary hits, none
of the compounds exhibited APOBECS3B inhibition in dose response assays.
Forty-two dual APOBECS3B/G inhibitors of the 184 primary hits (~22%)
maintained APOBEC3B inhibition in dose response experiments, displaying ICsg
values from 2 uM — 500 puM. Similarly, 36 of the 119 primary APOBEC3G-specific
hits (30%) maintained inhibition in dose response experiments, with ICs values
from 2 uyM - 60 pM. All of the APOBEC3B/G dual inhibitory leads were
purchased, if commercially available, for further interrogation in-house. Five of

the 42 prioritized leads were not commercially available.

2.6 Quality Control and Dose Response on Commercial Material

The 37 purchased small molecules were analyzed for chemical integrity

by two wavelength HPLC and LCMS (Table 2.3).
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Table 2.3. Purities and Activities of Purchased APOBEC3B/G Dual Inhibitory
Leads from Commercial Vendors.

MN Number? Vendor Purity®  1Cs (A3B) ICs (A3G)
MN23 Aldrich >99% 0.15 pM 5.5 uM
MN59 Microsource >99% >100 uM >100 uM
MN347 Life Chemicals >99% 83 uM >100 uM
MN348 TimTec >00% 8 uM 3.5uM
MN349 ChemBridge N/A 3.9 uM 18 uM
MN350 ChemBridge 41% >100 uM 7.0 uM
MN351 ChemBridge >09% >100 uM >100 uM
MN352 Asinex >09% >100 uM >100 uM
MN353 Asinex >09% 4.8 uM 3.2 uM
MN354 Asinex >99% 4.5uM 4.2 uM
MN355 Asinex N/A <1l uM 2.7 uM
MN356 Asinex <99% 4.8 uM 23 uM
MN357 Asinex >99% >100 pM >100 uM
MN358 ChemDiv >99% 3.6 uM 13 uM
MN359 ChembDiv >99% 5.1 uM 16 uM
MN360 ChemDiv >99% 0.2 uM 2.4 uM
MN361 ChembDiv >99% 36 uM 70 uM
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MN362

MN363

MN364

MN365

MN366

MN367

MN368

MN369

MN370

MN371

MN372

MN373

MN374

MN375

MN376

MN377

MN378

MN379

MN380

MN381

ChemDiv

ChemDlv

ChemDiv

ChemDiv

Alfa Aesar

ChemDiv

ChemDiv

Ambinter

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

Enamine

>99%

>99%

7%

>99%

N/A

>99%

>99%

>99%

N/A

>99%

83%

N/A

>99%

>99%

89%

90%

60%

>99%

45%

>99%

2.3uM

>100 uM

11 uM

8.4 uM

8.6 uM

17 uM

>100 uM

>100 uM
>100 uM
5.0 uM
>100 uM
>100 uM
13 uM
>100 uM
6.4 uM
>100 uM
11 uM
96 uM
15 uM

7.8 uM

8.2 uM

>100 uM

14 uM

4.9 uM

0.3 uM

12 uM

>100 uM

>100 uM
>100 pM
51uM
>100 pM
>100 pM
16 puM
94 uM
6.7 uM
>100 pM
15 uM
54 uM
19 uM

12 uM
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4Compounds purchased as a part this effort were catalogued with an in-house MN
number. bPurity was measured by two-wavelength HPLC (254/215 nm). The percent
purity displayed is the lower of the two observed values. N/A = No UV absorbance or
mass signal was observed during analysis.

HPLC and LCMS analysis confirmed that 24 of the 37 purchased leads
were >95% pure by two wavelengths (254/215 nm). Dose response assays were
performed in-house to reconfirm the APOBEC3B inhibitory activity associated
with the leads. Thirteen of the repurchased compounds evaluated at the
University of Minnesota showed no APOBEC3B inhibition when tested up to 100
puM. To be prioritized for further investigation, the purchased compounds had to
demonstrate >95% purity by two wavelengths and an ICs, value against
APOBEC3B < 100 uM. After these quality control experiments, 16 potential

APOBEC3B inhibitors were identified and are shown in Figure 2.4.
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Figure 2.4. Chemical Structures of APOBEC3B Inhibitory Leads Identified at
ICCB-Longwood, Harvard Medical School. Compounds in this graphic were
>95% pure by two-wavelengths (254/215 nm) and inhibited A3B with an ICsy <
100 puM, when purchased commercially. The majority of these compounds were

promoted for further interrogation.
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2.7 Lead Triage of Active Commercial APOBEC3B Inhibitors

Despite passing the computational PAINS filter, MN347 (2.1) and MN356
(2.5) were disqualified from further analysis as a result of containing PAINS-like
substructures, an a, B, A, 6-unsaturated carbonyl and a tri-substituted pyrrole,
respectively. Moreover, MN379 (2.14) was eliminated because of its
unimpressive inhibitory activity. The remaining 13 compounds were further
interrogated by Ms. Olson and members of the Harki laboratory through
purification of commercially available samples, synthesis of compounds that
could not be purchased in suitable quantities for purification, and then
biochemical evaluation of the pure samples to reconfirm APOBEC3B inhibitory
activity. Commercial materials were purified by SiO, flash column
chromatography and/or reverse phase HPLC. Following purification of the
commercially available compounds and synthesis of those that were not
available, 12/13 compounds failed to demonstrate APOBEC3B inhibition when
tested up to 200 uM (Table 2.4). The following compounds failed to be validated
as ‘real’ APOBEC3B inhibitors through these studies: MN348 (2.2), MN353 (2.3),
MN354 (2.4), MN359 (2.6), MN360 (2.7), MN362 (2.9), MN365 (2.10) MN367
(2.11), MN371 (2.12), and MN381 (2.14). Moreover, MN361 (2.8) and MN374
(2.13) were removed from further consideration due to significantly reduced
APOBEC3B inhibitory activity after purification. MN23 (2.16) was the sole

confirmed APOBEC3B inhibitor.
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Table 2.4. Activities of Commercial APOBEC3B/G Dual Inhibitory Leads Post
Purification.

MN Number (ASIS/S,&SE’)G)
MN348 >200 pM
MN353 >200 pM
MN354 >200 pM
MN359 >200 pM
MN360 >200 pM
MN361 >200 pM
MN362 >200 pM
MN365 >200 pM
MN367 >200 pM
MN371 >200 pM
MN374 >200 pM
MN381 >200 pM

This disappointing result raises serious concerns regarding contamination
of HTS libraries and commercial chemicals. Through quality control analysis, we
ruled out any potential organic contaminants as no additional resonances or
peaks were identified by *H NMR or HPLC, respectively. The lack of data to
support the presence of organic contamination points towards an inorganic
contaminant, such as a metal or salt. In an effort to prioritize the discovery of
APOBECS3B inhibitors, further investigation into the origin of the false positive hits
was not undertaken. Importantly, the employed fluorescence-based deamination
assay has exhibited an exceedingly high rate of false positive identification. This
observation has prompted the Harki-Harris collaboration to investigate alternative

assays for future screening endeavors.
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2.8 Re-Discovery of MN23 (2.16)

MN23 (2.16), a non-natural amino acid analogue of tyrosine commonly
known as 6-hydroxy-DL-DOPA, was re-discovered as a small molecule inhibitor
of APOBEC3A, APOBEC3B and APOBEC3G in this HTS (Figure 2.5, See

Chapter 2.2 for a discussion of the previous screen).

(o]

HO.
k™
HO o'tz

MN23

Figure 2.5. Chemical Structure of MN23 (2.16).

MN23 (2.16) was previously reported by the Harris and Harki groups to
be a potent inhibitor of APOBEC3A and APOBEC3G with 1Cg, values of 0.3 uM
and 4.0 uM, respectively." Moreover, MN23 (2.16) maintained potent inhibitory
activity against APOBEC3A and APOBEC3G in the context of cellular lysates,
with ICsos = 30 uM (A3A) and 15 uM (A3G). Importantly, purification of the
commercial material by HPLC had no affect on the potency of the small
molecule. Interestingly, MN23 (2.16) inhibits APOBEC3-catalyzed deamination
through a novel and under-investigated mechanism of action.® Electrophoretic
mobility shift assays (EMSAs) demonstrated that MN23 (2.16) inhibits
APOBEC3G from binding its ssDNA substrate (Figure 2.6). Conversely, MN30
(1.8) is proposed to inhibit APOBEC3G by covalently engaging C321, a residue
proximal to the active site (See Chapter 1.4.4 for an in-depth description).!
Molecular modeling of this covalent binding event suggested that in order to
accommodate the steric bulk of MN30 (1.8), APOBEC3G undergoes a

conformational change in its active site, which inhibits enzymatic activity. This
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conformational change, however, does not interfere with APOBEC3G - DNA

APOBEC3G-ssDNA
Complexes
Free Oligo

Figure 2.6. Electrophoretic Mobility Shift Assay of MN23 (2.16) and MN30 (1.8).
The figure is modified from Li et al. ACS Chem. Biol., 2012, 7, 506." MN23 (2.16)
inhibits APOBEC3G — DNA binding at 50 uM as evidenced by a distinct band,
which correlates to free oligo. Conversely, in the presence of 50 uM MN30 (1.8),
the DNA substrate was entirely enzyme bound. No band corresponding to free
oligo was observed. Controls show that in the presence of DMSO, APOBEC3G-
DNA binding occurs unhindered. However, in the presence of BSA, DNA-protein
binding is inhibited.

binding.

DMSO + BSA

MN23
MN30
DMSO

Recent experiments demonstrate that in addition to APOBEC3A and
APOBEC3G, MN23 (2.16) potently inhibits APOBEC3B, with an I1Cs, of 0.15 uM
against recombinant APOBEC3B CTD and an ICsg of 11 uM in cellular lysates.

The potent activity of MN23 (2.16) and its uniqgue mechanism of inhibition have
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prompted the Harki Lab to pursue this putative APOBEC3B inhibitor in more

depth.

2.9 Synthesis of MN23

The synthesis of MN23 (2.16) was accomplished in 5 steps from
commercially available 2,4,5-trimethoxybenzaldehyde (2.17) (Scheme 2.1). This
synthesis was modified from a published synthesis of o-methoxytyrosine.**® From
2.17, the azlactone intermediate was synthesized through the Erlenmeyer

azlactone procedure, "%

and was subsequently opened to the protected amino
acid acrylate under basic conditions. Hydrogenation of acrylic acid 2.19 in the
presence of Pd/C at 50 psi H, gave the protected amino acid (2.20) in 89% yield.
Deprotection of the trimethoxy intermediate was accomplished in excess BBr3in
61% yield. A final deprotection under acidic conditions yielded the free amino
acid (MN23, 2.16). This synthesis can also be performed asymmetrically with a
commercially available Rhodium Deguphos catalyst (BR,4R-
(+)-bis(diphenylphosphino)-1-benzylpyrrolidine(1,5-cyclooctadiene)rhodium(l)) to
afford the enantioselective hydrogenation of 2.19."°%'° The asymmetric

syntheses of MN23 (2.16) will be pursued upon confirming the biochemical

inhibitory activity of this compound against APOBEC3A/B and G.
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Scheme 2.1 Synthesis of MN23 (2.16). (a) hippuric acid, NaOAc, AcOH, 100 °C,
84%; (b) Na,COs3, MeOH, 94%; (c) H,, Pd/C, MeOH, 50 bar, 89%; (d) BBrs;, DCM,
61%; (e) HCI, H,0, 110 °C.

2.10 MN23 SAR by Commerce

A series of MN23 (2.16) analogues were purchased from commercial
vendors and evaluated for inhibitory activity against APOBEC3A/B and G. The
commercially available series included 3-hydroxy-DL-tyrosine (2.22), DL-0-
tyrosine (2.23), bL-m-tyrosine (2.24), DL-tyrosine (2.25), tyramine (2.26), and
phenylephrine (2.27). Ultimately, none of the investigated compounds showed
APOBEC3B inhibition up to 200 uM, and only 2.22 showed weak inhibitory
activity against APOBEC3G. These results show that at minimum trihydroxy

substitution of the phenyl ring is required for APOBEC3B inhibition.

o o
OH o
OH oH OH
NH. NH
HO 2 NH, 2
OH OH
2.22 2.23 2.24
OH
o NHMe
HO NH, HO'
OH
225 2.26 2.27

Figure 2.7 Chemical Structures of Purchased MN23 analogues.
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2.11 Conclusions

A HTS of 168,192 small molecules for APOBEC3B inhibition identified 40
dual APOBEC3B/G inhibitors upon reconfirmation in dose response assays.
Disappointingly, none of the 40 small molecules passed stringent follow-up
quality control interrogation, which included HPLC, LCMS, and biochemical
evaluation both pre- and post- purification. The results of this screen mirror our
previous efforts in screening against APOBEC3A and APOBEC3G, which also
employed the fluorescence-based deamination assay described above. As a
result, our future efforts will be focused on the design and implementation of a
complementary assay, which could be employed as either the primary or
secondary screening assay. HTS assays based on fluorescence polarization,
Forster resonance energy transfer (FRET), and biophysical fragment screening
will be individually investigated as alternative methodologies.

Our screening efforts also highlight the obstacle that false positives
present to an inhibitor discovery campaign. Extensive efforts have been
undertaken in recent years to annotate common chemical libraries to flag
“frequent hitters”.?°?®®  Although a number of scaffolds and chemical
substructures have been identified, these guidelines are incomplete, and active
screeners must invest time and resources to validate hits. Recently, our
laboratory discovered and characterized a novel pan assay inference class as a
result of our own screening efforts, and this work is presented in Chapter 4. With
the widespread popularity of HTS-driven in drug discovery campaigns, continued
efforts towards the identification of factors that complicate successful HTS

endeavors and strategies to overcome them will be invaluable to the field.

59



This APOBEC3B-focused screen did, however, re-discover MN23 (2.16),
a tyrosine analogue from the Sigma LOPAC library. MN23 (2.16) exhibited potent
inhibition of APOBEC3B with an ICs, = 0.15 pM against recombinant APOBEC3B
CTD and an ICs, = 11 uM in cellular lysates. EMSA experiments with MN23
(2.16) demonstrate that MN23 (2.16) potently inhibits APOBEC3G-ssDNA
binding, which is a unique mechanism of action compared to previously
published APOBECS3 inhibitors. The synthesis of MN23 (2.16) has recently been
completed, and further work will focus on the rigorous validation of this small
molecule inhibitor. If upheld, the asymmetric synthesis of MN23 (2.16),
comprehensive SAR investigation, and mechanism of action studies will be
performed to develop MN23 (2.16) into a probe of APOBEC3B-dependent cancer

mutagenesis.

2.12 Experimental

Cell Culture and Protein Purification: A3B 193-382 mycHis was purified from
stably transfected T-REx-293 cells using a C-terminal hexahistidine tag."*%?%
Cells were maintained in DMEM (Invitrogen)/high glucose (Hyclone)
supplemented with 10% FBS (Hyclone), 50 units/mL penicillin and 50 pg/mL
streptomycin (Corning) at 5% CO, and 37°C. Cells were harvested 48 hours after
induction with 5 ng/mL doxycycline and lysed in 25 mM HEPES, pH 7.4, 150 mM
NaCl, 1 mM MgCl,, 0.5% Triton X-100 and 10% glycerol. Insoluble materials
were removed from crude cell lysates by centrifugation (12,000 rpm, 10 min), and

A3B-mycHis was captured by Ni-NTA agarose (Qiagen). The resins were

intensively washed with 50 mM Tris, pH 8.0, 0.3 M NaCl, 10% glycerol, 0.5%
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Triton X-100 and 50 mM imidazole. Then, the target protein was eluted with 50
mM Tris, pH 8.0, 0.3 M NaCl, 10% glycerol, 0.5% Triton X-100 and 250 mM
imidazole. APOBEC3G-mycHis was expressed and purified as previously

reported.’

DNA Deaminase Assay and HTS: The fluorescence-based DNA C-to-U
deaminase assay was modified for this screen from previous reports, 9191204
Recombinant human proteins APOBEC3B- or APOBEC3G-mycHis were diluted
with 15 mM Tris-Cl, pH 7.4, 50 mM NacCl, 10% glycerol, 0.5% triton X-100 to
working concentrations, and 10 uL of 150 nM APOBEC3B CTD or 67.5 nM
APOBEC3G were added to each well. Small molecules were transferred as 10
mM DMSO stock solutions using a pin array to achieve a final concentration of
27.5 puM. Finally, 2 pmol of ssDNA substrate (5'-6-FAM-AAA-CCC-AAA-GAG-
AGA-ATG-TGA-TAMRA-3’, Biosearch Technologies, Inc.) and 0.01 units of UDG
(New England Bioloabs) diluted in 2 uL TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH = 7.4) were added to the experimental wells. The assay plates were
incubated for 30 min at rt. To quench the reaction, 1.2 uL of 4 N NaOH was
added, followed by another rt incubation for 30 min. Four microliters of 2 M Tris-
Cl were then added for neutralization. All reagents transfers were performed
using a Combi nL. Relative fluorescence intensity was quantified by reading
fluorescence with excitation at 485 nm and emission at 520 nm on an Envision®

plate reader (Perkin Elmer).

Dose Response Assay: DMSO (120 nL) was dispensed by HP D300 into each

well of a Corning® black low volume 384 well plate (3820) to normalize DMSO
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content to the highest concentration. Compounds as 10 mM DMSO stocks were
diluted over 12-pts with the highest concentration at 100 uM and the lowest
concentration at 49 nM. These concentrations represent a 1:2-fold dilution.
Protein (40 ng in 10 puL) was added to each experimental well, followed by the
immediate addition of substrate oligo (2 pmol in 2 uL). The assay plates were
incubated for 30 min at rt, before 1.2 yL of 4 N NaOH was added into each
experimental. The assay plates were incubated for 30 min at rt, followed by final
neutralization with 4 yL of 2 M Tris'HCI. Fluorescence was quantified with

excitation at 485 nm and emission at 520 nm.

EMSA. Previously reported in Li et al. ACS Chem. Biol. 2011, 7, 506."

General Synthesis.

Chemical reagents were purchased from commercial sources and used without
additional purification. Bulk solvents were from Fisher Scientific. Anhydrous
solvents were obtained from an MBraun Solvent Purification system. Reactions
were performed under an atmosphere of dry N, where noted. Silica gel
chromatography was performed on a Teledyne-lsco Combiflash Rf-200
instrument using Redisep Rf Gold High Performance silica gel columns
(Teledyne-Isco) or self-packed columns with SiliaFlash 60A silica gel (SiliCycle).
HPLC analyses were performed on an Agilent 1200 series instrument equipped
with a diode array detector and a Zorbax SB-C18 column (4.6 x 150 mm, 3.5 pm,
Agilent Technologies). Compounds used in biological testing were no less than
95% pure as determined by two-wavelength HPLC analysis (254 and 215 nm).
Nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker
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Avance instrument operating at 400 MHz or 500 MHz (for *H) and 100 MHz or
125 MHz (for **C) at ambient temperature. Chemical shifts are reported in parts
per million and normalized to internal solvent peaks or tetramethylsilane (0 ppm).
LC-MS analyses were performed on an Agilent 1100 series instrument equipped
with an Agilent MSD SL lon Trap mass spectrometer (positive-ion mode) and a
Zorbax SB-C18 column (0.5 x 150 mm, 5 um, Agilent Technologies). The
analysis method (15 pL/min flow rate) involved isocratic 10% MeCN (containing
0.1% TFA) in ddH,O (containing 0.1% HCO,H; 0 to 2 mins) followed by a linear
gradient of 10% to 90% MeCN (containing 0.1% TFA) in ddH,0O (containing 0.1%
HCO,H; 2 to 24 mins), and isocratic 90% MeCN (containing 0.1% TFA) in ddH,O
(containing 0.1% HCO,H; 24-26 mins). The column was heated to 40 °C.

Wavelengths monitored = 214 nm and 254 nm.

OMe [o)
N o
N\
MeO
OMe Ph
2.18

(2)-2-Phenyl-4-(2,4,5-trimethoxybenzylidene)oxazol-5(4H)-one (2.18). 2,4,5-
Trimethoxybenzaldehyde (2.17, 2.5 g, 12.7 mmol), hippuric acid (2.3 g, 12.7
mmol), NaOAc (1.1 g, 13.1 mmol), and Ac,O (2.9 mL, 30.6 mmol) were melted
with a heat gun, then heated with an oil bath for 2 h at 100 °C. The resulting
mixture was cooled to rt and dH,O (100 mL) was added. The precipitate was
collected via vacuum filtration, washed with NaHCO; (100 mL), and dried under
vacuum. SiO, purification (20% MeOH in DCM) gave 3.2 g (73%) of 2.18 as an
orange solid. 'H NMR (CDCl;) & = 8.64 (s, 1H), 8.11 (d, 2H, J = 7.1 Hz), 7.82 (s,

1H), 7.58 (t, 1H, J = 7.3 Hz), 7.51 (t, 2H, J = 7.3), 6.49 (s, 1H), 4.02 (s, 3H), 3.98
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(s, 3H), 3.92 (s, 3H); B¢ (CDCly): & = 168.3, 161.7, 156.2, 153.9, 143.6, 132.9,
129.1, 128.0, 126.3, 126.2, 115.0, 114.5, 95.9, 56.6, 56.4, 56.2. HRMS-ESI" m/z
[M+H]" calc’d for C19H17NOs: 340.1179, found: 340.1165.

OMe (o]

A OMe

HN__O
MeO

OMe Ph
219
(2)-Methyl-2-benzamido-3-(2,4,5-trimethoxyphenyl)acrylate (2.19). To a
solution of 2.18 (3.2 g, 9.3 mmol) in MeOH/DCM (110 mL, 1:1, v/v) was added
Na,CO; (0.5 g, 4.7 mmol) and the reaction was stirred at rt. After 16 h, the
reaction mixture was filtered over Celite, and the filtrate was concentrated in
vacuo. SiO, purification (100% DCM) gave 3.4 g (97%) of 2.19 as an orange
powder. *H NMR (CDCl,) 6 = 8.22 (bs, 1H, NH), 7.86 (d, 2H, J = 7.2 Hz), 7.54 (s,
1H), 7.54 (t, 1H, J = 7.5 Hz), 7.46 (t, 2H, J = 7.1 Hz), 7.00 (s, 1H), 6.53 (s, 1H),
3.90 (s, 3H), 3.90 (s, 3H), 3.88 (s, 3H), 3.63 (s, 3H); **C (CDCly) & = 166.2,
165.5, 152.3, 151.2, 143.4, 134.0, 132.2, 128.9, 127.5,126.0, 124.0, 114.8,

112.6, 97.8, 57.4, 56.2, 56.1, 52.8. HRMS-ESI" m/z [M+H]" calc’d for C,oH21NO:

372.1442, found: 372.1447.

OMe (o]
OMe
HN o
MeO \f
OMe Ph

2.20
Methyl 2-benzamido-3-(2,4,5-trimethoxyphenyl)propanoate (2.20). To a
suspension of 2.19 (1.0 g, 2.7 mmol) in MeOH (40 mL) was added Pd/C (0.3 g,

10% w/w) and the reaction hydrogenated in a Parr shaker under 50 bar H,
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atmosphere. After 24 h, the grey/brown mixture was concentrated onto SiO, and
purified using a gradient of EtOAc (0% to 100%) in hexanes to afford 0.9 g (89%)
of 2.20 as a white powder. *H NMR (CDCl;) 6 = 7.73 (d, 2H, J = 7.2 Hz), 7.49 (t,
1H, J = 7.4 Hz), 7.41 (t, 2H, J = 7.6 Hz), 7.11 (d, 1H, J = 6.9 Hz), 6.66 (s, 1H),
6.52 (s, 1H), 4.85 (g, 1H, J = 12.2 Hz, 7.1 Hz), 3.88 (s, 3H), 3.83 (s, 3H), 3.76 (s,
3H), 3.75 (s, 3H), 3.18 (ddd, 2H, J = 33.1 Hz, 13.9 Hz, 7.5 Hz); *C (CDCls) & =
172.4,167.1, 151.7, 149.0, 143.4, 134.1, 131.8, 128.6, 127.1, 116.0, 115.0, 97.7,
56.6, 56.6, 56.3, 54.4, 52.4, 31.9. HRMS-ESI" m/z [M+H]" calc’'d for CyH,3NOg:

374.1598, found: 374.1578.

OH o
OMe
HN o
HO
OH Ph

2.21
Methyl 2-benzamido-3-(2,4,5-trihydroxyphenyl)propanoate (2.21). To a
solution of 2.20 (400.0 mg, 1.1 mmol) in DCM (12 mL) was added BBr; (10.7 mL,
10.7 mmol, 1 M in heptanes) at -78 °C under N,. The reaction was stirred at -78
°C for 10 min, before it was allowed to warm to rt. After 24 h, the reaction was
guenched with MeOH (15 mL), concentrated onto SiO, in vacuo, and purified
using a gradient of MeOH (0% to 15%) in DCM to yield 158.0 mg (45%) of 2.21
as a brown crystalline solid. *H NMR (DMSO-dg) & = 8.63 (d, 1H, J = 7.2 Hz, NH),
7.80 (d, 2H, J = 7.6 Hz), 7.54 (t, 1H, J = 7.4 Hz), 7.46 (t, 2H, J = 7.6 Hz) 6.50 (s,
1H), 6.30 (s, 1H), 4.57 (m, 1H), 3.60 (s, 3H), 3.16 (s, 1H, OH), 2.99 (dd, 1H, J =
13.6 Hz, 5.2 Hz), 2.89 (s, 1H, OH), 2.79 (dd, 1H, J = 13.8 Hz; 9.4 Hz), 2.73 (s,

1H, OH); °C (DMSO-ds) & = 172.4, 166.2, 147.6, 144.2, 137.2, 133.7, 131.4,
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128.3, 127.2, 117.8, 113.1, 103.3, 53.5, 51.7, 31.0. HRMS-ESI" m/z [M+H]"

calc’d for C17H17NOg: 332.1129, found: 332.1111.

OH

CO,H
NH
HO 2

OH
MNZ23, 2.16

2-Amino-3-(2,4,5-trihydroxyphenyl)propanoic acid (MN23, 2.16). A solution of
2.21 (177.0 mg, 0.5 mmol) in 5 M aq. HCI (5 mL) was stirred for 18 h at 110 °C.
After the reaction cooled to rt, the solvent was removed in vacuo. The resulting
residue was taken up in H,O (10 mL), and the ag. mixture was extracted with
DCM (3 x 10 mL). The ag. layer was concentrated in vacuo to yield the HCI salt
of MN23 (2.16) as a brown powder. *H NMR (D,0) 6 = 6.71 (s, 1H), 6.50 (s, 1H),
4.13 (m, 1H), 3.24 (dd, 1H, J = 15.0 Hz, 5.4 Hz), 2.96 (dd, 1H, J = 14.6 Hz, 7.6
Hz); **C (D,0) 6 = 171.6, 148.1, 144.4, 137.0, 118.7, 112.1, 104.0, 53.4, 30.0.
HRMS-ESI® m/z [M+Na]® calc’d for CgHy3NOs: 236.0529, found: 236.0544.
Note: MN23 (2.16) is air and photosensitive. Exposure to air and light triggers

MN23 (2.16) polymerization.
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2.13 NMR Spectra of Synthesized Compounds
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Chapter 3

SMALL MOLECULE APOBEC3G DNA CYTOSINE DEAMINASE INHIBITORS
BASED ON A 4-AMINO-1,2,4-TRIAZOLE-3-THIOL SCAFFOLD

This work has been published by John Wiley & Sons:
Olson, M. E.; Li, M.; Harris, R. S.; Harki, D. A. ChemMedChem, 2012, 8, 112-
117.

The full text is reprinted with permission.
Copyright Clearance License: 3670290548784

This work was performed in collaboration with Dr. Ming Li, Professor Reuben S.
Harris, and Professor Daniel A. Harki
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3.1 Introduction

Since the discovery of acquired immune deficiency syndrome (AIDS) and the
identification of human immunodeficiency virus (HIV), the causative retrovirus of
AIDS, a wealth of biochemical and immunological investigation has fuelled the
development of more than twenty-five antiretrovirals and the introduction of
highly active antiretroviral therapy (HAART).?%>%% Though these therapies have
slowed the global AIDS epidemic and drastically prolonged the life expectancy of
HIV-1-positive patients, the imminent development of drug resistance and the
toxic side effects associated with HAART prompt continued efforts towards the
discovery of new therapeutics with unique mechanisms of action.?®’

Research over the past decade has elucidated a previously unknown
mechanism of host-virus interaction between a family of retrovirus restriction
factors found in human host cells and the virally encoded virion infectivity factor
(Vif).558%2%8  APOBEC3G (apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like 3G; A3G), a ssDNA C-to-U deaminase and the archetypal
member of this family, is a potent restrictor of Vif-deficient HIV-1 replication. Wild-
type virus, however, uses Vif to nucleate the formation of an E3 ubiquitin ligase
complex that degrades A3G and enables virus replication in A3G-expressing
cells. The APOBECS-Vif interaction is therefore essential for HIV-1 infection and
provides a novel, and minimally explored, target in HIV-1 drug discovery.

Current models hypothesize that A3G restricts HIV-1 replication by
incorporating into budding viral particles by a RNA-Gag interaction, hijacking
transport with the particle until a target cell is infected, and inhibiting viral cDNA
synthesis via both deamination-independent’® and deamination-dependent
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mechanisms.®>®?% Deamination-independent inhibition of HIV-1 replication is
predicted to occur through direct A3G interaction with viral genomic RNA,
causing physical blockage to HIV-1 reverse transcriptase progression. The
prominent mechanism by which A3G restricts Vif-deficient HIV-1 replication,
however, is through C-to-U deamination events on minus-strand viral DNA which
become immortalized as G-to-A hypermutations in the plus (genomic) strand.
Such extensive mutation ultimately renders the virus non-infective.

The potent anti-HIV-1 activity of A3G has recently sparked efforts to
discover inhibitors of Vif, agonists of A3G and molecules that mask the A3G-Vif
interaction surfaces.™®®!4209213 gma|l molecules that antagonize Vif reinstate the
innate antiviral activity of A3G by boosting G-to-A hypermutation, accomplishing
lethal mutagenesis. Inhibitor design strategies to increase the HIV-1 mutation
rate can be defined as ‘therapy by hypermutation” (See Chapter 1.4.3 for a
detailed description).**

Conversely, strong evidence exists to support the hypothesis that A3G is
being exploited by HIV-1 through modulation by Vif. By taking advantage of the
pro-mutational capabilities of A3G, HIV-1 can accomplish an advantageous level
of sublethal mutation to enable viral fitness.'******2 Sequenced genomes from
HIV-1-positive patients support this model by exhibiting considerable A3G-
dependant mutation patterns despite the ability of Vif to trigger A3G
degradation.'®*#* Thus, genetic variation attributable to A3G likely contributes to
the characteristically high mutation rate of HIV-1, its ability to evade immune
clearance mechanisms, and its rapid evolution of resistance to antiretroviral
therapies. Therefore, A3G-catalyzed mutation may be essential for HIV-1 to

achieve its unprecedented level of viral fitness, and current therapies and
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vaccination strategies may benefit from dampening A3G activity as HIV-1
evolution would be predicted to slow. Our strategy to reduce HIV-1 mutation by
inhibiting A3G can be classified as “therapy by hypomutation” (See Chapter 1.4.4
for a detailed description).**°

We recently described the development of a fluorescence-based, high-
throughput screening (HTS) assay that was used to identify small molecule
inhibitors of A3G." In our previous study, screening of 1280 pharmacologically
active compounds (LOPAC, Sigma) demonstrated the A3G-specific inhibitory
capabilities of catechol-containing scaffolds, including our prototype A3G
antagonist MN30 (1.10; ICsy = 9.1 um, PubChem CID-5353329). Mutational
screening, structural analysis, and mass spectrometry identified C321, located
proximal to the active site, as the binding site for these catechol-based A3G
inhibitors. To identify additional A3G-specific inhibitors with unique chemotypes,
we screened over 325,000 compounds (Sanford-Burnham Medical Research
Institute, NIH MLPCN collection) utilizing our fluorescence-based A3A/A3G DNA
cytosine deamination assay.?®> A class of 4-amino-1,2,4-triazole-3-thiols and
structurally related analogues were identified and developed as A3G inhibitors

based on MLS-0036803, a HTS hit renamed MN256.0105 (3.1) in-house.

Scaffolds identical or analogous to 3.1 have been previously investigated for

217 219

fungicidal,®*® antioxidant,”*’ cytotoxic,*® antimicrobial®*® and anti-osteoarthritic

applications.
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Br

HTS Hit - 99% APOBEC3G Inhibition at 20 uM
MN256.0105 (MLS-0036803)

=N Percentage of APOBEC3G screening hits containing:
N_ _sSH 4-amino-1,2,4-triazole-3-thiols: 21% (96/459)

C o

N-N
3.1

Figure 3.1. Chemical Structure of APOBEC3G Inhibitor MN256.0105 (3.1) and
the Frequency that the 4-amino-1,2,4-triazole-3-thiol Scaffold was Observed in
APOBEC3G Hits from High-throughput Screening.

3.2 Results and Discussion
3.2.1 Synthesis of 4-Amino-1,2,4-Triazole-3-Thiol Analogues.

To elucidate the mechanism of inhibition for the 4-amino-1,2,4-triazole-3-thiol
class of screening hits and to reconfirm the original lead molecule, MN256.0105
(3.1) was synthesized (Scheme 3.1). 4-amino-1,2,4-triazole-3-thiol (3.4) was
obtained in high yield by reaction of thiocarbohydrazide (3.2) in refluxing aqueous
formic acid. Recrystallization from EtOH vyielded pure 3.4 in 95% vyield.
Compound 3.1 was then obtained by condensation of 3.4 with 4-
bromobenzaldehyde in excess AcOH in 82% vyield. Analogue 3.8 was similarly
synthesized in two steps, first by reaction of thiocarbohydrazide with AcOH under
refluxing conditions to vyield heterocycle 3.5. The highest vyields were
accomplished by introducing an empty Dean-Stark trap to remove by distillation
excess AcOH upon completion of the reaction, as opposed to the previously
reported method of concentration in vacuo.??® Imine formation by reaction with p-

anisaldehyde under acidic conditions delivered 3.8 (83%, two steps).
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32X=S —» 34X=S,R'=H —>» Rq\(NYSH
33X=0 35)(:8, R1=Me r\q__'!l
36X=0,R"=H

31R'=H;R?=Br
(MN256.0105)

3.8 R' = Me; R?= OMe

Scheme 3.1. Synthesis of 3.1 and Analogues. Reagents and conditions: (a)

HCO,H (ag.) or AcOH, reflux (to dryness), 95%-quant. (for 3.4 and 3.5); (b)

(EtO);CH or (EtO);CCHj, 60 °C - reflux, 34-69% (for 3.6 and 3.7); (c) p-

MeOCsH,CHO or p-BrC¢H;,CHO, AcOH, reflux, 82-84%.

3.7X=0,R'=Me

Chemical modification of the 4-amino-1,2,4-triazole-3-thiol heterocycle
(3.4) was pursued to evaluate the necessity of the thiol. As shown in Scheme
3.1, the thiol moiety of congeners 3.4 and 3.5 was replaced by a hydroxyl group
to deliver 3.6 and 3.7. These scaffolds were prepared by reacting carbohydrazide
with excess triethylorthoformate (3.6) or triethylorthoacetate (3.7) to achieve the
core 4-amino-1,2,4-triazole-3-ol heterocycles in 69% and 34% yields,
respectively.

We were also interested in evaluating scaffolds similar to 3.1 that were not
subject to imine hydrolysis to evaluate effects of the additional aromatic
functionality on A3G inhibitory potency. The synthesis of non-hydrolyzable amide
3.9 was accomplished in moderate yield through treatment of amine 3.5 with
benzoyl chloride in refluxing dioxane (Scheme 3.2). We additionally pursued thiol
protection methodologies to further gauge the necessity of a free sulfhydryl group
for biological potency. For this investigation, we synthesized conjugated

thiadiazole 3.10 and S-alkylated benzyl analogue 3.11. Compound 3.10 was
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prepared by treatment of 3.5 with p-methoxybenzonitrile and aqueous H3;PO, at
elevated temperatures over 5 h (47% vyield). Benzyl protection of 3.5 was carried
out by reaction with benzyl bromide, in yields consistent with previous reports, to

afford compound 3.11.%%*

OMe

HN" Y0 N=
1 a b 1
H.c._N_SH -—3, H,c._N._S
o~ 35— oy
N-N c N-N
3.9 l 3.10

NH;
H N
30\« D’S\/g
N-N
3.11

Scheme 3.2. Synthesis of 1,2,4-triazole-3-thiol Analogues. Reagents and
conditions: (a) BzCl, dioxane, reflux, 44%; (b) p-methoxybenzonitrile, HsPO,
(aq.), reflux, 47%; (c) BnBr, NaH, DMF, rt, 14%.

3.2.2 Biological Evaluation of Synthetic Analogues

Synthesized small molecules were evaluated for A3G inhibition using our
fluorescence-based deamination assay.® Using full-length human A3G purified
from HEK293T cells and a ssDNA oligonucleotide functionalized with a 5° 6-FAM
fluorophore and a 3-TAMRA quenching molecule, deamination efficiency was
guantified by measured fluorescence. In the absence of inhibitor, deamination of
the target cytosine to uracil (C-to-U) is followed by uracil DNA glycosylase-
catalyzed excision of U and NaOH-catalyzed phosphodiester backbone

cleavage, which releases the 6-FAM fluorophore from the TAMRA quench. Dose-
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response curves were generated to determine ICsy values for synthesized
analogues (Table 3.1).

Synthesized 3.1 exhibited equivalent A3G inhibitory activity to the HTS
screened material, verifying results obtained from preliminary A3G inhibition (ICs
= 4.3+ 1.1 um versus ICso = 2.0 pm, respectively). Structurally related analogue
3.8 (ICs = 3.9 = 1.2 yu™m) demonstrated equipotent anti-A3G activity to HTS hit 3.1
(Table 3.1). As a result, we hypothesized that small modifications to the phenyl
and triazole rings have little effect on A3G inhibition.

Based on previous work with MN30 (1.10),* we hypothesized that the thiol
functionalities of 3.1 and 3.8 garnered the A3G inhibitory activity. Moreover, the
suspected hydrolytic susceptibility of Schiff bases 3.1 and 3.8 under biological
conditions prompted us to test the 4-amino-1,2,4-triazole-3-thiol precursors 3.4
and 3.5 as A3G inhibitors. Surprisingly, 3.4 did not display any inhibitory activity
at 100 uM concentrations, whereas the related 5-methyl analogue 3.5 (ICso = 6.1
+ 1.1 um) was found to be nearly equipotent to its parent scaffold 3.8 (ICso = 3.9 +
1.2 pm). Incorporation of a non-hydrolyzable linker, yielding 3.9, maintained
inhibition (ICs, = 8.2 = 1.2 uM) demonstrating that pendent aromatic
functionalities on the exocyclic amine have little effect on the potency of A3G
inhibition by molecules of this class.

To demonstrate the necessity of the thiol component of these scaffolds,
hydroxyl-substituted analogues 3.6 and 3.7 were tested against purified A3G. No
inhibitory activity was detected for either molecule (Table 3.1). Furthermore,
evaluation of thiol-alkylated scaffolds 3.10 and 3.11 revealed no A3G inhibition,

further demonstrating the necessity of the free thiol.
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Table 3.1. APOBEC3G Inhibition (ICs) by 3.1 and 3.4-3.11.1%
Candidate Inhibitor ICs0 (UM)®
3.1 43+1.1
3.4 No Activity
3.5 6.1+1.1
3.6 No Activity
3.7 No Activity
3.8 39+1.2
3.9 8.2+1.2
3.10 No Activity
3.11 No Activity
Elperformed in triplicate. Values shown are the mean +/- S.D.

In addition to screening against wild-type A3G, compounds 3.1 and 3.4-3.11
were tested for inhibitory activity against the related cytosine deaminase enzyme,
APOBEC3A (A3A), to gauge inhibitor specificity. A3A is 65% identical and 73%
similar in the A3G C-terminal catalytic domain at the amino acid level.
Remarkably, analogues 3.1 and 3.4-3.11 all failed to inhibit A3A activity at doses
up to 100 pwm, in spite of the inherent reactivity of the thiol functionality. To begin

guerying if molecules of this class can exhibit activity in cells, we screened 3.1
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and 3.4-3.11 for inhibitory activity against A3G in HEK293T cell lysates.
Unfortunately, no measureable amounts of A3G inhibition were detected for any
of the molecules screened. Consequently, the reactive thiol moiety may be

unavailable for A3G inhibition in the complex environment of cell lysate.

3.2.3 Reactivity Studies of APOBEC3G Inhibitors with Cysteine-like

Substrates

The known reactivity properties of thiols with cysteine residues prompted
our evaluation of this scaffold to form disulfide bonds under biological conditions.
Amide analogue 3.9, which contains a free thiol, was dissolved in DMSO, diluted
with PBS buffer (pH 7.4) and treated with excess cysteamine. Reaction aliquots
were removed at the following time points: O min, 30 min, 1 hr and 12 hr and
were analyzed by reverse phase HPLC for the presence of new peaks. Complete
disappearance of the starting material was observed within 12 h yielding one new
product, which was characterized as disulfide 3.12 by mass spectrometry (Figure
3.2). Therefore, molecules of this class that contain free thiols are capable of
intercepting other thiols and forming disulfide bonds, which may confer their

primary mechanism of enzyme inhibition.
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Figure 3.2. Reactivity of 3.9 with Cysteamine. (A) 4-Amino-1,2,4-triazole-3-thiol
3.9 and cysteamine were shaken in aqueous PBS (pH = 7.4) at 37 °C. Aliquots
were analyzed by reverse-phase HPLC at t = 0, 30, 60 mins and 12 hr. (B).
Reaction at t = 0 min (top) and t = 12 hr (bottom). Peak 3.12 was isolated and
characterized by mass spectrometry HRMS-ESI" m/z [M+Na'] 332.0616 (calc’d);
332.0629 (found).

3.2.4 Mutation Studies Identify C321 as the Inhibitor Binding Site

Since free thiols are required for A3G inhibition by molecules of this class,
the surface cysteine residues of A3G were investigated as potential inhibitor
binding sites. Previous work has demonstrated that cysteine 321 (C321) of the
catalytic A3G domain is an inhibitor binding site for covalent modification by small
molecules (Figure 1.10).! Employing this methodology, a triple mutant construct
A3G-2K3A, which has three surface Cys-to-Ala substitutions (namely C243A,
C321A and C356A), and a single amino acid substitution mutant A3G-C321A
were tested in parallel with wild type enzyme against thiols 3.1 and 3.8 utilizing

the previously described deamination assay." It is important to note that in the
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context of full-length A3G, these specific substitutions have no effect on

localization,

capabilities.

C-to-U Deamination
Activity (%)

deamination,

1,222,223

100+
80+
604

404

oligomerization or

HIV-1 Vif-deficient

restriction

B Wild-type A3G
A3G 2K3A
E A3GC321A

NN

N.D.

o
©

Figure 3.3. Potency of MN30 (1.10), 3.1 and 3.8 against Wild-type APOBEC3G
and Mutants APOBEC3G-2K3A and APOBEC3G-C321A. The mean and SD of
triplicate deaminase assays with 50 um compound are shown relative to the

DMSO only control. (N.D. = Not Detectable).

We found that the mutant enzymes were only partially resistant to

compounds 3.1 and 3.8 with recovered deamination efficiency between 19 -

46%. Interestingly, deaminase activity was not fully recovered in comparison to

DMSO control or the previously reported catechol-based covalent inhibitor MN30

(1.10)." Such results imply that these thiol-containing inhibitors may also function,

at least in part, through a second inhibitory mechanism. Initial hypotheses

derived from the field of transition metal catalysis suggest that the 4-amino-1,2,4-

triazole-3-thiol scaffold chelates divalent metals through its thiol and exocyclic

amine.”**??" A3G, which contains a catalytic zinc atom, may therefore suffer a
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decrease in deaminase efficiency in the presence of zinc chelating molecules;

however, additional experiments are necessary to validate this possibility.
3.3 Conclusion

High-throughput screening and analogue synthesis have identified a class
of 4-amino-1,2,4-triazole-3-thiols that inhibit the DNA cytosine deaminase A3G.
Counter-screening of the small molecule analogues against related APOBEC3
family member A3A demonstrated marked specificity for A3G inhibition despite
the reactivity of the inhibitors to sulfur nucleophiles. Replacement or protection of
the thiol moiety of the inhibitors completely abrogated their inhibitory capabilities,
providing evidence that a free thiol is a key structural feature of this class of
inhibitors. A combination of mutagenesis studies and HPLC assays implicate the
inhibitory activity of this class of molecules is partially accomplished through
disulfide bond formation to C321, a residue adjacent to the A3G active site.
These findings further support our hypothesis that covalent modification to C321
causes conformational change to the A3G protein, where Y315 shifts and
sterically blocks substrate DNA cytosines from entering the A3G active site.?”

Mutant screening potentially implicates a second mechanism of action
based on the inability of the C321A mutant to fully recover deamination
capabilities in comparison with DMSO control. We hypothesize that the 4-amino-
1,2,4-triazole-3-thiol scaffold may engage the catalytic zinc atom in A3G
conferring a secondary mechanism of enzyme inhibition, although more evidence

is needed to support this theory.
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3.4 Experimental Section

General Synthesis Information. Chemical reagents were purchased from
Sigma-Aldrich, Alfa Aesar or Acros and used without additional purification. Bulk
solvents were from Fisher Scientific and anhydrous solvents were purchased
from Sigma-Aldrich. Reactions were performed under an atmosphere of dry N,
unless otherwise noted. Silica gel chromatography was performed on a
Teledyne-lsco Combiflash Rf-200 instrument using Redisep Rf Gold High
Performance silica gel columns (Teledyne-Isco) or self-packed columns with
SiliaFlash 60A silica gel (SiliCycle). HPLC analyses were performed on an
Agilent 1200 series instrument equipped with a diode array detector and a
Zorbax SB-C18 column (4.6 x 150 mm, 3.5 um, Agilent Technologies) or a
Zorbax SB-AQ column (4.6 x 150 mm, 3.5 pm, Agilent Technologies) for
analytical-scale analysis. Compounds used in biological testing were no less than
98% pure as determined by two-wavelength HPLC analysis (254 and 215 nm),
except for compounds 3.4 and 3.8, which were 92% and 93% pure, respectively.
Nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker
Avance instrument operating at 400 MHz (for *H) and 100 MHz (for *C) at
ambient temperature. Chemical shifts are reported in parts per million and
normalized to internal solvent peaks or tetramethylsilane (0 ppm). Exchangeable
protons (thiols, alcohols and amines) were verified by *H NMR D,O exchange
experiments. High-resolution mass spectrometry (HRMS) was recorded in

positive-ion mode on a Bruker BioTOF Il instrument.
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4-Amino-1,2,4-triazole-3-thiol (3.4). Prepared as previously described.”® 'H
NMR (DMSO-dg): 6 = 13.63 (s, 1H, SH), 8.45 (s, 1H), 5.68 ppm (s, 2H, NH,); Bc
NMR (DMSO-dg): 6 = 166.0, 142.3 ppm; HRMS-ESI" m/z [M+Na]" calc’'d for

C,H4N,S: 139.0054, found: 139.0045.

4-((4-Bromobenzylidene)amino)-1,2,4-triazole-3-thiol (3.1). To a solution of 4-
amino-1,2,4-triazole-3-thiol (3.4, 0.219 g, 1.89 mmol) in AcOH (8.0 mL) at room
temperature was added 4-bromobenzaldehyde (0.349 g, 1.89 mmol). The
reaction was then heated to reflux. After 2 h, the reaction was cooled and poured
into ice water. The resulting precipitate was collected, washed with water and
recrystallized from hot, absolute EtOH to yield compound 3.1 as a pale yellow
solid (0.438 g, 82%): *H NMR (CDCly): 6 = 10.47 (s, 1H), 8.08 (s, 1H), 7.73 (d, J
= 2.0 Hz, 2H), 7.63 ppm (d, J = 2.0 Hz, 2H); *C NMR (CDCl,): 6 = 158.83,
158.78, 140.9, 132.4, 131.2, 130.0, 127.3 ppm; HRMS-ESI* m/z [M+Na]" calc'd

for CoH;BrN,S: 304.9472, found: 304.9468.

4-Amino-5-methyl-1,2,4-triazole-3-thiol (3.5). A mixture of thiocarbohydrazide
(3.2, 2.60 g, 24.5 mmol) in AcOH (5.0 mL) in a 100 mL round bottom flask was
heated to reflux into an empty Dean-Stark trap. Since product formation is
kinetically fast, this process served to remove excess acid which enhanced
reaction yields. The reaction was allowed to proceed until product formed as a
white precipitate and all acid was removed. The residual solid was removed from
the flask with water, filtered and recrystallized from hot, aqueous EtOH to yield

compound 3.5 as a white powder (3.16 g, 99%): ‘H NMR (DMSO-dg): 6§ = 13.39

(s, 1H, SH), 5.51 (s, 2H, NH,), 2.11 ppm (s, 3H, CHs); *C NMR (DMSO-dg): 6 =
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165.37, 149.08, 10.37 ppm; HRMS-ESI® m/z [M+Na]" calc'd for CzHgN,S:

153.0211, found: 153.0213.

4-Amino-1,2,4-triazol-3-ol (3.6). Prepared as previously described.?”® 'H NMR
(DMSO-dg): 6 = 11.52 (s, 1H, OH), 7.80 (s, 1H), 5.26 ppm (2H, NH,); *C NMR
(DMSO-dg): & = 154.2, 139.3 ppm; HRMS-ESI* m/z [M+Na]" calc’d for C,H,N,O:

123.0283, found: 123.0292.

4-Amino-5-methyl-1,2,4-triazol-3-ol (3.7). Carbohydrazide (3.3, 0.500 g, 5.550
mmol) was suspended in triethylorthoacetate (1 mL), heated from 60 — 90 °C
over 45 min, and then refluxed. After 2 h, the reaction was cooled, concentrated
in vacuo and the crude solid was recrystallized from hot, absolute EtOH to yield

compound 3.7 as a white crystalline solid (0.214 g, 34%): *H NMR (DMSO-dg): &

11.23 (s, 1H, OH), 5.10 (s, 2H, NH,), 2.07 ppm (s, 3H); *C NMR (DMSO-dq): &

154.3, 145.4, 10.7 ppm; HRMS (ESI ") m/z [M+H]" calc’d for C3HgN,O:

115.0614, found: 115.0615.

4-((4-Methoxybenzylidene)amino)-5-methyl-1,2,4-triazole-3-thiol (3.8). To a
solution of 3.3 (0.100 g, 0.768 mmol) in AcOH (3.5 mL) at room temperature was
added p-anisaldehyde (93 uL, 0.800 mmol). The reaction was heated to reflux for
2 h, then cooled and poured into ice water. The resulting precipitate was
collected and washed with water to yield compound 3.8 as a pale yellow solid
(0.160 g, 84%) without further purification: *H NMR (DMSO-dg): 6 = 13.67 (s, 1H),
9.71 (s, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 3.85 (s, 3H), 2.32

ppm (s, 3H); *C NMR (CDCly): 6 = 163.3, 162.4, 161.5, 149.8, 130.8, 125.2,
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114.6, 55.6, 11.3 ppm; HRMS-ESI" m/z [M+Na]® calc’'d for C;;H;,N,OS:

271.0630, found: 271.0617.

N-(3-Mercapto-5-methyl-1,2,4-triazol-4-yl)benzamide (3.9). A solution of 3.3
(0.100 g, 0.770 mmol) in dioxane (5 mL) was treated with benzoyl chloride (100
pL, 0.770 mmol) and heated at reflux for 24 h. The reaction mixture was cooled
to rt and concentrated in vacuo. SiO, purification (gradient 40-100% ethyl acetate
in hexanes) gave compound 3.9 as a white solid (80.0 mg, 44%): 'H NMR
(DMSO-dg): 6 = 13.73 (s, 1H, SH), 11.78 (s, 1H, NH), 8.01-7.98 (m, 2H), 7.71-
7.57 (m, 3H), 2.20 ppm (s, 3H); *C NMR (DMSO-dg): 6 = 167.0, 165.4, 149.9,
132.9, 130.9, 128.8, 127.9, 10.0 ppm; HRMS-ESI" m/z [M+Na]® calc’'d for

C11H11N30S: 257.0473, found: 257.0288.

6-(4-Methoxyphenyl)-3-methyl-1,2,4-triazolo[3,4-b][1,3,4]thiadiazole  (3.10).
4-Methoxybenzonitrile (0.100 g, 0.75 mmol) and 3.5 (0.098 g, 0.75 mmol) were
suspended in aqueous H3PO, (5 mL) and heated to reflux. After 5 h, the mixture
was diluted with an excess of H,O, neutralized with aqueous NaOH (40% w/v
soln) to pH 7-8, and concentrated in vacuo to yield compound 3.10 as a pale
yellow powder (0.087 g, 47%): *"H NMR (CDCl,): 6 = 7.83 (d, J = 8.0 Hz, 2H),
7.03 (d, J = 8.0 Hz, 2H), 3.90 (s, 3H), 2.76 ppm (s, 3H); *C NMR (CDCly): & =
166.2, 163.2, 153.1, 144.9, 129.0, 122.1, 115.0, 55.8, 10.6 ppm; HRMS-ESI* m/z

[M+Na]" calc’d for C1,H1;N3;OS: 269.0473, found: 269.0468.

3-(Benzylthio)-5-methyl-1,2,4-triazol-4-amine (3.11). Prepared as previously
described.”® *H NMR (CDCl,): & = 7.45-7.43 (m, 2H), 7.36-7.30 (m, 3H), 4.60 (s,

2H), 2.37 ppm (s, 3H); *C NMR (DMSO-dg): 6 = 158.7, 152.0, 137.1, 128.7,
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127.7, 127.1, 34.4, 10.8 ppm; HRMS-ESI® m/z [M+H]" calc’d for CioH1oN,S:

221.0861, found: 221.0871.

Expression and Purification of APOBEC3A, APOBEC3G, APOBEC3G 2K3A
and APOBEC3G C321A. A3G, A3A, A3G 2K3A and A3G C321A were

expressed and purified as previously described.

DNA Deaminase Assay. The DNA deaminase assay was performed as
previously described with the ssDNA oligomer 5'-6-FAM-AAA-TAT-TCC-CTA-
ATA-GAT-AAT-GTG-A-TAMRA-3'.! Deaminase assays with mutant A3G were
performed with 50 um compound, 0.0675 uMm A3G, 0.33 uM ssDNA, and excess
UDG. None of the synthesized compounds inhibited uracil DNA glycosylase in

the context of the in vitro assay.

HPLC Assay for Disulfide Formation. A solution of 3.9 (10.0 mg, 0.040 mmol)
in DMSO (100 uL) was diluted with 1x aqueous PBS (5 mL, pH 7.4) and treated
with cysteamine (0.684 g, 4.03 mmol, 100 eq). The solution was then shaken at
37 °C. Aliquots of the reaction mixture were taken at the following time points: 0
min, 30 min, 60 min and 12 h. These reaction aliquots were analyzed by reverse
phase analytical HPLC. The HPLC analytical method (Zorbax SB-C18 4.6 x 150
mm, 3.5 um column, Agilent Technologies; flow rate = 1.0 mL/min) involved
isocratic 10% CHsCN in 0.1% (v/v) aqueous CF;CO,H (0 to 2 min), followed by
linear gradients of 10-85% CH3CN (2-24 min) and 85%-95% CH3;CN (24-26 min).
The major peak 3.12 (Figure 3.2) was isolated, concentrated in vacuo, and
characterized by mass spectrometry. HRMS (ESI*) m/z calc’d for C1,H15sN50S,
[M+Na]* 332.0616; found 332.0629.
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3.5 Spectral Data for Synthesized Compounds

4-((4-bromobenzylidene)amino)-1,2,4-triazole-3-thiol (3.1)
'H NMR (CDCly):
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4-((4-bromobenzylidene)amino)-1,2,4-triazole-3-thiol (3.1)
13C NMR (CDCly):
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4-amino-1,2,4-triazole-3-thiol (3.4)
'H NMR (DMSO-d):
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4-amino-5-methyl-1,2,4-triazole-3-thiol (3.5)
'H NMR (DMSO- dg):
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4-amino-5-methyl-1,2,4-triazole-3-thiol (3.5)
13C NMR (DMSO-dy):
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4-amino-1,2,4-triazol-3-ol (3.6)
'H NMR (DMSO-dp):
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4-amino-5-methyl-1,2,4-triazol-3-ol (3.7)
'H NMR (DMSO-dp):
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4-amino-5-methyl-1,2,4-triazol-3-ol (3.7)
3C NMR (DMSO-de):
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4-((4-methoxybenzylidene)amino)-5-methyl-1,2,4-triazole-3-thiol (3.8)

'H NMR (DMSO-dp):
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4-((4-methoxybenzylidene)amino)-5-methyl-1,2,4-triazole-3-thiol (3.8)
3C NMR (CDCly):
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N-(3-mercapto-5-methyl-1,2,4-triazol-4-yl)benzamide (3.9)
'H NMR (DMSO-d):
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N-(3-mercapto-5-methyl-1,2,4-triazol-4-yl)benzamide (3.9)
3C NMR (DMSO-de):
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6-(4-methoxyphenyl)-3-methyl-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (3.10)

'H NMR (CDCly):
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6-(4-methoxyphenyl)-3-methyl-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (3.10)

13C NMR (CDCly):
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3-(benzylthio)-5-methyl-1,2,4-triazole-4-amine (3.11)
'H NMR (CDCly):
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3.6 HPLC Data for Synthesized Compounds

Compounds evaluated biochemically were no less than 98% pure as determined
by two-wavelength HPLC analysis (254 and 215 nm), except for compounds 3.4
and 3.8, which were 92% and 93% pure, respectively. HPLC analyses were
performed using one of the following methods as noted:

Method A: Zorbax SB-C18 column (4.6 x 150 mm, 3.5 um, Agilent
Technologies), flow rate = 1.0 mL/min, isocratic 10% CHsCN in 0.1% (v/v)
aqueous CF;CO,H (0 to 2 min), followed by linear gradients of 10% to 85%
CH3CN in 0.1% (v/v) aqueous CF;CO,H (2 to 24 min) and 85% to 95% CHsCN in
0.1% (v/v) aqueous CF;CO,H (24 to 26 min)

Method B: Zorbax SB-AQ column (4.6 x 150 mm, 3.5 um, Agilent Technologies),
flow rate = 1.0 mL/min, isocratic 0.1% (v/v) aqueous CF;CO,H (0 to 5 min), linear
gradient of 0% to 80% CH3CN in 0.1% (v/v) agueous CF3CO,H (5 to 15 min)

4-((4-bromobenzylidene)amino)-4H-1,2,4-triazole-3-thiol (3.1) [Method A]
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4-amino-4H-1,2,4-triazole-3-thiol (3.4) [Method B]
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4-amino-5-methyl-1,2,4-triazole-3-thiol (3.5) [Method B]
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4-amino-4H-1,2,4-triazol-3-ol (3.6) [Method B]
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4-amino-5-methyl-1,2,4-triazol-3-ol (3.7) [Method B]
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4-((4-methoxybenzylidene)amino)-5-methyl-1,2,4-triazole-3-thiol (3.8)
[Method A]
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N-(3-mercapto-5-methyl-1,2,4-triazol-4-yl)benzamide (3.9) [Method A]
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6-(4-methoxyphenyl)-3-methyl-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole
(3.10) [Method A]
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3-(benzylthio)-5-methyl-4H-1,2,4-triazole-4-amine (3.11) [Method A]
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4.1 Introduction

The translation of high-throughput screening (HTS) hits to mechanistic
probes and lead molecules for drug discovery is often plagued by false positives:
compounds that exhibit the desired assay outcome though not as a result of
specific interaction with the intended biological target.*® In 2007, Inglese, Shamu
& Guy recommended guidelines for reporting HTS-identified small molecules
after recognizing the absence of standards for publishing such discoveries.'%?
Included in this commentary is caution for scientists employing HTS to
structurally validate their identified small molecules prior to publication, as false
positives can not only result in inaccurate data reporting, but their
characterization and elimination can burden a drug discovery campaign.*®%%*

Annotations of chemical libraries to identify scaffolds prone to hit in
unrelated assays have been performed in recent years. These offending
compounds, termed Pan Assay Interference Scaffolds or PAINS, result as a
consequence of the physical and chemical properties of the small molecule
and/or its interactions with certain components of the HTS assay.?**?* False
positives can arise through various mechanisms including colloidal aggregation,
compromised chemical integrity, or inherent reactivity of the small molecule; in
addition to organic and/or inorganic impurities in the compound stock solution.?*
% Maintaining the chemical integrity of small molecule libraries as
dimethylsulfoxide (DMSO) stock solutions upon long-term storage and
freeze/thaw cycles remains a fundamental concern.?%?** |t is known that a

percentage of HTS library members decompose when stored in DMSO, which is

the most common solvent employed.?** A number of decomposition mechanisms
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are possible, such as hydrolysis, oxidation, isomerization, and rearrangement
reactions. Moreover, compounding factors such as organic (e.g., residual
solvent) and inorganic (e.g., salt) impurities may promote decomposition.?®
Herein, we report the decomposition of a seemingly stable HTS scaffold whose
substructure is present in 133 of the 329,510 NIH MLPCN library members.

Our laboratories have performed HTS to identify small molecule inhibitors
of the DNA cytosine deaminases APOBEC3A (A3A) and APOBEC3G (A3G).!
The APOBEC3 (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
like 3) family functions in vivo to deaminate single-stranded DNA (ssDNA)
cytosines to uracils (C-to-U), initiating the protective mechanism of foreign DNA
degradation.?*> APOBEC3s, in most cases, play a protective role as an innate
immune defense mechanism in cells; however the mutative capacity of A3
enzymes may also contribute to human disease. A3G is predicted to drive human
immunodeficiency virus-1 (HIV-1) evolution by enabling a consistent source of
sublethal mutation in the HIV-1 genome.'®*®'* Moreover, the expression of
nuclear-localized APOBEC3B (A3B) is up-regulated in over half of primary breast
carcinomas, accounting for a large proportion of the mutational load in these
tumors.’” A3B over-expression correlates to a higher overall mutational
frequency, and poorer clinical outcomes, such as disease-free and overall
survival, in estrogen receptor positive (ER+) breast cancer patients.'’"?
Additionally, A3B over-expression has been implicated in the mutagenesis of
bladder, cervical, head and neck, and lung cancers, both adenocarcinoma and
squamous, suggesting that A3B-contributed mutation is a common paradigm in
cancer mutagenesis.'’®® Consequently, the identification of small molecule

inhibitors of the APOBEC3 enzymes may provide leads that can be further
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developed into clinical candidates for suppressing mutation and evolution in HIV-
1 and cancer.

Using a previously reported fluorescence-based ssDNA C-to-U
deaminase assay, we identified 62 structurally unique dual inhibitors of A3A (92%
sequence identity to A3B) and A3G from an HTS of 21,126 small molecules at
the University of Minnesota, which included compounds from the following
commercial libraries: Sigma LOPAC (LO1280), Tocriscreen, Prestwick Chemical,
NIH Clinical Collection and MicroSource Discovery." Compound 4.1 was
particularly intriguing because of its low micromolar potency against A3A (ICsy =
2.8 uM) and A3G (ICso = 10.8 puM), and its low toxicity against 293T and HelLa
cells (>85% cell viability when treated with 50 uM compound after 5 days). We
confirmed this observed activity by purchasing 4.1 (Figure 4.1), commercially
available from ChemBridge Corporation (#7922691), and subjecting the
commercial material to dose response experiments against recombinant A3A and
A3G. Purchased 4.1 substantiated our HTS observations demonstrating inhibition

of both A3A (ICsp = 9.8 uM) and A3G (ICs, = 50.3 uM), albeit to a lesser extent.
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UMN Library: 37 / 191,675
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Figure 4.1. Chemical Structure of 4.1 and the Frequency with which the 2-(5-
methylfuran-2-yl)quinoline-4-carbonyl (dashed) and the 2-(furan-2-yl)quinoline-4-
carbonyl (solid) Substructures occur in the University of Minnesota and the NIH
MLPCN Libraries (521,185 total compounds when combined). The boxed text
represents the overall frequency of these chemotypes in each individual library.
Overlap between the University of Minnesota and NIH MLPCN libraries is <10%.

Quinoline 4.1 is a privileged scaffold as related analogues bearing the 2-
furan moiety have been investigated as leads for neurokinin-3 receptor inhibition,
and in antimicrobial, antiviral, contraceptive, antitrypanosomal, and anticancer
applications, though to the best of our knowledge, none of these molecules have
advanced to clinical studies.”**° Consistent with this observation, the 2-
furylquinoline-4-carbonyl substructure is present in 170 HTS library members
available in the University of Minnesota and the NIH MLPCN screening libraries
and in many of our own HTS hits (Figure 4.1). As a result of marked A3 inhibition
in HTS screening, a low toxicity profile against human cells, and the lack of
PAINS warnings, we initiated a structural optimization campaign to refine 4.1 for
potency and selectivity.
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4.2 Results & Discussion

4.2.1 Synthesis and Enzymatic Assays with 4.1.

In an effort to investigate this scaffold as a potential lead molecule for
structure-activity relationship (SAR) studies, we synthesized 4.1 (Scheme 4.1). A
short two-step sequence delivered 4.1 in 17% overall yield, which began with the
preparation of 4.3. Pfitzinger-Borsche chemistry was employed by reacting isatin
(4.2) with 5-acetyl-2-methylfuran under basic conditions to deliver 4.3 in 79%
yield.?° Commercially available 4.4 and carboxylic acid 4.3 were coupled under
EDCI-HCI/HOBt conditions to achieve 4.1 in 22% yield. Amine 4.4 can also be

synthesized as previously reported.”"

42 HO Yo 44 =N

Scheme 4.1. Synthesis of 4.1. Reagents and conditions: (a) 5-acetyl-2-
methylfuran, KOH, EtOH, 65 °C to reflux, 79%; (b) EDCI-HCI, HOBt, NMM, DMF,
22%.

Synthetic 4.1 was subsequently evaluated for A3A and A3G inhibition
using our previously described fluorescence-based deamination assay."**®
However, we were surprised to find that 4.1 exhibited no inhibition of either A3
enzyme when tested in dose response assays up to 200 uM concentrations
(Figure 4.2; day 0). To verify our results, the same DMSO stock of 4.1 was re-

tested on multiple occasions in the days that followed, and curiously, A3G

inhibitory activity was noted, with the magnitude of A3G inhibition paralleling the
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age of the DMSO stock solution. A testing schedule that assayed for A3G
inhibition at days 3, 21, 38, and 72 demonstrated that the DMSO stock solution of
4.1, aged in a closed microcentrifuge tube at 20-22 °C (on lab bench),
increasingly and incrementally gained A3G inhibitory activity over a period of
approximately two months, and as early as three days. Specifically, at 200 uM
treatment, the aged stock of 4.1 reduced A3G deamination activity to 82% (3
days), 55% (21 days), 29% (38 days), and 29% (74 days) (Figure 4.2). It is worth
noting that although this phenomenon with A3G was consistently reproduced,

inhibitory activity against A3A, as seen in the HTS, was never recovered.

& 1007 Day 0
o2
35 Day 3
LI) (&)
- 'f% 504 Day 21
= 2
T ®© Day 38
° E Day 72
§ O L] L] LI ) lllll L] L] LI ) llll L] L] LI )
10 10 104

Compound 4.1 (M)
Figure 4.2. Dose Response Assays for APOBEC3G Inhibition by Freshly
Synthesized and Solubilized 4.1 at 0, 3, 21, 38 and 72 Days. Data indicates that
the stock solution of 4.1 gains A3G inhibitory activity over time. Assays were

performed in triplicate and deaminase activity was quantified as previously
reported.'®* Means + standard deviations are indicated.

4.2.2 Identification of the Decomposition Products of 4.1

Based on the observed increase in inhibitory activity over time, we

proposed that 4.1 decomposes into one or more chemically distinct A3G
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inhibitors. We first HPLC analyzed a 10 mM stock solution of synthesized 4.1 that
was fortuitously dissolved in DMSO and stored in the laboratory for 16 months.

This discrete sample primarily existed as a single product (Figure 4.3).

H
mAU N N\ p©
20004 'l 1/m/z (found) 350.2 P
1750{t=16 months | 1. Isolation

j Ambient Air | .
1500 o ! 2. Characterization HN" 0
1250 i by NMR & LC/MS/MS A
1000 K » N77s
7501 ik h=
500 I
250 Lw &
0 .‘ =N
6 8 10 12 14 min 4.5

m/z (calc'd) 350.2
Figure 4.3. Analytical HPLC Analysis of a 10 mM DMSO Stock Solution of 4.1.
After 16 months, 4.1 converted to 4.5 as determined by HPLC isolation and
characterization by *H and **C NMR and LC-MS/MS.

The major peak was isolated by HPLC, and the decomposition product
was identified as 4.5 by *H and *C NMR, IR, and LC-MS. Spectroscopic data

25225 \which is

suggested that 4.5 exists as the more energetically stable lactam,
supported by an IR spectrum that shows a strong C=0 vibrational frequency
(1771 cm™) and the notable absence of a strong, broad —OH signal.

To confirm that 4.5 is a decomposition product of 4.1 and that it inhibits
A3G, we synthesized 4.5 by coupling amine 4.4 and commercially available 2-
hydroxyquinoline-4-carboxylic (4.6) acid with PyBOP in 59% vyield (Scheme

4.2). Following the isolation and characterization of 4.5, the purified aliquot

was evaluated for A3A and A3G inhibitory activity.
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Scheme 4.2. Synthesis of 4.5. (A) Synthesis of 4.5. Reagents and conditions: (a)
PyBOP, NMM, DMF, 59%.

We found that isolated 4.5 reduced A3G-deamination efficiency to 83% at
200 uM, accounting for some of the inhibitory activity associated with the aged
stock solution of 4.1 (Figure 4.4A). Biochemical evaluation of synthesized 4.5
revealed a weak A3G inhibitor, reducing deamination efficiency by 50% (+1.5) at
200 puM (Figure 4.4A). LC-MS/MS traces of isolated 4.5 and synthesized 4.5
were identical, thereby confirming the identity of the decomposition product
(Figures 4.4B,C). The slight discrepancy between the observed biochemical
activities can be accounted for by the small amount of 4.5 (<1 mg) isolated from
the aged DMSO stock solution. Inherently, the determined mass of purified 4.5
could reflect a higher probability of error, skewing the concentration of the stock

solution, and thus, the calculated percent inhibition.
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Figure 4.4. Biochemical Evaluation and Characterization of Isolated and
Synthesized 4.5. (A) Dose response assays for A3G inhibition by 4.5 isolated
from an aged DMSO stock solution and synthesized 4.5. Assays were performed
in triplicate and deaminase activity was quantified as described previously.*®
Means + standard deviations are indicated. (B) LC-MS/MS analysis of isolated
4.5 compared to the LC-MS/MS chromatorgram of synthesized 4.5 (C).
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Next, analytical HPLC was employed to monitor the decomposition
kinetics of 4.1 over the time frame that we observed increasing A3G inhibitory
activity (t = 72 days, Figure 4.2). As expected at time 0, 4.1 exists in solution as a
pure compound (Figure 4.5A). It was observed that by 21 days, however, notable
decomposition of 4.1 had occurred, resulting in a mixture of decomposition
products (Figure 4.5B). LC-MS analysis of the aged stock identified the masses
of the three prominent peaks as 378.1, 464.1, and 430.1, respectively. The
structures corresponding to these three masses were predicted to be oxidative
decomposition products 4.7, 4.8a-4.8b, and 4.9 (Figure 4.5C), which were
confirmed by HPLC isolaton and 'H NMR and HRMS driven structural

elucidation.
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Figure 4.5. Analytical HPLC Analyses of 10 mM DMSO Stocks of 4.1. (A) Fresh
stock solutions of 4.1 are >99% pure as determined by HPLC. (B) After 21 days
of gentle shaking in ambient atmosphere at 25 °C, HPLC analysis shows
evidence of decomposition through the appearance of multiple new peaks. (C)
Compounds 4.7, 4.8a-4.8b, and 4.9 can be assigned to the three prominent
peaks in the decomposition mixture. These compounds were isolated by HPLC
and characterized by LC-MS, 'H NMR, HRMS, and co-injection of the isolated
standards with aged samples of 4.1 (t = 21 d). (D) DMSO stocks of 4.1 aged
under inert conditions (N,) exhibit drastically reduced decomposition. (E, F)
DMSO stocks of 4.1 aged in the dark or in the presence of NaN; exhibit no
decomposition.

To verify that the isolated samples were, in fact, decomposition products
of 4.1, aliquots of the isolated samples (as 10 mM DMSO stock solutions) were

spiked into a stock solution of 4.1 aged to 21 days. The anticipated enrichment
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(doubling) of the intensity of decomposition peaks for 4.7, 4.8a-4.8b, and 4.9
(Figure 4.5B) was observed (Figure 4.6). Decomposition products 4.7 and 4.9
were also synthesized by RuO,-H,O/NalO,-catalyzed oxidation of 4.1 to give a
2:1:2 mixture of 4.7:4.1:4.9. These compounds were isolated by HPLC and
characterized. LC-MS/MS traces of isolated and synthesized 4.7 and isolated
and synthesized 4.9 were respectively identical, confirming the identities of these
decomposition products (Section 4.7, Figures 4.10, 4.11). Moreover, aliquots of
the synthesized compounds (as 10 mM DMSO stock solutions) were spiked into
an aged stock of 4.1 at 21 days. Enrichment of the intensities of the appropriate

peaks was observed (Figure 4.6).
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Figure 4.6. Co-Injections of Isolated and Synthesized Decomposition Products
4.7, 4.8a-b, and 4.9 with Aged 4.1. Ten mM DMSO stock solutions of 4.1
incubated for 21 days were spiked with 10 mM DMSO stock solutions of standard
(either isolated or synthesized 4.7, 4.8a-4.8b, or 4.9) and diluted with biological
grade MeOH so that the final concentration of each stock solution was 1 mM.
The resulting solutions were analyzed by HPLC.

Biochemical evaluations of synthesized 4.7 and 4.9 identified 4.9 as the

most potent A3G inhibitor, with an ICso = 21 £ 4.0 yM (Figure 4.7). Decomposition
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product 4.7 reduced deamination efficiency to 43% (+ 2.8) at 200 pM, exhibiting
activity similar to 4.5, which reduced deamination efficiency to 50% (+1.5) at 200
UM (Figure 4.4A). A freshly isolated sample of 4.8a-4.8b was also biochemically
evaluated, but this intermediate exhibited no A3G inhibition. 2-
Hydroxyquinonline-4-carboxylic acid (4.6), quinoline-2,4-carboxylic acid, and 5-
(pyridin-4-yl)-1,3,4-thiadiazol-2-amine (4.4), which are substructures of the
decomposition products, were also evaluated for A3G inhibitory activity and
found to be inactive (data not shown). Taken together, decomposition product 4.9
(ICso = 20 = 4.2 pM for A3G) most closely mirrored the biochemical activity
exhibited by the commercially-available ChemBridge material (ICso = 50.3 pM for

A3G) and in the HTS (ICs, = 10.8 uM for A3G).
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Figure 4.7. Biochemical Evaluation of Synthesized 4.7 and 4.9. Dose response
assays for A3G inhibition by synthesized 4.7 (A) and 4.9 (B). Assays were
performed in triplicate and deaminase activity was quantified as described
previously.’® Means * standard deviations are indicated.

4.2.3 Mechanism of Decomposition.
To elucidate the mechanism by which 4.1 undergoes decomposition to
45, 4.7, 4.8a-4.8b, and 4.9, we first performed an analogous aging experiment,

except a saturated N, atmosphere was used instead of laboratory air.
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Degradation of 4.1 was dramatically slowed under these conditions, supporting
an oxidative mechanism of decomposition (Figure 4.5D). Moreover,
decomposition was inhibited when DMSO stocks of 4.1 were maintained in the
dark or in the presence of *O,-quenching reagent NaN; (Figures 4.5E,F). From
these qualitative experiments, we proposed that the decomposition of 4.1 is
enabled by the in situ generation of 'O,, which is (auto)photosensitized by 4.1.
Additional experiments revealed that decomposition occurs at the same rate
regardless of the temperature in which the DMSO stock is stored (-20 °C vs. rt

vs. 37 °C; data not shown).
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Figure 4.8. Mechanism of 4.1 Decomposition. (A) Proposed mechanistic

pathways for oxygen-mediated decomposition of 4.1. Intermediates highlighted in
yellow exhibit m/z [M+H]" = 446.1, which is observed in the LC-MS analysis.

Singlet oxygen is 22 kcal/mol higher in energy than ground state oxygen
and exhibits double bond character as a result of having paired electrons in the
same LUMO.?® Schenck first proposed this [4+2] cycloaddition by hypothesizing
that sensitized or auto-sensitized photooxygenations of furans produce

endoperoxides.”®” Subsequent work demonstrated that the resulting
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endoperoxides can yield dioxirane intermediates (via carbonyl oxides) that further
rearrange to give “anomalous ozonolysis” products through an intramolecular
Baeyer-Villiger mechanism.?**?®° Evidence for the carbonyl oxide intermediate

has been demonstrated through trapping experiments.?*

Baeyer-Villiger
oxidation would explain the incorporation of the lactam carbonyl and the
carboxylic acid at the 2-position of 4.1. Based on this previous literature, we
propose that the furan of 4.1 undergoes [4+2] cycloaddition with 'O, to give
endoperoxide 4.10. The endoperoxide can collapse without directional bias to
yield carbonyl oxide species that readily convert into dioxirane intermediates.
This mechanism is unlikely to be concerted as previous research has
demonstrated that carbonyl oxide intermediates are readily intercepted by
olefins, sulfides, and ketones.”® Furthermore, cyclization to the dioxirane
resonance is thought to be driven by destabilization of the carbonyl oxide by the
enone.”®® The resulting dioxiranes can then undergo Baeyer-Villiger-type
rearrangements to produce four penultimate esters that are hydrolyzed in
aqueous conditions. Our proposed mechanism could also yield a,3-unsaturated
acid 4.11 and aldehyde 4.12, in addition to, lactam 4.5 and carboxylic acid 4.7. To
account for observed decomposition products 4.8a, 4.8b, and 4.9 (Figure 4.5),
endoperoxide 4.10 could alternatively be hydrolyzed by H,O present in the
DMSO stock.?®® We propose that the hydrolysis of 4.10 yields peroxides 4.8a and
4.8b, which are inherently unstable and can rearrange to enone 4.9 via the loss
of -OOH and ring opening (Path E, Figure 4.8)*® or decomposition products 4.5,
4.7, 4.11 and 4.12 through the reversible loss of H,O and the aforementioned
mechanism (Figure 4.8). When isolated by HPLC, 10 mM DMSO stocks of

4.8a/4.8b exhibited a short shelf life of <48 h. After which, analysis of these
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stocks by analytical HPLC displayed primarily 4.7 and 4.9, which were confirmed
by isolation and *H NMR (data not shown).

LC-MS analysis of DMSO stock solutions of 4.1 aged 38 days under
ambient air provided significant experimental support for our proposed
mechanism of decomposition. Lactam 4.5 (m/z 350.1), carboxylic acid 4.7 (m/z
378.1), enone 4.9 (m/z 430.1), a,B-unsaturated acid 4.11 (m/z 432.1), and
aldehyde 4.12 (m/z 404.1) were all found in our analysis (Figure 4.8).
Furthermore, we also observed masses that correspond to either 4.8a or 4.8b
(m/z 464.1), which would result from hydrolysis of endoperoxide 4.10. Hydrolysis
of the carbonyl oxides or dioxiranes could also yield this same mass (m/z 464.1).
Additionally, the mass corresponding to *O, addition to the furan (m/z 446.1) was
observed in our sample, which could denote the endoperoxide 4.10, the carbonyl
oxides, the dioxiranes, or the esters (Figure 4.8, possible m/z 446.1
intermediates are highlighted in yellow). Aging of a DMSO solution of 4.1 under
an atmosphere of [**0]-O, was performed to further support that 4.1 reacts with
photosensitized molecular oxygen to yield the intermediates reported above.
Accordingly, we found incorporation of heavy oxygen into 4.5* and 4.7* (m/z
352.1 and 380.1 for aging under [**0]-O, versus 350.1 and 378.1 for 4.5 and 4.7,
respectively), as well as isotopically-labeled 4.8a* or 4.8b* (+4 Daltons) in our
analysis.

Similar patterns of decomposition following laboratory aging in DMSO are
observed regardless of the sample analysis method (e.g., 4.6 x 150 mm, 3.5 um
C18 column, trifluoroacetic acid modifier versus 0.5 x 150 mm, 5 pym C18
column, trifluoroacetic acid and formic acid eluent modifiers). The addition of

formic acid to the eluent was required for mass spectrometry analysis (LC-MS).
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However, we do note some minor differences in the relative abundances of the
decomposition products as visible in the UV chromatograms between these
methods. Given that quantitative measurements of the decomposition products
are outside the scope of this investigation, and that the masses of the
decomposition products are clearly observed, we employed these HPLC
methods interchangeably for sample analysis in additional mechanistic queries.
To further demonstrate that 4.1 decomposes by the proposed
cycloaddition-rearrangement sequences, we employed known photochemical
conditions to an oxygenated solution of 4.1.2* A 10 mM DMSO solution of 4.1
was irradiated with visible light (300 W) under an oxygen-saturated environment
(O, balloon, 1 atm) in the presence of rose bengal (RB), a photosensitizer. LC-
MS analysis of the crude reaction mixture exhibited m/z products corresponding
to 4.5, 4.7, 4.8a-b, 4.9, the intermediates with the common m/z of 446.1, and
related analogues 4.11 and 4.12 (Figure 4.9A). To demonstrate that 4.1 auto-
sensitizes its photooxygenation, we also irradiated 4.1 in DMSO using visible
light (300 W) in an oxygen-saturated atmosphere (O, balloon, 1 atm) that was
absent of sensitizer. Surprisingly, we observed more extensive decomposition
without addition of photosensitizer (Figure 4.9B). These conditions permitted
additional mechanistic work without the long incubation times used previously
(e.g., weeks of time, Figure 3) To rule out the potential influence of heat
generated by the lamp on the decomposition of 4.1, and to further provide
evidence for oxidative decomposition, an identical experiment was performed
under an N, atmosphere (balloon, 1 atm). In the absence of oxygen, virtually no
decomposition of 4.1 was observed over 9 h, although constantly irradiated

(Figure 4.9C).
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Figure 4.9. Photochemical Decomposition of 4.1. (A) The decomposition of 4.1
can be achieved in short reactions times (9h vs. 21d) by irradiating DMSO stocks
of 4.1 with visible light (300W) in an oxygen saturated atmosphere. (B)
Decomposition readily occurs in the absense of photosensitizer. (C) No
decomposition occurs under an N, atmosphere. (D) Decomposition in the
presence of [*®0]-O,. Rose bengal was not added to reactions B — D.

Finally, we observed the incorporation of isotopically labeled [**0]-O, by
performing this photooxidation in a saturated *0, environment (balloon, 1 atm;
Figure 4.9E). LC-MS analysis revealed incorporation of the isotope, yielding 4.5*
(m/z = 352.1, +2.0 Daltons), 4.7* (m/z 380.1, +2.0 Daltons), and hydrolysis
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products 4.8a* and/or 4.8b* (m/z 468.1, +4.0 Daltons). Conversely, irradiation of
4.1 in an O, environment (balloon, 1 atm) in the presence of H,'®O vyielded
incorporation of the isotope only as a result of hydrolysis with [**0]-labeled water

and no incorporation into any other intermediate.
4.2.4 Mechanistic Determinants.

To determine the minimal sub-structure of 4.1 susceptible to this
mechanism of decomposition, a series of mechanistic probes was synthesized
and subjected to laboratory aging. The designed probes gauged the necessity for
a 4-position amide, a methyl furan, a quinoline ring, and a 4-position carbonyl.
Accordingly, analogues were studied which contained a free carboxylic acid as
opposed to an amide linkage (4.13,4.15,4.17,4.19,4.21,4.23), a furan as opposed
to a methyl furan (4.14,4.15,4.18,4.19,4.22,4.23), a pyridyl (4.16-4.19) or
naphthyl ring (4.20-4.23) in place of the quinoline, or the absence a 4-position
substituent (4.24,4.25). Syntheses were performed according to standard organic
transformations. Generally, ring system-furan connections were accomplished
under Stille or Suzuki conditions from commercial reagents, and amide bond
couplings were accomplished with EDCI-HCI, HOBt, and DIPEA. DMSO stock
solutions (10 mM) for the 13 probes were made identically to those prepared for
4.1 and solutions were exposed to laboratory air at 25 'C for 38 days. Aliquots
were taken at 0, 2, 7, 21 and 38 days and analyzed by analytical HPLC. Percent
decomposition was measured by dividing the ratio of the area under the curve
(AUC) of compound over internal standard at day 38 by the ratio at time O (Table
4.1). The stock solutions of each compound were also subjected to LC-MS

analysis at day 38. The extent of decomposition varied widely across the
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mechanistic probes. The following general trends were observed: (1) a higher
degree of decomposition occurred in probes that contained 4-position amide
linkages as compared to their free carboxylic acid counterparts, (2) a higher
degree of decomposition was observed in probes with methyl functionalized
furans in comparison to the non-substituted analogues, (3) probes lacking a 4-
position carbonyl exhibited the least decomposition, and (4) the identity of the
ring system had little effect on the extent of decomposition. Notable exceptions to
these trends were observed, and thus, they must be accepted as only
suggestions. For example, quinoline-based probe 4.15, which is absent of the 4-
position amide linkage and methyl-substituted furan, showed more
decomposition than probes 4.13 (methyl furan) and 4.14 (amide linkage).
Additionally, naphthyl-based probe 4.22 showed extensive decomposition,
although it lacked a furan methyl substituent. The percentage parent remaining
for probes exhibiting a 4-position carboxylic acid ranged from 69%-92%, for
probes exhibiting a 4-position amide linkage from 0-99%, and >99% for probes
lacking a 4-position carbonyl. Decomposition was observed for probes based on
all three ring systems, with 6-99% parent remaining for the quinoline-based
series, 34-99% remaining for the pyridine-based series, and 0-89% for the
naphthylene-based series. The most common decomposition products confirmed
by LC-MS were the endoperoxide intermediate, the carboxylic acid (analogous to
4.7), and the enone (analogous to 4.9). It is important to note that the reported
percentages of probe remaining are in the context of 38 d, and that DMSO stocks
analyzed at later times points (t = months) exhibited decomposition in every

probe (data not shown). Taken together, each of the furan-substituted aromatic
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systems investigated in this study are prone to oxidative decomposition, albeit to

varying rates.

Table 4.1. Decomposition Study of Substructure Probes of 4.1 in DMSO Solution

Decomposition Products Observed®*
% Parent
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prope  EXact Remaining (7' i P COT" ey
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Decomposition Products Observed®®

% Parent o Ox-OH 0o o 0 Ox-Re
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Decomposition Products Observed®*

%Pa.re.nt W X0 o X COM o OxOH o o o0 IR
Prob Exact Remaining (U Q ]';/j/ ox M (‘_Ix\ W o I
robe  Mass  +SD N . 7 Q_,I P 9P Q,.' S
1
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(38 days)*” ‘
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o \Me +
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O A +e
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410 mM solutions in DMSO were shaken gently at 25 °C open to the atmosphere.
Percent remaining is the mean of three independent experiments. "DMSO stock
solutions were analyzed by LC-MS on day 38. ‘Decomposition products positively
identified are denoted by +, while products not detected are denoted by -. For observed
decomposition products, the masses are presented as found mass, then calculated
mass in parentheses. Masses were calculated for [M+H]*. “The aldehyde decomposition
product could also be the enol tautomer. °For probes with a non-methylated furan, the
a,B-unsaturated acid and [M+O,+H]" intermediates (highlighted in yellow in Figure 4.8)
have the same MW. The a,B-unsaturated acid is represented in this table as identified;
however, the observed m/z may correspond to an [M+O,+H]" intermediate.

4.2.5 General Applicability of Oxidative Decomposition to Structurally
Related HTS Library Scaffolds

Together, the University of Minnesota and the NIH MLPCN screening
libraries contain 170 compounds based on this 2-furylquinoline-4-carbonyl

substructure. To investigate if other 2-furylquinoline HTS members can
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decompose similarly to 4.1, we purchased eight representative compounds that
were present in either the University of Minnesota library or the NIH MLPCN
screening collection. DMSO stock solutions (10 mM) for the eight compounds
were made identically to those prepared for 4.1 and solutions were exposed to
laboratory air at 25 "C for 38 days. Aliquots were taken at 0, 2, 7, 21 and 38 days
and analyzed by HPLC. Decomposition was observed in all of the compound
stocks as early as 2 days post solvation, and at day 38, the stocks had
decomposed between 16 — 81% (Table 4.2). Percent decomposition was
calculated as described above. The stock solutions of each compound were
subjected to LC-MS analysis, and in each case, peaks corresponding to an
oxygen-furan cycloaddition adduct [M+O,+H]", the lactam decomposition product
(analogous to 4.5), and the carboxylic acid decomposition product (analogous to
4.7) were observed. In the majority of experiments, the enone (analogous to 4.9),
the a,p-unsaturated acid (analogous to 4.11), and the aldehyde (analogous to
4.12) decomposition products were also observed. Our data suggests that HTS
library compounds containing the 2-furylquinoline-4-carbonyl substructure are
wholly subject to oxygen-mediated decomposition via the aforementioned
mechanism and that this decomposition occurs within a timeframe relevant to

HTS screening investigations.
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Table 4.2. Decomposition of Furan-Functionalized Quinolines in DMSO Solution

HTS Library PubChem Exact Remaining
Member® CID

Mass

% Parent

+SD

(38 days)”°

Decomposition Products Observed®®

0 OH
H oo Ny COH o
| | N\ =
z & |
“nn =
o :
g h
0

41 1257050 413.1

2965431 350.2

845057 343.1

O
N\ S
'/
898877 334.2
ENjo 4.28
Me
N\ 0\\
I/
HN"So 429 1290240 386.2

55+4

73+8

54 +19

84 +32

+
350.1
(350.1)

287.1
(287.1)

280.1
(280.1)

271.1
(271.1)

323.1
(323.1)

+
378.1
(378.1)

315.1
(315.1)

308.1
(308.1)

299.1
(299.1)

351.2
(351.1)

+
432.1
(432.1)

362.1
(362.1)

353.2
(353.1)

405.2
(405.1)

404.1
(404.1)

341.4
(341.1)

334.2
(334.1)

325.2
(325.1)

377.2
(377.1)

430.1
(430.1)

367.2
(367.2)

360.2
(360.1)

351.2
(351.2)

403.2
(403.2)
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Decomposition Products Observed®®

% Parent 0. oH o o 0 O R
H o
HTS Library PubChem Exact Remaining N0 (I "j’w*” v M Ny " N
| P > |
Member*  CID Mass +SD @g X @ 7 7
(38 days)b’° ' ' R=CHy H
Me
2
N\ S
L _ + + + + +
o 430 1257050 413.1 61 350.1 378.1 432.1 404.1 430.1
' (350.1)  (378.1) (432.1) (404.1) (430.1)
[o]
o—/
)
N .
+ + + +
unSo 431 1295580 378.2 6419 329.1 357.1 411.1 383.1 -
° (329.1) (357.1) (411.1) (383.1)
Me
2
lN\ =~ + + + + +
7 a3 2220790 399.1 26z+4 336.1 364.1 418.1 390.1 416.1
s (336.1)  (364.1) (418.1) (390.1) (416.1)
:lsiMe

o

Me
M
[ + + + +
o 435 1000751 4441 19+10 3811  409.1 463.1 - 461.1

(381.1)  (409.1) (463.1) (461.1)

MeO,C CO,Me

®Available in either the NIH MLPCN collection or the University of Minnesota small
molecule collection.”20 mM solutions in DMSO were shaken gently at 25 °C open to the
atmosphere. Percent remaining is the mean of three independent experiments. “DMSO
stock solutions were analyzed by LC-MS on day 38. “Decomposition products positively
identified are denoted by +, while products not detected are denoted by -. For observed
decomposition products, the masses are presented as found mass and calculated mass
in parentheses. Masses were calculated for [M+H]". °The aldehyde decomposition
product could also be the enol tautomer. "For probes with a non-methylated furan, the
a,B-unsaturated acid and [M+O,+H]" intermediates (highlighted in yellow in Figure 4)
have the same MW. The a,B-unsaturated acid is represented in this table as identified;
however, the observed m/z may correspond to an [M+O,+H]" intermediate.

4.3 Conclusions

In summary, it was found that the chemical integrity of 4.1 was

compromised by air oxidation of the furan, yielding intermediates that rearrange
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through a Baeyer-Villiger mechanism to products 4.5, 4.7, 4.11, and 4.12, and via
hydrolysis-promoted rearrangement to 4.9. Oxygen mediated decomposition of
the 2-furylquinoline-4-carbonyl moiety appears to occur in chemically analogous
scaffolds as demonstrated through the aging of eight randomly selected HTS
library compounds. Our observations reinforce the phenomenon that small
molecule instability in DMSO continues to plague HTS-based drug discovery
efforts. Moreover, the 2-furylquinoline-4-amide substructure should be
considered a PAINS scaffold and only prioritized as a drug lead with extensive
structural validation. Finally, taking the steps to deconvolute this impure
screening hit translated to the discovery of a modestly potent small molecule

inhibitor of A3G.

4.4 Experimental Section

General Synthesis Information. Chemical reagents were purchased from
commercial sources and used without additional purification. The eight
representative 2-furylquinolines (4.26-4.33) were purchased from Chembridge
Corporation, and confirmed to be >95% by two-wavelength HPLC. Bulk solvents
were from Fisher Scientific and anhydrous N,N-dimethylformamide (DMF) was
purchased from Sigma-Aldrich. Anhydrous solvents were obtained from an
MBraun Solvent Purification system. Reactions were performed under an
atmosphere of dry N, where noted. Silica gel chromatography was performed on
a Teledyne-lsco Combiflash Rf-200 instrument using Redisep Rf Gold High
Performance silica gel columns (Teledyne-Isco) or self-packed columns with
SiliaFlash 60A silica gel (SiliCycle). HPLC analyses were performed on an

Agilent 1200 series instrument equipped with a diode array detector and a
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Zorbax SB-C18 column (4.6 x 150 mm, 3.5 um, Agilent Technologies).
Compounds used in biochemical testing were no less than 98% pure as
determined by two-wavelength HPLC analysis (254 and 215 nm). Nuclear
magnetic resonance (NMR) spectroscopy was performed using a Bruker Avance
instrument operating at 400 MHz or 500 MHz (for *H) and 100 MHz (for **C) at
ambient temperature. Chemical shifts are reported in parts per million and
normalized to internal solvent peaks or tetramethylsilane (0 ppm). High-resolution
mass spectrometry (HRMS) was recorded in positive-ion mode on a Bruker

BioTOF Il instrument.

2-(5-Methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)quinoline-4-

carboxamide (4.1). To a 0 °C solution of 2-(5-Methylfuran-2-yl)quinoline-4-
carboxylic acid (4.3)*° (101 mg, 0.40 mmol) and pyridine thiadiazole 4.4%* (79
mg, 0.44 mmol) in DMF (4 mL) were added EDCI-HCI (86 mg, 0.45 mmol) and
HOBLt (82 mg, 0.61 mmol), followed by NMM (240 uL). The reaction solution was
slowly warmed to room temperature and stirred for 18 h. The resulting solution
was poured into sat. aq. NH,Cl (30 mL) and extracted with EtOAc (3 x 30 mL).
The combined organic layers were washed with brine (2 x 30 mL), dried over
anhydrous Na,SO,, filtered and concentrated. The crude product was purified via
SiO, column chromatography using a gradient of MeOH (0% to 50%) in CH,CI,
to afford 36 mg (22%) of 4.1 as a yellow solid. IR (neat) 2968 cm™, 1774 cm™,
1506 cm™; 'H NMR (DMSO-dg) & = 13.82 (s, 1H), 8.77 (dd, J = 4.5 Hz, 1.6 Hz,
2H), 8.27 (s, 1H), 8.15 (d, J = 8.0 Hz, 1H), 8.09 (d, J = 8.0 Hz, 1H), 8.01 (dd, J =
4.5 Hz, 1.6 Hz, 2H), 7.83 (ddd, J = 8.4 Hz, 7.0 Hz, 1.3Hz, 1H), 7.64 (ddd, J = 8.2
Hz, 7.0 Hz, 1.1 Hz, 1H), 7.39 (d, J = 3.3 Hz, 1H), 6.40 (dd, J = 3.3 Hz, 0.9 Hz,
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1H), 2.45 (s, 3H); *C (DMSO-dg) & = 165.4, 160.3, 159.8, 154.9, 150.9, 150.8,
147.8, 147.8, 139.0, 137.0, 130.6, 129.1, 127.2, 124.9, 122.4, 120.9, 116.9,
113.1, 109.2, 13.6; HRMS-ESI" m/z [M + H]" calc’d for C,,H15Ns0,S: 414.1025,

found: 414.1033.

2-Ox0-N-(5-pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-1,2-dihydroquinoline-4-

carboxamide (4.5). 2-oxo-1,2-dihydroquinoline-4-carboxylic acid (4.6) (50 mg,
0.27 mmol) and PyBOP (156 mg, 0.300 mmol) were placed in a dry flask and
dissolved in DMF (1 mL). 2-Amino-5-(4-pyridyl)-1,3,4-thiadiazole (4.4, 54 mg,
0.3 mmol) was added followed by NMM (33 pL, 0.30 mmol). The reaction was
stirred overnight at room temperature. A light precipitate formed over the course
of the reaction. This precipitate was collected via vacuum filtration and dried
under vacuum to afford 54 mg (59 %) of 4.5 as a light yellow powder. IR (neat)
3058 cm™, 2970 cm™, 1772 cm™, 1594 cm™, 1505 cm™; *H NMR (DMSO-dg): & =
13.72 (s, 1H), 12.10 (s, 1H), 8.77 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H),
7.73 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.23 (t,
J = 8.0 Hz, 1H), 6.91 (s, 1H); *C (DMSO-d¢): & = 165.2, 160.4, 159.7, 150.8,
149.2, 147.5, 142.0, 136.9, 131.6, 128.5, 128.5, 125.2, 122.9, 121.7, 120.9;

HRMS-ESI" m/z [M + H]" calc'd for C,7H:1N50,S: 350.0712, found: 350.0714.

4-((5-(Pyridin-4-y)-1,3,4-thiadiazol-2-yl)carbamoyl)quinoline-2-carboxylic

acid (4.7) and (2)-2-(4-oxopent-2-enoyl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-
yhguinoline-4-carboxamide (4.9). This procedure was adapted from published
literature.®® To a mixture of 2-(5-methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-
thiadiazol-2-yl)quinoline-4-carboxamide (4.1, 250.0 mg, 0.605 mmol) in

CCl4/MeCN (6 mL, 1:1, v/iv) was added NalO,4 (582.0 mg, 2.721 mmol) in H,O (6
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mL) and RuO,-H,O (6.0 mg, 0.048 mmol).The biphasic mixture was stirred
vigorously at rt exposed to ambient air. After 16 h, the resulting ppt was removed
by filtration and washed with MeOH (5 x 20 mL) to yield a brown powder.
Purification of 25 mg crude product was performed on an Agilent 1200 series
instrument equipped with a diode array detector and Zorbax SB-C18 column (4.6
x 150 mm, 3.5 ym, Agilent Technologies). The purification method (1 mL/min flow
rate) involved isocratic 10% MeCN in ddH,O (both containing 0.1% TFA; 0 to 2
mins) followed by linear gradients of 10% to 25% MeCN in ddH,O (both
containing 0.1% TFA; 2 to 12 mins), 25-35% MeCN in ddH,O (both containing
0.1% TFA; 12 to 27 min), 35-90% MeCN in ddH,O (both containing 0.1% TFA,
27 to 35 min), and isocratic 90% MeCN in ddH,O (both containing 0.1% TFA; 35-
40 mins). Wavelengths monitored = 215 nm and 254 nm. Compound 4.7 (5.0 mg,
29%) was isolated as a pale yellow powder, and compound 4.9 (9.1 mg, 36%)
was isolated as a brown powder following lyophilization. (4.7) *H NMR (DMSO-
ds): 6 = 13.90 (bs, 1H), 8.77 (d, J = 5.0 Hz, 2H), 8.47 (s, 1H), 8.30 (d, J = 9.5 Hz,
1H), 8.28 (d, J = 8.5 Hz, 1H), 8.01 (d, J = 5.0 Hz, 2H), 7.97 (t, J = 7.5 Hz, 1H),
7.86 (t, J = 7.5 Hz, 1H); HRMS-ESI® m/z [M + H]" calc'd for Cy;H;1:Ns0,S:
378.0655, found: 378.0662; (4.9) 'H (DMSO-ds): 8 = 14.00 (bs, 1H), 8.80 (bd,
2H), 8.54 (s, 1H), 8.47 (d, J = 16.5 Hz, 1H), 8.41 (d, J = 8.5 Hz, 1H), 8.36 (d, J =
9.0 Hz, 1H), 8.04 (m, 3H), 7.93 (t, J = 8.0 Hz, 1H), 7.19 (d, J = 16.5 Hz, 1H), 2.56
(s, 3H); HRMS-ESI" m/z [M + H]" calc’'d for Cy;H1:Ns0,S: 430.0968, found:

430.0957.

2-(5-Methylfuran-2-yl)quinoline-4-carboxylic acid (4.13). Synthesized as
previously described.”° Isolated as a brown powder (79%). *H NMR (DMSO-d)
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5 = 8.64 (d, J = 11.0 Hz, 1H), 7.87 (d, J = 10.5 Hz, 1H), 7.79 (s, 1H), 7.61 (ddd, J
= 8.5 Hz, 6.0 Hz, 2.0 Hz, 1H), 7.41 (ddd, J = 8.5 Hz, 6.5 Hz, 2.0 Hz, 1H), 7.14 (d,
J = 4.0 Hz, 1H), 6.31 (d, J = 4.5 Hz, 1H), 2.42 (s, 3H); LRMS-ESI* m/z [M + HJ*

calc’d for Ci5H1:NO3: 254.1, found: 254.1.

General Procedure for the Coupling of 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-
amine to Carboxylic Acids (4.14, 4.16, 4.18, 4.20, 4.22): To a stirred solution of
5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine (4.4, 1 equiv.) in DMF (0.3 M) was added
the appropriate carboxylic acid (1 equiv.), EDCI-HCI (1.2 equiv.), HOBt (1.2
equiv.), and NMM (6.0 equiv.), and the reaction was stirred at rt. After 24 h, the
DMF was removed in vacuo, and the resulting residue was triturated with MeOH.
The ppt was removed by filtration and purified over SiO, (0% to 30% MeOH in

DCM) to yield the desired products.

2-(Furan-2-yI)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)quinoline-4-

carboxamide (4.14). Yellow powder (24%). 'H NMR (DMSO-dg) & = 13.85 (s,
1H), 8.78 (d, J = 4.5 Hz, 2H), 8.35 (s, 1H), 8.19 (d, J = 8.5 Hz, 1H), 8.12 (d, J =
8.0 Hz, 1H), 8.02 (m, 3H), 7.87 (t, J = 7.0 Hz, 1H), 7.68 (t, J = 7.5 Hz, 1H), 7.50
(d, J = 2.5 Hz, 1H), 6.79 (m, 1H); LRMS-ESI" m/z [M + H]" calc'd for

C21H13N5028: 400.1, found: 400.2.

2-(5-Methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-

yl)isonicotinamide (4.16). Yellow powder (6%). 'H (DMSO-dg): & = 13.81 (bs,
1H), 8.77 (m, 3H), 8.31 (s, 1H), 7.97 (d, J = 4.2 Hz, 2H), 7.84 (d, J = 5.2 Hz, 1H),
7.12 (d, J = 3.3 Hz, 1H), 6.34 (d, J = 3.3 Hz, 1H), 2.42 (s, 3H); LRMS-ESI* m/z [M

+ H]" calc’'d for C1gH13Ns0,S: 364.1, found: 364.2.

137



2-(Furan-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)isonicotinamide (4.18).
White powder (9%). *H (DMSO-ds): & = 13.77 (bs, 1H), 8.82 (d, J = 5.0 Hz, 1H),
8.76 (d, J = 5.0 Hz, 2H), 8.40 (s, 1H), 7.97 (d, J = 4.5 Hz, 2H), 7.94 (m, 1H), 7.90
(d, J = 5.0 Hz, 1H), 7.23 (d, J = 3.0 Hz, 1H), 6.72 (m, 1H); LRMS-ESI' m/z [M +

H]" calc’d for C17H131Ns0,S: 350.1, found: 350.2.

3-(5-Methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-1-

naphthamide (4.20) Yellow powder (12%). *H (DMSO-ds): & = 13.57 (bs, 1H),
8.76 (d, J = 5.5 Hz, 2H), 8.45 (m, 1H), 8.34 (m, 1H), 8.28 (m, 1H), 8.21 (d, J = 8.0
Hz, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 5.5 Hz, 2H), 7.60 (m, 2H), 7.09 (d,
J = 3.0 Hz, 1H), 6.30 (m, 1H); 2.41 (s, 3H); LRMS-ESI" m/z [M + H]" calc'd for

023H16N4OZS: 413.1, found: 413.2.

3-(Furan-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-1-naphthamide (4.22).
Pale yellow powder (7%). *H (DMSO-ds): & = 13.61 (bs, 1H), 8.78 (dd, J = 4.5
Hz, 1.5 Hz, 2H), 8.45 (m, 1H), 8.35 (d, J = 1.5 Hz, 1H), 8.24 (dd, J = 6.5 Hz, 2.5
Hz, 1H), 8.12 (dd, J = 6.5 Hz, 2.0 Hz, 1H), 8.01 (dd, J = 4.5 Hz, 1.5 Hz, 2H), 7.89
(d, J = 1.0 Hz, 1H), 7.63 (m, 2H), 7.24 (d, J = 3.0 Hz, 1H), 6.71 (dd, J = 3.5 Hz,
2.0 Hz, 1H); LRMS-ESI" m/z [M + H]" calc'd for CyH14N,0,S: 399.1, found:

399.1.

2-(Furan-2-yl)guinoline-4-carboxylic acid (4.15) Synthesized as previously
described.”® Isolated as brown powder (34%). 'H NMR (DMSO-ds) & = 8.63 (dd,
J = 11.0 Hz, 2.0 Hz, 1H), 8.27 (s, 1H), 8.47 (dd, J = 11.0 Hz, 1.0 Hz, 1H), 7.97
(dd, J = 2.5 Hz, 1.0 Hz, 1H), 7.82 (ddd, J = 9.0 Hz, 7.0 Hz, 1.5 Hz, 1H), 7.66

(ddd, J = 9.0 Hz, 7.0 Hz, 1.5 Hz, 1H), 7.44 (dd, J = 4.5 Hz, 1.0 Hz, 1H), 6.75 (dd,
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J = 4.0 Hz, 2.0 Hz, 1H); LRMS-ESI®" m/z [M + H]" calc'd for CyH15N50,S:
414.1025, found: 414.1033. LRMS-ESI* m/z M + H]+ calc’d for C14HgNO3: 240.1,

found: 240.1.

General Procedure for Suzuki Coupling with 5-Methylfuran-2-Boronic Acid
Pinocol Ester or Furan-2-Boronic Acid (4.17, 4.21, 4.23, 4.24): To a mixture of
the appropriate iodine or bromide (1 equiv.) in DMF/H,O (0.08 M, 5/1, viv) was
added boronic acid (1.5 equiv.), and Na,CO; (1.5 equiv.). The reaction mixture
was degassed with bubbling N, for 10 min, and Pd(PPhs),Cl, (5 mol %) was
added. The reaction mixture was degassed with bubbling N, for 10 additional
min, and then heated to 95 °C. After 2h, the reaction was cooled to rt, and the
reaction was concentrated onto SiO,. SiO, purification (0% to 50% MeOH in

DCM) provided the desired products.

2-(5-Methylfuran-2-yl)isonicotinic acid (4.17). Brown powder (>99%). H
(CDsOD): 6 = 8.47 (d, J = 5.5 Hz, 1H), 8.15 (s, 1H), 7.63 (dd, J = 5.0 Hz, 1.0 Hz,
1H), 6.98 (d, J = 3.0 Hz, 1H), 6.19 (d, J = 3.0 Hz, 1H), 2.39 (s, 3H); LRMS-ESI*

m/z [M + H]" calc’d for C;HgNOs: 204.1, found: 204.1.

3-(5-Methylfuran-2-yl)-1-naphthoic acid (4.21). Brown Powder (21%). *H
(CD;0OD): 6 = 8.80 (m, 1H), 8.42 (m, 1H), 8.25 (m, 1H), 7.92 (dd, J = 5.5 Hz, 3.5
Hz, 1H), 7.52 (m, 2H), 6.81 (d, J = 3.0 Hz, 1H), 6.17 (m, 1H), 2.41 (s, 3H); LRMS-

ESI" m/z [M + H]" calc'd for C1¢H1,03: 253.1, found: 253.1.

3-(Furan-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-1-naphthamide (4.23).
Pale yellow powder (48%). *H (CDCl,): 5 = 9.01 (d, J = 8.5 Hz, 1H), 8.67 (m, 1H),

8.36 (m, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.57 (m, 2H), 6.87
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(d, J = 3.0 Hz, 1H), 6.56 (dd, J = 3.5 Hz, 2.0 Hz, 1H); LRMS-ESI* m/z [M + HJ*

calc’d for C15H1003: 239.1, found: 239.1.

2-(5-Methylfuran-2-yl)quinoline (4.24). White powder (48%). 'H (CDCl;): & =
8.14 (d, J = 9.0 Hz, 1H), 8.12 (d, J = 11 Hz, 1H), 7.79 (d, J = 8.5 Hz, 1H), 7.77 (d,
J =7.0Hz, 1H), 7.70 (t, J = 7.0 Hz, 1H), 7.48 (t, J = 7.0 Hz, 1H), 7.13 (d, J = 2.5
Hz, 1 Hz, 1H), 6.20 (d, J = 2.0 Hz, 1H), 2.48 (s, 3H); LRMS-ESI' m/z [M + H]

calc’d for C14H11NO: 210.1, found: 210.1.

General Procedure for Stille Coupling with 2-(tributylstannyl)furan (4.19,
4.25): To a suspension of 2-iodoisonicotinic acid (1 equiv.) and Pd(PPhs),Cl, (2
mol %) in anhydrous 1,4-dioxane (0.08 M) was added 2-(tributylstannyl)furan (4.5
equiv.), and the reaction was heated to 90 °C. After 14 h, the reaction was cooled
to rt and the reaction mixture was filtered through a Celite pad. The filtrate was
concentrated in vacuo and the resulting residue was triturated with hexanes. The

ppt was removed by filtration to yield the desired product.

2-(Furan-2-yl)isonicotinic acid (4.19). Tan powder (29%). 'H (CD;OD): & = 8.54
(d, J =5.5Hz, 1H), 8.24 (s, 1H), 7.71 (dd, J = 5.0 Hz, 1.0 Hz, 1H), 7.69 (d, J =1
Hz, 1H), 7.12 (d, J = 3.5 Hz, 1H), 6.61 (dd, J = 3.5 Hz, 1.5 Hz, 1H); LRMS-ESI"

m/z [M + H]" calc’d for C1oH;NO3: 190.0, found: 190.1.

2-(Furan-2-yh)quinoline (4.25). Tan powder (77%). '*H (CDCl;): & = 8.16 (d, J =
8.5 Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.78 (d, J = 8.5 Hz,
1H), 7.70 (t, J = 8.5 Hz, 1H), 7.63 (m, 1H), 7.50 (t, J = 8.0 Hz, 1H), 7.22 (d, J =
3.0 Hz, 1H), 6.59 (dd, J = 3.0 Hz, 1.5 Hz, 1H); LRMS-ESI* m/z [M + H]" calc'd for

Ci13HgNO: 196.1, found: 196.1.
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Expression and Purification of APOBEC3A and APOBEC3G. A3A and A3G

were expressed and purified as previously described.*

DNA Deaminase Assay. The DNA deaminase assay was performed as
previously described with the ssDNA oligomer 5-6-FAM-AAA-TAT-TCC-CTA-
ATA-GAT-AAT-GTG-A-TAMRA-3'.! A detailed description of the fluorescence-
based deamination assay can be found in the SI, Section I. None of the
synthesized compounds inhibited uracil DNA glycosylase in the context of the in

vitro assay.

Aging of 4.1 under Ambient Conditions. To a scintillation vial containing 4.1
(62.0 mg, 0.15 mmol) was added DMSO (15 mL). An aliquot (1 mL) was
dispensed into a separate scintillation vial and left uncapped, exposed to
laboratory air. A second aliquot (1 mL) was transferred to a flame dried
scintillation vial under N,. Aliquots (100 pL at time points 0, 3, 7, 14, and 21 days
were diluted with MeCN (0.9 mL) and analyzed on an Agilent 1200 series
instrument equipped with a diode array detector and Zorbax SB-C18 column (4.6
x 150 mm, 3.5 ym, Agilent Technologies). The analysis method (1 mL/min flow
rate) involved isocratic 10% MeCN in ddH,O (both containing 0.1% TFA; 0 to 2
mins) followed by linear gradients of 10% to 85% MeCN in ddH,O (both
containing 0.1% TFA; 2 to 24 mins) followed by 85% to 95% MeCN in ddH,O
(both containing 0.1% TFA; 24-26 mins). Wavelengths monitored = 215 nm and
254 nm. The experiment was performed in triplicate. Similar data was obtained

for each replicate.
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Isolation of 4.5, 4.7, 4.8a-b, and 4.9 from DMSO Stock Solutions of Aged 4.1
(10 mM). Purification was performed on an Agilent 1200 series instrument
equipped with a diode array detector and Zorbax SB-C18 column (4.6 x 150 mm,
3.5 um, Agilent Technologies). The purification method (1 mL/min flow rate)
involved isocratic 10% MeCN in ddH,O (both containing 0.1% TFA; 0 to 2 mins)
followed by linear gradients of 10% to 25% MeCN in ddH,O (both containing
0.1% TFA; 2 to 12 mins), 25-35% MeCN in ddH,O (both containing 0.1% TFA, 12
to 27 min), 35-90% MeCN in ddH,O (both containing 0.1% TFA; 27 to 35 min),
and isocratic 90% MeCN in ddH,O (both containing 0.1% TFA; 35-40 mins).

Wavelengths monitored = 215 nm and 254 nm.

Aging of 4.1 under Photochemical Conditions. Rose Bengal (25.0 mg, 0.0242
mmol, 10 mol %) and 4.1 (100.0 mg, 0.242 mmol) were suspended in DMSO (1
mL) and O, was bubbled into the mixture throughout the course of the reaction.
The mixture was irradiated with 300W of visible light. The temperature of the
reaction vessel was modulated by a tepid water bath and light was focused on
the reaction by surrounding the light bulb and vessel with aluminum foil. After 9 h,
an aliquot (4.2 pL) of the reaction mixture was dissolved in MeCN (0.995 mL) and
analyzed on an Agilent 1200 series instrument equipped with a diode array
detector and Zorbax SB-C18 column (4.6 x 150 mm, 3.5 pm, Agilent
Technologies). The analysis method (1 mL/min flow rate) involved isocratic 10%
MeCN in ddH,O (both containing 0.1% TFA; 0 to 2 mins) followed by linear
gradients of 10% to 50% MeCN in ddH,O (both containing 0.1% TFA; 2 to 10
mins) and 50-95% MeCN in ddH,O (both containing 0.1% TFA; 10 to 12 min),

and isocratic 95% MeCN in ddH,O (both containing 0.1% TFA; 12-15 mins).
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Wavelengths monitored = 215 nm and 254 nm. Once established that 4.1
autosensitizes its own photooxidation, rose bengal was omitted from future
mechanistic studies. The identical reaction setup was employed to further probe
the mechanism of decomposition and was accomplished by exchanging
individual components. Specifically, bubbled oxygen was replaced in one
experiment by N, and in another by *20,. In the final experiment, 10% (of the total
volume) H,"®0 was added to the DMSO. For the experiments employing Ny, *20,,
and H,™0O, three cycles of freeze-pump-thaw were employed to remove any
dissolved oxygen in the DMSO. Each of these aging experiments (O, N,, **0,
and H,'®0, was performed in triplicate. Similar data was obtained for each

replicate.

Aging of Mechanistic Probes and Structurally Analogous 2-furylguinolines.
Three 10 mM DMSO stock solutions were prepared for each compound and the
three samples were aged over 6 weeks in 1 mL microcentrifuge tubes. The
stocks were exposed to laboratory air by piercing the cap of the microcentrifuge
tube with a small hole. Aliquots were taken from each sample at time points 0, 2,
21, and 38 days and were diluted with MeCN and analyzed by reverse phase
analytical HPLC. Analysis was performed on an Agilent 1200 series instrument
equipped with a diode array detector and Zorbax SB-C18 column (4.6 x 150 mm,
3.5 um, Agilent Technologies). The analysis method (1 mL/min flow rate) involved
isocratic 10% MeCN in ddH,O (both containing 0.1% TFA; 0 to 2 mins) followed
by linear gradients of 10% to 50% MeCN in ddH,O (both containing 0.1% TFA; 2
to 10 mins) and 50-95% MeCN in ddH,O (both containing 0.1% TFA; 10 to 12

min), and isocratic 95% MeCN in ddH,O (both containing 0.1% TFA; 12-15 mins).
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Wavelengths monitored = 215 nm and 254 nm. To quantify the amount of parent
compound remaining, the area under the curve (AUC) of the parent compound
was divided by the AUC of an internal standard. Rose bengal (2.5 uM) was used
as the internal standard and was added during the MeCN dilution steps
immediately before HPLC analysis. Aging experiments were performed in
triplicate and values shown are the mean + standard deviation (calculated in
Microsoft Excel). Calibration curves to normalize for injection variances during
HPLC analysis were generated for each compound. For all 21 compounds, R? >

0.95 (non-linear regression).

Protocol for LC-MS Analysis of Aged compounds. LC-MS analyses were
performed on an Agilent 1100 series instrument equipped with an Agilent MSD
SL lon Trap mass spectrometer (positive-ion mode) and a Zorbax SB-C18
column (0.5 x 150 mm, 5 um, Agilent Technologies). The analysis method (15
pL/min flow rate) involved isocratic 10% MeCN (containing 0.1% TFA) in ddH,O
(containing 0.1% HCO.H; 0 to 2 mins) followed by a linear gradient of 10% to
90% MeCN (containing 0.1% TFA) in ddH,O (containing 0.1% HCO,H; 2 to 24
mins), and isocratic 90% MeCN (containing 0.1% TFA) in ddH,O (containing
0.1% HCO,H; 24-26 mins). The column was heated to 40 °C. Wavelengths

monitored = 214 nm and 254 nm.
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4.5. Spectral Data for the Synthesized and Isolated Compounds

1H NMR (dg-DMSO)

Q

{ ©
N7 g 2
@.1) &
—
8
28
2.
g 5 o ks ©
¥ a1 32g e
e 5 5 g%
I K:V%E;f\.

165.40
_-160.34

159.76

E;
S ]
i

S

E

3

£

2

T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20

13.64




TH NMR (dg-DMSO)
N (o]

146

|IG 15 |I4 13 12 II1 1'0 é 7 (] 5 4 3 2 1 ] 1 2 3
ppm
13C NMR (dg-DMSO)
H
N_O
=
S\N
=N
\
N Y/
(5 (4.5)
g 5
8
o8
o8 8 'ggg
e 8 § 0 ]an)
3 g7 5
2es 1
{\F [
I
- Ll e —
170 160 150 140 130 120 110 100 90 80 70 &0 50 40 30 20 10
ppm



H NMR (dg-DMSO)

N_COH
N

900 890 880 870 860 850 840 830 820 810 800 790 780 7.70
ppm

AN

T T T T T T T T T T

0 135 130 125 120 15 1.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

H NMR (DMSO-dg)
CH.

0® s

N =

88 87 86 B85 B84 83 B2 81 80 79 78 77 76 75 74 73 72
ppm

T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

147



4.6 HPLC Data for Synthesized & Isolated Compounds

General Protocol for HPLC Analysis of Synthesized and Isolated Compounds.
DMSO stock solutions of newly synthesized molecules were dissolved in distilled
and deionized water (ddH,O) containing trifluoroacetic acid (TFA, 0.1% v/v) and
analyzed on an Agilent 1200 series instrument equipped with a diode array
detector and Zorbax SB-C18 column (4.6 x 150 mm, 3.5 pm, Agilent
Technologies). The analysis method (1 mL/min flow rate) involved isocratic 10%
MeCN in ddH,O (both containing 0.1% TFA; 0 to 2 mins) followed by linear
gradients of 10% to 85% MeCN in ddH,O (both containing 0.1% TFA; 2 to 24
mins) and 85% to 95% MeCN in ddH,O (both containing 0.1% TFA; 24 to 26
mins). Wavelengths monitored = 215 nm and 254 nm.
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Isolated 4.6:
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4.7 Synthesis & LC-MS/MS Analysis of Synthesized 4.7 and 4.9
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Figure 4.10. Synthesis and Characterization of 4.7. (A) Synthesis of 4.7.
Reagents and conditions: (a) RuO,-H,0, NalO,, CCl,/MeCN/H,0, 29%° (B) LC-
MS/MS analysis of isolated 4.7 compared to the LC-MS/MS chromatorgram of
synthesized 4.7 (C). The difference in retention time between the isolated and
synthesized material is explained by differences in sample preparation. Isolated
4.6 was injected in a MeCN/H,O solution, while synthesized 4.6 was injected in a

DMSO/MeOH solution.
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Figure 4.11. LCMS Characterization of 4.9. The synthesis of 4.9 is shown in
Figure 4.10. (A) LC-MS/MS analysis of isolated 4.7 compared to the LC-MS/MS
chromatorgram of synthesized 4.9 (B). The difference in retention time between
the isolated and synthesized material is explained by differences in sample
preparation. Isolated 4.9 was injected in a MeCN/H,O solution, while synthesized
4.9 was injected in a DMSO/MeOH solution.
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4.8 High Resolution Mass Spectrum of Aged 4.1 (t = 21 days) as 10 mM
DMSO Stock
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Chapter 5

BENZISOTHIAZOLINONE-BASED PROBES OF APOBEC3G STRUCTURE
AND FUNCTION

This body of work was conducted in collaboration with Dr. Ming Li, Professor
Reuben S. Harris, and Professor Daniel A. Harki.
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5.1 Introduction

In recent years, multiple members of the APOBEC3 (apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like) family of sSSDNA cytosine-to-uracil (C-
to-U) deaminases have emerged as therapeutic targets in HIV-1 and cancer drug
discovery.

Specifically, APOBEC3D/F/G and H are human retroviral restriction factors,
which can potently inhibit HIV-1 in the absence of viral counter measures. In
clinical infection, however, HIV-1 encodes virion infectivity factor (Vif), a viral
accessory protein that mediates APOBEC3 expression levels through

ubiquitylation and proteasomal degradation.®>®>2%

To accomplish HIV-1
restriction, APOBEC3D/F/G and H incorporate into budding viral particles from
HIV-1 infected cells,®®* ™ and travel with the particles until an HIV-1 naive cell is
reached.® Upon fusion of the viral particle to the cell membrane and initiation of
reverse transcription, the relevant APOBEC3s inhibit viral replication through

981 mechanisms.

deamination dependent®®® and deamination independent
Deamination-dependent restriction is accepted as the foremost protective
mechanism garnered by the APOBEC3s, and results in extensive C-to-U
deamination on the minus-strand cDNA.**?>*® APOBEC3 deamination is pre-
mutagenic, as the resulting DNA uracils become immortalized as G-to-A
hypermutation after viral replication is complete.®°® |f uncontested by Vif, the
APOBECS3s can lethally mutagenize the viral genome. For a detailed discussion
of the role of APOBECSs in HIV-1 infection, also see Chapter 1.4.

As a result, a crucial relationship exists between the APOBEC3s and Vif,

which ultimately dictates the mutation rate of HIV-1. Moreover, therapies that
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target this host-viral interaction may provide the final resolution in accomplishing
HIV-1 clearance. Many groups have investigated small molecule inhibitors of Vif,
with the goal of restoring the innate antiviral activity of the APOBECSs, a strategy
termed “therapy by hypermutation”**44299213 gtrong evidence also exists to
support a strategy of “therapy by hypomutation,” whereby APOBEC3-contributed
mutation is required by the virus to achieve an optimum rate of fitness.*®**%*%2 |n
support of this hypothesis, sequenced genomes from HIV-1-positive patients
display considerable APOBEC3-dependant mutation patterns, despite the ability
of Vif to neutralize the APOBEC3s.'%*?* As a result, mutation attributable to the
APOBECS3s likely contributes to the high mutation rate of HIV-1, and thus, its
ability to evade immunological and antiretroviral pressures. If APOBECS-
catalyzed mutation is essential for HIV-1 to rapidly evolve, a complimentary
therapy that dampens APOBEC3 activity would also slow HIV-1 evolution.**
APOBEC3B has recently been implicated in the mutagenesis of breast,’

k, % and cervical cancers.®" ' The Harris

ovarian,*® lung, bladder, head/nec
laboratory demonstrated that APOBEC3B is significantly over-expressed in
breast cancer cell lines and primary tissues, in comparison to their normal
counterparts.’” APOBEC3B over-expression translates to an elevated overall
mutation rate, and the likelihood of pro-cancerous mutations, such as those
occurring in the TP53 and/or cMyc genes.'” Moreover, APOBEC3B over-
expression has been clinically shown to correlate with reduced survival rates in
breast cancer patients, in comparison to patients that express low levels of

APOBEC3B."? As mutation is the driving force of cancer initiation, tumor growth,

cancer metastasis, and the development of therapeutic resistance, the discovery
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of APOBECS3B inhibitors may offer a strategy to reduce the mutation rate and
mutation-associated outcomes of cancer.

Extensive efforts over the few last years have yielded the first-in-class
inhibitors of the APOBEC3 family."***!% Strategies, thus far, have relied on the
implementation of a fluorescence-based ssDNA deamination assay for high-
throughput screening (HTS) of chemical inhibitors against APOBEC3A,
APOBEC3B, and APOBEC3G (see Chapter 2 for more details).****®® The first
APOBEC3 inhibitor was achieved by screening the 1280-member Sigma LOPAC
library of pharmacologically active compounds. In this effort, MN30 (PubChem
CID: 5353329, 1.10) demonstrated APOBEC3G-specific inhibition, which was
accomplished by covalently modifying C321, a residue located proximal to the
active site (See Chapter 1.4.4)." A molecular model of APOBEC3G inhibition by
MN30 (1.10) posits that the covalent binding event forces an inhibitory
conformational change in nearby Y315." The model suggests that Y315 flips to
accommodate MN30 (1.10), and as a result, interacts detrimentally with W285, a
conserved active site residue.! Additionally, an HTS of >325,000
compounds (Sanford-Burnham Medical Research Institute, NIH MLPCN
Collection) identified a large class of 1,2,4-trizole-3-thiols, a substructure that
ultimately accounted for ~20% of the APOBEC3G-specific screening hits.*®
MN256 (3.1), the parent hit, and related analogues are hypothesized to engage
C321, analogous to MN30 (3.1), as this inhibitor class lost inhibitory potency
when tested against an APOBEC3G C321A enzyme mutant.'*

Despite these early successes, on-going efforts to discover and develop
small molecule APOBECS inhibitors have been restricted by the lack of structural

information regarding ligand binding. Although a number of apo X-ray and NMR
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structures of the APOBEC3s exist, including structures of APOBECS3A,
APOBEC3C, APOBEC3F C-terminal domain (CTD), APOBEC3G CTD, and
APOBEC3G N-terminal domain (NTD), none of these structures characterize
ligand binding, even to the substrate ssDNA.32648%461 Tq rationally design
potent and selective small molecule inhibitors of the APOBECSs, the next logical
step in our inhibitor discovery campaign is to elucidate details of APOBEC3 —

ligand interaction.

o A0

MN18.0101 (5.1) MN18 (5.2)
93% A3G Inhibition ICso (A3A) = 31 uM
at 10 uM ICs, (A3B CTD) = 11 uM

IC5o (A3F CTD) =5 uM
IC5, (A3G) = 2.8 uM
(lysates)

Figure 5.1. Chemical Structures of APOBEC3G Probe Leads MN18.0101 (5.1)
and MN18 (5.2). MN18.0101 (5.1) was identified by HTS at Sanford-Burham
Medicinal Research Institute and MN18 (5.2) was identified by HTS at the
University of Minnesota Institute for Therapeutics Discovery & Development
(ITDD). The presented biochemical data corresponds to the HTS (5.1) or in-
house biochemical evaluation of commercially available material (5.2). MN18
(5.2) has been previously published by the Harki and Harris labs.*

By using a class of benzisothiazolinones and structurally related
analogues, which were identified via HTS at the Sanford-Burnham Research
Institute and University of Minnesota ITDD, we sought to develop HTS hits
MN18.0101 (5.1) and MN18 (5.2), commonly known as ebselen (PubChem CID
3194), into chemical probes of the APOBEC3s (Figure 5.1). Despite being
classified as Pan Assay Interference Scaffolds (PAINS),*>#!2% MN18.0101

(5.1) and MN18 (5.2) have been previously used as tools to map reactive
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cysteines within a protein of interest.®?®® This is particularly applicable to
APOBEC3 drug discovery as the majority of small molecule APOBEC3G
inhibitors are cysteine reactive electrophiles, and little is known about their
specific binding sites within the enzyme. Compounds with a core
benzo[d]isothiazol-3(2H)-one or benzo[d][1,2]selenazol-3(2H)-one have been
shown to react covalently with cellular thiols to form heteroatom S-S or S-Se
bonds, through ring opening (Figure 5.2).°"?"> An extensive body of literature

exists on efforts to develop compounds of this class into therapeutic leads for a

I 268,273-275 277-283

multitude of diseases, including antiviral, 1,27

antimalarial,“’® anticancer,

284 286

antioxidant,?® antimicrobial,*® and anti-osteoarthritic*®*® applications.

We envision that MN18.0101 (5.1) and MN18 (5.2) offer excellent starting
points for the design of structural APOBEC3 probes to acquire the first
experimental data on protein — ligand binding. Importantly, the MN18 (5.2) series
is the first that we have studied that not only maintains potent inhibition in cellular
lysates, but inhibits all of the evaluated APOBEC3s (APOBEC3A/B/F/G). Thus,
by identifying the binding site of MN18 (5.2), we may identify a common target for

the entire APOBEC3 family.

Figure 5.2. Proposed Reaction of Benzisothiazolinones with Biological
Cysteines.?”>?"? The labile N-S bond is cleaved by a cellular thiol forming a small
molecule-protein disulfide adduct. This mechanism of covalent inhibition is
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reversible under reducing conditions (not shown) or through disufilde exchange.
Disulfide exchange with an intramolecular cysteine is depicted in the Figure.

5.2 Synthesis of 5.1

HTS hit 5.1 was synthesized in two steps from commercially available
methyl thiosalicylate (5.3). The amide intermediate was accomplished through
AlMes-promoted aminolysis, according to the procedure originally published by
Weinreb.?®”?% The amide was cyclized to the desired benzisothiazolinone using
the hypervalent iodine reagent phenyliodine(lll)-bis(trifluoroacetate) (PIFA),
which first oxidizes the amide nitrogen to the N-acylnitrenium ion, which is an

excellent electrophile and readily undergoes intramolecular heterocyclization.?®

fo) o Br . o
- = oY - odo
H /N Br
SH SH s
5.3 5.4 5.1

Scheme 5.1. Synthesis of 5.1. (a) 4-bromoaniline, AIMe3;, DCM, 0° to 60° C,
50%; (b) PIFA, DCM, TFA, 0 °C, 52%.
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5.3 Biochemical Evaluation of 5.1 against a Panel of APOBEC3s

As 5.1 and 5.2 have been previously demonstrated to ring open and bind
cellular thiols, we evaluated 5.1 against a panel of previously developed
APOBEC3G enzymes. Specifically, the activity of 5.1, dosed at 50 uM, was
analyzed versus wild-type APOBEC3G, triple mutant construct 2K3A,* and the
single amino acid substitution mutant C321A (Figure 5.3).”> Previous work to
discover small molecule APOBEC3G inhibitors identified C321, a residue within 8
A of the active site, as the covalent binding site of MN30 (a catechol, 1.10).
C321 is also the proposed binding site of the previously reported inhibitory thiols
based on 1,2,4-triazole-3-thiol substructures (see Chapter 3)."** APOBEC3G
2K3A was previously designed for x-ray crystallography studies and employed in
the co-crystallization experiments with MN30 (1.10)." Importantly, APOBEC3G
2K3A contains three surface Cys-to-Ala substitutions (C243A, C321A, and
C356A), which represent the three surface cysteines of APOBEC3G’s CTD.

While the previously reported APOBEC3G covalent inhibitors (MN30
[1.10], MN256.0102 [3.8], MN256.0105 [3.1]) lost significant activity against the
cysteine mutants, 5.1 maintained nearly equipotent inhibition against
APOBEC3G C321A as compared to wild-type enzyme, and lost only ~25%
inhibition against 2K3A. Comparatively, the mutant enzymes were more
susceptible to 5.1 as compared to the other inhibitor classes. This observation
suggests that the benzisothiazolinones target an alternative binding site on the
APOBEC3G enzyme. Strengthening this hypothesis, only APOBEC3G contains

the proximal cysteine, C321. As MN18 (5.2) also potently inhibits the APOBEC3
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family (APOBEC3A/B/F/G), there is likely another critical cysteine for enzyme

activity.

100+

C-to-U Activity (%)
[o2]
(=]

A3G Wt  A3G2K3A A3G C321A
Bl DMSO ¥ MN256.0102 (3.8)

B VN30 B MIN256.0105 (3.1)
(1.10) WM 5.1

Figure 5.3. Potency of MN30 (1.10), MN256.0102 (3.8), MN256.0105 (3.1), and
5.1 against Wild-type APOBEC3G and APOBEC3G Mutants 2K3A and C321A.
The means and SD of triplicate deaminase assays with 50 pM compound are
shown relative to the DMSO-only control.

5.4 Compound 5.1 Reacts with Thiols In Vitro.

To confirm the reported reactivity of benzisothiazolinones with
biologically-relevant nucleophiles, the ability of 5.1 to form covalent adducts was
evaluated in vitro. APOBEC3G inhibitor 5.1 was incubated with excess cysteine
methyl ester (100x) in PBS at pH = 7.4, and aliquots were analyzed at various
time points by HPLC (Figure 5.4). A covalent adduct between 5.1 and cysteine
methyl ester were observed as early as 30 min post incubation, and by 12 h,
complete consumption of 5.1 was observed (Figure 5.4). The proposed adduct is
based on previous literature, where mass spectrometry identified adducts to

cysteine residues of various proteins with the same compound.”®%"
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Figure 5.4. Reactivity of 5.1 with Cysteine Methyl Ester. Benzisothiazoline 5.1
and cysteine methyl ester were incubated in agq. PBS (pH = 7.4) at 37 °C.
Aliquots were analyzed by reverse-phase HPLC att ~ 30 min and t = 12 h.
Reaction at t = 0 min (top) and t = 12 h (bottom). Complete conversionto a 5.1 —
cysteine methyl ester adduct was observed in this experimental time frame. The
proposed adduct is the disulfide bond.

5.5 EMSAs Demonstrate 5.1 Inhibits APOBEC3G — ssDNA Binding

In addition to the benzisothiazolinone class likely inhibiting APOBEC3G
through a covalent mechanism of action, 5.1 prevents APOBEC3G — ssDNA
substrate binding. Electrophoretic mobility shift assays (EMSAs) demonstrated
the potent inhibition of substrate binding at the tested 50 uM concentration
(Figure 5.5). The effect of 5.1 on APOBEC3G, where no detectable protein —
substrate binding was observed, stands in stark contrast to previously published
covalent inhibitors. Specifically, the MN256 class of 1,2,4-triazole-3-thiols and

MN30 (1.10), which are proposed to covalently modify C321, allow APOBEC3G -
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ssDNA binding as evidenced by higher molecular weight bands corresponding to
DNA — protein complexes. Importantly, the APOBEC3G NTD is hypothesized to
be the primary DNA binding domain, which suggests that the benzisothiazolinone

family may function as allosteric inhibitors through NTD covalent modification.

N S
o o S
ORI
NN 2
O S O

DNA
Protein
Complex

Free DNA

Figure 5.5. Electrophoretic Mobility Shift Assay of 5.1. In contrast to previously
published inhibitors, MN30 (1.10)' and MN256 (3.1),"*® 5.1 potently inhibits
protein — ligand binding at 50 uM as evidenced by the distinct free oligo band.
Controls for no enzyme, no small molecule, and DMSO are included.
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5.6 Synthesis and Biochemical Screening of 5.1-Based Analogues

Structure activity relationship studies on 5.1 have been initiated with the
goal of identifying required functionalities and achieving a photoaffinity probe
(Table 5.1). Compound 5.5 was purchased commercially, and evaluated to
confirm the necessity of the N-S bond. As expected, analogue 5.5 showed no
inhibitory activity when tested up to 100 pM. The sulfur analogue of ebselen
(sans the 4-bromo) was pursued to evaluate the function of the bromo-
substituent. As expected, analogue 5.6 was equipotent to 5.1. Analogue 5.7 was
pursued because a prodrug of this scaffold has been extensively studied as a
nucleocapsid inhibitor for anti-HIV-1 drug discovery by the Appella laboratory
(NIDDK).?"*%% Interesting, the HIV-1 relevant APOBEC3s, APOBEC3D/F/G/H,
were expressed in their experimental model systems; however, the affect of their
preclinical candidate on the APOBEC3s has not been investigated. In our hands,
analogue 5.7 exhibited a single digit micromolar 1Cs, against APOBEC3G. Taken
together, modifications appear to be tolerated off the benzthiazolinone nitrogen,
though substituents may be sterically restricted as demonstrated by the
benzophenone analogue 5.8. Unfortunately, analogue 5.8 was designed as a
photoaffinity probe of 5.1, and because it displays no inhibitory activity when test
up to 200 uM, others probes will be explored. The synthesis of an aromatic azide
is currently underway.

To note, the syntheses of analogues 5.6 and 5.8 were accomplished
according to the route described above (Chapter 5.2). Analogue 5.7, however,

was not amendable to AlMez;-mediated aminolysis, so an alternative DIC-
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mediated amide bond coupling was employed. PIFA-catalyzed oxidation of

intermediate 5.11 gave the desired analogue 5.7.

Table 5.1. Biochemical Activities of 5.1 Analogues.
Compound IC50 (UM)

o}
<o w0zt
S
5.1
[0}
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5.5

o]
oo N
S
5.6
o] NH,
Cera i
S
5.7
o]
0
E:E:(,N >100
s

5.7 Conclusion and Future Work

HTS at the University of Minnesota ITDD and Sanford-Burnham
Research Institute identified structural analogues MN18.0101 (5.1) and MN18
(5.2) as potent inhibitors of the APOBEC3 family. Hit 5.1 demonstrates
APOBEC3G-specific activity, inhibiting with an 1Cs, = 8.0 = 1.2 uM. Hit 5.1,
however, maintains inhibition against APOBEC3G mutants 2K3A and C321A, in
contrast to previously reported APOBEC3G-specific inhibitors. Despite their
structural similarity, 5.2 exhibited pan APOBECS3 inhibition, with appreciable

potencies against APOBEC3A (ICso = 30 uM), APOBEC3B CTD (ICs = 11 puM),
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APOBEC3F CTD (ICso = 5 pM), and APOBEC3G (ICs, = 2.8 uM) in cell lysates.

Preliminary studies with 5.1 demonstrated that molecules of this class readily
react with biologically relevant thiols in vitro, and potently inhibit APOBEC3G —
ssDNA substrate binding. An early SAR library has demonstrated that
modifications to the benzisothiazolinone are tolerated up to a certain size.
Unfortunately, a first generation attempt to accomplish a MN18.0101-based
photoaffinity probe proved unsuccessful, which has prompted second generation
studies. We envision that this early work provides a foundation for the elucidation
of the MN18 series binding site, which we hypothesize may be a novel target for

APOBECS3 inhibition.

5.8 Experimental

General Synthesis Information. Chemical reagents were purchased from
commercial sources and used without additional purification. Bulk solvents were
from Fisher Scientific and anhydrous N,N’-dimethylformamide (DMF) was
purchased from Sigma-Aldrich. Anhydrous solvents were obtained from an
MBraun Solvent Purification system. Reactions were performed under an
atmosphere of dry N, where noted. Silica gel chromatography was performed on
a Teledyne-lsco Combiflash Rf-200 instrument using Redisep Rf Gold High
Performance silica gel columns (Teledyne-Isco) or self-packed columns with
SiliaFlash 60A silica gel (SiliCycle). HPLC analyses were performed on an
Agilent 1200 series instrument equipped with a diode array detector and a
Zorbax SB-C18 column (4.6 x 150 mm, 3.5 pm, Agilent Technologies).
Compounds used in biological testing were no less than 95% pure as determined

by two-wavelength HPLC analysis (254 and 215 nm). Nuclear magnetic
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resonance (NMR) spectroscopy was performed using a Bruker Avance
instrument operating at 400 MHz or 500 MHz (for *H) and 100 MHz or 125 MHz
(for *C) at ambient temperature. Chemical shifts are reported in parts per million

and normalized to internal solvent peaks or tetramethylsilane (0 ppm).

o} o}
R-NH,, AlMe; R
OMe ——— g
DCM
SH SH

0 °C to reflux

Iz

General Procedure for AIM; — Catalyzed Aminolysis. To a suspension of
amine (1 equiv.) in anhydrous DCM (0.55 M) was added AlMe; (2 M in hexanes,
1 equiv.) dropwise at 0 °C. The reaction was allowed to warm to rt, and was
stirred until gas evolution ceased. After ~30 min, methyl thiosalicylate (2 equiv.)
was added, and the reaction was heated to reflux overnight. After 15 h, the
reaction was cooled to rt and quenched carefully with 1 M HCI. The organic layer
was separated and the ag. layer was extracted with DCM (3 x 20 mL). The
combined organic layers were washed with sat. ag. NaHCO; (20 mL), ddH,0 (20
mL), and brine (20 mL), dried over Na,SO,, and concentrated in vacuo to yield

the desired amide intermediates (5.4, 5.9, 5.10) in 31% - 50% vyield.
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5.4

N-(4-Bromophenyl)-2-mercaptobenzamide (5.4). The crude material was
triturated with DCM to yield 5.4 as a yellow solid (50%). *H NMR (DMSO-dg) 6 =
10.57 (bs, 1H), 7.72 (d, 2H, J = 11.1 Hz), 7.63 (d, 1H, J = 9.6 Hz), 7.54 (d, 2H, J
=11.1 Hz), 7.51 (d, 1H, J = 9.8 Hz), 7.37 (t, 1H, J = 9.5 Hz), 7.25 (t, 1H, J = 9.3
Hz); *C NMR (DMSO-d¢) 6 = 165.8, 138.2, 136.5, 134.3, 131.7, 131.6, 128.6,
126.4, 126.3, 122.0, 115.7; HRMS-ESI" m/z [M+Na]" calc’d for C;3H;,BrNOS:

329.9559, found: 329.9552.

£,
L}
H
SH
5.9
2-Mercapto-N-phenylbenzamide (5.9). SiO, purification (gradient 0% to 50%
EtOAc in hexanes) gave 5.9 as a white solid (34%). *H NMR (CDCl,) & = 10.37
(bs, 1H), 7.73 (d, 2H, J = 7.9 Hz), 7.61 (d, 1H, J = 7.7 Hz), 7.50 (d, 1H, J = 7.9
Hz), 7.35 (m, 3H), 7.25 (t, 1H, J = 7.5 Hz), 7.10 (t, 1H, J = 7.5 Hz); *C NMR
(DMSO-dg) 6 = 166.9, 139.5, 134.5, 133.6, 131.0, 131.0, 129.1, 129.0, 125.2,
124.2, 120.4; HRMS-ESI" m/z [M+Na]" calc’d for Cy3H1;NOS: 252.0454, found:

252.0449.
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rege

5.10
N-(4-Benzoylphenyl)-2-mercaptobenzamide (5.10). Bright orange powder
(31%). *H NMR (DMSO-dg) 6 = 10.93 (s, 1H), 7.96 (d, 2H, J = 8.6 Hz), 7.82 (m,
3H), 7.77 (d, 1H, J = 8.1 Hz), 7.74 (d, 2H, J = 7.1 Hz), 7.67 (t, 1H, J = 7.5 Hz),
7.57 (m, 3H), 7.42 (t, 1H, J = 7.5 Hz). **C NMR (DMSO-dg) 6 = 194.6, 166.1,
143.0, 137.5, 136.5, 134.3, 132.3, 132.0, 131.8, 131.0, 129.4, 128.7, 128.5,
126.5, 126.4, 119.3; HRMS-ESI* m/z [M+Na]" calc’d for CyH:sNO,S: 356.0716,

found: 356.0700.

o)
R PIFA TFA 2
RS
; DCM @E«'N_R
SH S
0°C

General Procedure for PIFA Oxidation. To a solution of 2-mercapto-N-
phenylbenzamide (e.g. 5.4) and TFA (2 equiv.) in DCM (0.05 M) was added PIFA
(1.5 equiv.) at 0 °C. The reaction was stirred at 0 °C for 1h, and then the solvent
was removed in vacuo. SiO, purification (0% to 50% EtOAc in hexanes) gave the

desired benzisothiazolinones (5.1, 5.6, 5.7, 5.8) in 35% - 60% yield.
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5.1
2-(4-Bromophenyl)benzo[d]isothiazol-3(2H)-one (5.1). White solid (52%). *H
NMR (CDCly) 6 = 8.07 (d, 1H, J = 10.3 Hz), 7.96 (d, 1H, J = 9.3 Hz), 7.77 (t, 1H,
J = 9.6 Hz), 7.72 (m, 4H), 7.51 (t, 1H, J = 9.5 Hz). *C NMR (DMSO-dg) & =
163.3, 139.9, 136.6, 132.8, 132.3, 126.2, 126.1 (3C), 124.2, 122.0, 119.2;

HRMS-ESI" m/z [M+Na]" calc’d for C,3HgBrNOS: 327.9402, found: 327.9404.

Co-O

5.6

2-Phenylbenzo[d]isothiazol-3(2H)-one (5.6). Pale yellow solid (42%). *H NMR
(CDCls) 6 =8.09 (d, 1H, J = 7.9 Hz), 7.72 (d, 2H, J = 8.0 Hz), 7.67 (t, 1H, J = 7.6
Hz), 7.59 (d, 1H, J = 8.1 Hz), 7.48 (m, 3H), 7.33 (t, 1H, J = 7.5 Hz). *C NMR
(CDCly) 6 = 164.3, 140.0, 137.4, 132.5, 129.5, 127.4, 127.2, 126.0, 125.0, 124.7,

120.2; HRMS-ESI" m/z [M+H]" calc’d for C;3HsNOS: 228.0478, found: 228.0467.

3-(3-Oxobenzo[d]isothiazol-2(3H)-yl)propanamide (5.7). Cream solid (35%).
'H NMR (DMSO-dg) & = 7.96 (d, 1H, J = 8.1 Hz), 7.85 (d, 1H, J = 7.4 Hz), 7.67 (t,
1H, J = 7.7 Hz), 7.42 (m, 2H), 6.34 (bs, 1H), 4.00 (t, 2H, J = 6.7 Hz), 2.48 (t, 2H,
J = 6.6 Hz). *C NMR (DMSO-dg) 6 = 171.5, 164.2, 140.8, 131.7, 125.4, 125.3,
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123.9, 121.8, 34.8. Note: One 3C resonance is buried beneath the solvent
peaks. HRMS-ESI® m/z [M+H]" calc’d for CyoH1oN,0,S: 223.0536, found:

223.0526.

(o]

@E“,N
S

2-(4-Benzoylphenyl)benzo[d]isothiazol-3(2H)-one (5.8). Peach solid (60%).

W

'H NMR (CDCly) 6 = 8.14 (d, 1H, J = 7.5 Hz), 8.00 (d, 1H, J = 7.5 Hz), 7.96 (d,
2H, J = 8.5 Hz), 7.91 (t, 1H, J = 7.6 Hz), 7.85 (m, 3H), 7.74 (d, 2H, J = 8.7 Hz),
7.62 (t, 1H, J = 7.4 Hz), 7.52 (t, 2H, J = 7.5 Hz). *C NMR (CDCl;) 6 = 195.6,
164.4, 138.1, 137.4, 135.0, 133.8, 132.9, 131.7, 131.6, 130.2, 128.6, 128.2,
127.1, 126.2, 125.5, 100.1; HRMS-ESI* m/z [M+H]" calcd for CuHisNO,S:

332.0740, found: 332.0726.

o) o
Sanas
S
s
H
HZN\[]/\/N)D
o) 0

5.1

2,2'-Disulfanediylbis(N-(3-amino-3-oxopropyl)benzamide) (5.11). To a
solution of 2, 2'-dithiodiobenzoic acid (0.28 g, 0.91 mmol) in THF/isopropanol (9
mL, 7/2, viv) was added N-hydroxysuccinimide (0.23 g, 2.00 mmol) and DIC
(0.29 mL, 1.91 mmol). The solution was stirred at rt, and after 4 h, the resulting

ppt was removed by filtration. The solid was immediately taken up in DMF (2.3
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mL), and to this solution was added 3-aminopropanamide (0.25 g, 2.01 mmol)
and Et3N (0.13 mL, 0.19 mmol). The reaction was stirred at rt overnight. After 12
h, the DMF was removed in vacuo, and the residue was washed with hot EtOH
(20% ag.) to yield 0.18 g (45%) of 5.11 as a white solid. This intermediated was
used without further purification. *"H NMR (DMSO-dg) 6 = 8.65 (t, 2H, J = 5.7 Hz),
7.63 (d, 4H, J = 6.4 Hz), 7.45 (t, 2H, J = 7.5 Hz), 7.39 (bs, 2H), 7.29 (t, 2H, J =
7.5 Hz), 6.86 (bs, 2H), 3.45 (q, 4H, J = 7.3 Hz), 2.39 (t, 4H, J = 7.3 Hz). **C NMR
(DMSO-dg) 6 = 172.4, 166.8, 136.7, 133.7, 131.1, 127.9, 125.9, 125.6, 36.0,
34.8; HRMS-ESI" m/z [M+H]" calc’d for C,oH»,N404S,: 447.1155, found:

447.1137.

Expression and Purification of APOBEC3A, APOBEC3G, APOBEC3G 2K3A
and APOBEC3G C321A. A3G, A3A, A3G 2K3A and A3G C321A were

expressed and purified as previously described.*

DNA Deaminase Assay. The DNA deaminase assay was performed as
previously described with the ssDNA oligomer 5-6-FAM-AAA-TAT-TCC-CTA-
ATA-GAT-AAT-GTG-A-TAMRA-3'.! Deaminase assays with mutant A3G were
performed with 50 um compound, 0.0675 puMm A3G, 0.33 uM ssDNA, and excess
UDG. None of the synthesized compounds inhibited uracil DNA glycosylase in

the context of the in vitro assay.

HPLC Assay for Disulfide Formation. A solution of 5.1 (10.0 mg, 0.040 mmol)
in DMSO (100 pL) was diluted with 1x aqueous PBS (5 mL, pH 7.4) and treated
with cysteine methyl ester (0.684 g, 4.03 mmol, 100 eq). The solution was then
shaken at 37 °C. Aliquots of the reaction mixture were taken at the following time
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points: 0 min, 30 min, 60 min and 12 h. These reaction aliquots were analyzed by
reverse phase analytical HPLC. The HPLC analytical method (Zorbax SB-C18
4.6 x 150 mm, 3.5 pm column, Agilent Technologies; flow rate = 1.0 mL/min)
involved isocratic 10% CH3CN in 0.1% (v/v) aqueous CF3;CO,H (0 to 2 min),
followed by linear gradients of 10-85% CH3;CN (2-24 min) and 85%-95% CH3;CN

(24-26 min).
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5.9 NMR Spectra of Synthesized Compounds
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Appendix A

DEVELOPMENT OF A HPLC ASSAY TO QUANTIFY L-XMP TO L-GMP
CONVERSION BY GUANOSINE MONOPHOSPHATE SYNTHETASE

This work has been published by John Wiley & Sons:
Struntz, N. B.; Hu, T.; White, B. R.; Olson, M. E.; Harki, D. A. “Inhibition of
Guanosine Monophosphate Synthetase by the Substrate Enantiomer L-XMP”
ChemBioChem 2012, 13, 2517-2520.

Figure 2 and text content are reprinted with permission.
Copyright Clearance License: 3677820191971

In this work, M.E.O. was responsible for developing the HPLC method to
calculate the kinetic parameters of GMPS.
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A.1 Overview

Guanosine monophosphate synthetase (GMPS) functions in de novo
nucleoside biosynthesis in prokaryotes and eukaryotes to convert xanthosine 5'-
monphosphate (XMP) to guanosine 5’-monophosphate (GMP) as shown in

Scheme A.1.12

GMPS o o
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Scheme A.1l. Enzymatic Reaction Catalyzed by GMPS. D-XMP is adenylated by
ATP in the synthetase active site, which activates the nucleobase for nucleophilic
attack and triggers the hydrolysis of glutamine in the amidotransferase active
site. D-GMP is finally synthesized through aminolysis of A.2 by ammonia.*®

GMPS contains two active sites, which are separated by approximately
30 A, to hydrolyze glutamine and aminate b-XMP (A.1). Specifically, glutamine
(A.4) is hydrolyzed in the amidotransferase active site generating ammonia,
which acts as the nucleophile in the subsequent amination of b-XMP (A.1). A
large conformational change likely occurs to shuttle the nucleophilic ammonia to
the synthetase active site, where bD-XMP (A.1) has been previously adenylated
by ATP to yield adenyl-D-XMP (A.2).>* Adenylation of b-XMP (A.1) activates the

nucleobase for the ensuing aminolysis and is thought to signal the start of
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glutamine hydrolysis.*®

D-GMP (A.3) is accomplished through aminolysis by
ammonia.

The Harki Lab was interested in characterizing the enantioselectivity of
GMPS; as previously, the development of mirror-image L-enantiomer nucleosides
has been a successful strategy in the development of clinically-approved antiviral
therapeutics.”'® As one example, L-nucleoside lamivudine (2',3'-dideoxy-3'-
thiacytidine, 3TC) inhibits HIV-1 replication by taking advantage of the loose
enantioselectivity of HIV-1 RT.** While the relaxed enantioselectivities of viral

enzymes are well known,*?*?

many of the key enzymes in nucleoside
biosynthesis have not been characterized for their enantioselective preferences.
Importantly, characterization of GMPS enantioselectivity could offer a novel
target in anticancer and/or antibiotic drug design as inhibitors of nucleotide
biosynthesis exhibit anti-proliferative, antibacterial, and immunosuppressive
effects.’**® Moreover, the crystal structure of Escherichia coli (E. coli) GMPS
exhibits a large solvent accessible synthetase active site,® and previous studies
have demonstrated that non-natural D-XMP analogues function as substrates
and/or inhibitors of GMPS.*"*® Accordingly, the Harki lab hypothesized that L-

XMP would be accommodated in the GMPS synthetase active site, and function

as an inhibitor or substrate of enzyme function.
A.2 Results

E. coli GMPS was over-expressed and purified, and L-XMP was
synthesized in four steps from 1-O-acetyl-2,3,5-tri-O-benzoyl-B-L-ribofuranoside,

which can accomplished from L-arabinose according to published methods.™ A
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reverse phase HPLC method was developed to separate the components of the
enzymatic reaction, and an assay was employed to quantitate the enzymatic
reaction products. In brief, GMPS was incubated with a substrate, D-XMP
(control) or L-XMP, and NH,OAc (ammonia source). The reaction was terminated
at various time points by the addition of ethylenediaminetetraacetic acid (EDTA).
After quenching the reaction, protein was removed by a molecular weight spin-
column (30 kDa), and the enzymatic reaction products were analyzed by HPLC.
In the presence of GMPS, L-XMP was turned over to L-GMP, demonstrating that

GMPS can catalyze the aminolysis of the non-natural enantiomer (Figure A.1).

mAU
8004 D-AMP
6004
4004 - -
200 D CKP L X?ﬂ{ L-GMP
0

2 4 6 8 10 12 14 min
Figure A.1. HPLC Analysis of L-XMP Conversion to L-GMP by GMPS. b-CMP

was employed as an external standard to quantify the amount of L-GMP
produced per experiment. D-AMP is the byproduct of the reaction.

D-CMP was spiked into the reaction as an external standard, and a
calibration curve was prepared by mixing known concentrations of GMP and D-
CMP, then measuring their relative ratios at 260 nm. The ratio of GMP to b-CMP
in subsequent experiments was then used to quantify the amount of GMP
produced in the enzymatic reaction. Quantification was accomplished by fitting
the GMP/D-CMP ratios into the slope-intercept equation of the predetermined
calibration plot. With these values, GMP production as a function of time could be

measured, yielding initial velocity values for GMP production at various XMP
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concentrations. The measured initial velocities were fitted to the Michaelis-
Menton equation and analyzed by non-linear regression to determine the Km and
Vmax Of the reaction.

The apparent Km value for b-XMP was 35.3 pM, which was in accordance
was previously reported values (29 uM and 166 uM) for E. coli GMPS.%*#
Analysis of L-XMP revealed an apparent Km value of 316.7 uM, 10x that of the
natural substrate. The turnover number (kca)) for D-XMP was determined to be
4.8x10% s, which was also in accordance with literature values (9.4x10% s).%°
For L-XMP, the kcat Was determined to be 3.2x10° s, a 15,000-fold difference.
As a result, the specific activity (kca/Km) of L-XMP was 140,000-fold lower than
the natural enantiomer (1.4x10° pM™*s™ for D-XMP versus 1.0x10® uM?*s™). The
determined kinetic parameters were confirmed by a known continuous UV
spectrophotometric assay, and suggested that L-XMP also inhibits GMPS.?%??
Inhibition of GMPS by L-XMP was confirmed through competition experiments. In
brief, addition of fixed concentrations of inhibitor to a variety of D-XMP
concentrations, followed by UV-visible analysis enabled the determination of Ki
values. L-XMP and two previously reported GMPS inhibitors, decoyinine
(uncompetitive)* and mizoribine (competitive), were analyzed. Decoyinine
exhibited a Kivalue of 54.1 uM; mizoribine, a Kivalue of 1.8 uM, and L-XMP, a Ki
value of 7.5 uM. The Kivalues for the positive controls were similar to previously
reported values at 26 pM?® and 10 uM®®, respectively. This result shows that L-
XMP is at least as potent, or may be slightly better than known GMPS inhibitors.

Finally, to compare the binding of b-XMP and L-XMP in the GMPS active

site, docking studies into the crystal structure of E. coli GMPS (PDB: 1GPM®)
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were performed. It was observed that although the large size of the GMPS active
side readily accommodates both the natural and non-natural substrates, the
ribose sugar of L-XMP occupied a drastically different position and lost many of
the molecular interactions observed with docked D-XMP. These interactions likely

influence the rate of enzyme turnover and enzyme efficiency.

A.3 Conclusion

In this study, GMPS was found to both turnover and be inhibited by the
enantiomer of its natural substrate, b-XMP. Thus, the synthesis and study of L-
XMP highlights the promiscuous substrate preferences of GMPS, and implies
that other nucleoside biosynthesis enzymes may behave similarly. Moreover, the
identification of L-XMP as a novel inhibitor of GMPS and preliminary molecular

modeling studies provide a foundation for future inhibitor design.

A.4 Experimental

An Agilent 1200 series instrument equipped with a diode array detector
and a Zorbax SB-AQ column (4.6 x 150 mm, 3.5 ym, Agilent Technologies) at 22
°C was wused for analysis. The mobile phase comprised aqueous
triethylammonium acetate buffer (TEAA, 20 mm, pH = 6, 0 to 5 min), followed by

0 to 50% CHsCN in TEAA buffer (5 to 15 min) at a flow-rate 1.0 mL/min.
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Appendix B

EPI-001 is a Thiol Reactive Inhibitor of Androgen Sensitive and Castration
Resistant Prostate Cancer

This work is published by Impact Journals, LLC:
Brand, L. J.; Olson, M. E.; Ravindranathan, P.; Guo, H.; Kempema, A. M.;
Andrews, T. E.; Chen, X.; Raj, G. V.; Harki, D. A.; Dehm, S. M. Oncotarget, 2015,
6, 3811-3823.

“Oncotarget applies the Creative Commons Attribution License (CCAL) to all
works they publish. Under the CCAL, authors retain ownership of the copyright
for their article, but authors allow anyone to download, reuse, reprint, modify,
distribute, and/or copy articles in Oncotarget journal, so long as the original
authors and source are cited.”

In this work, M.E.O developed an HPLC assay and then utilized it to characterize
EPI-001:thiol reactivity in vitro.
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B.1 Overview

Prostate cancer is the most commonly diagnosed cancer in men in the
United States with 220,800 new cases predicted for 2015, a number that
accounts for 26% of all newly diagnosed cancers in men.! Moreover, prostate
cancer is the second leading cause of cancer death in US men, with 27,540
deaths predicted for 2015." Current treatments for prostate cancer rely on the
inhibition of androgen receptor (AR) activation.” The AR is a steroid hormone
receptor and transcription factor that functions to promote cell proliferation and
survival of both normal and cancerous prostate tissues.®** Moreover, the AR is
required for prostate cancer disease progression. Therapies aimed at inhibiting
AR activation block androgen production or the binding of stimulatory androgens
to the AR. However, the current arsenal of prostate cancer therapies inevitably
fails as a result of therapeutic resistance.” The foremost mechanism of drug
resistance development is mutation to or deletion of the ligand binding domain
(LBD) in the AR. Importantly, castration resistance prostate cancers remain
dependent on AR signaling, as treatment with second generation androgen
deprivation therapies, enzalutamide®® and abiraterone,’ increase the overall
survival of patients. However, resistance to these therapies frequently occurs as
a result of AR reactivation mechanisms.'®** As a result, there is a grave need to
discover therapeutics that inhibit AR through non-LBD surfaces and maintain
inhibition in castration resistant prostate cancers.™*

EPI-001 (B.1), a bisphenol A diglycidyl ether analogue, was identified as
a covalent inhibitor of the AR NHj-terminal domain (NTD), although the exact

binding site in this intrinsically unstructured domain was not elucidated (Figure
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B.1)."®*° EPI-001 (B.1) inhibited both androgen sensitive and castration resistant
prostate cancers in vitro and in vivo.'**? In this work, the mechanism by which

EPI-001 (B.1) inhibits the AR NTD and prostate cancer growth was interrogated.

Me Me

el T,
OH OH
EPI-001 (B.1)

Figure B.1. Chemical Structure of EPI-001 (B.1).

B.2 EPI-001 (B.1) Exhibits Multilevel Inhibitory Effects on AR in Prostate
Cancer

Transcriptional Activation Units 1 and 5 (TAU1, TAUS5) in the NTD are
responsible for AR-mediated transcription.”®* This is an important detail because
constitutively active AR splice variant proteins in castration resistant prostate
cancer contain the AR NTD and central DNA binding domain (DBD), but lack the
LBD.'*'" As EPI-001 (B.1) was shown to inhibit the AR NTD in previous reports,
the effect of EPI-001 on the individual AR TAUs was interrogated by the Dehm
laboratory at the University of Minnesota. AR transcriptional activity was
measured using an AR®** hybrid where the AR DBD was replaced with the yeast
Gal4 DBD. In all cell lines tested, EPI-001 (B.1) inhibited the transcriptional
activity of the AR NTD-Gal4 hybrid. In 293T fibroblasts, EPI-001 (B.1) potently
inhibited both of the individual Gal4-TAU constructs (TAU1 and TAUS5). These
data demonstrated that inhibition by EPI-001 (B.1) was not specific to a discrete
AR TAU, and indicated two possible scenarios: 1. EPI-001 binds and inhibits
both AR TAUSs, or 2. EPI-001 has a cellular target that affects the transcriptional

activities of TAU1 and TAUS.
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It was also observed that treatment of prostate cancer cell lines with EPI-
001 (B.1) consistently reduced AR mRNA and protein expression levels. This
reduction was independent of the proteasome and did not result from decreased
MRNA stability. As a result, EPI-001 (B.1) is hypothesized to inhibit transcription
of the AR gene. Moreover, reduced AR expression correlated with retarded cell
growth in both androgen sensitive and castration resistance prostate cancer cell
lines. Taken together, inhibition of AR expression is likely an important
mechanism of EPI-001 (B.1)-mediated prostate cancer inhibition, highlighting the
fact that EPI-001 has a second cellular target, in addition to the AR NTD.

Interestingly, bisphenol A diglycidyl ether (BADGE, B.2), a structural
analogue of EPI-001 (B.2), has been previously reported as a selective inhibitor
of peroxisome proliferator-activated receptor-gamma (PPARYy).?2* PPARy also
plays an important role in prostate development and maintenance,” and
importantly, agonists of PPARYy, such as troglitazone, inhibit AR synthesis and
prostate cancer proliferation in vitro and in vivo.?**?® When evaluated for PPARy
modulation, EPI-001 (B.1) demonstrated cell line dependent PPARy
agonism/antagonism and a dose-dependent reduction in AR protein expression,
respectively similar to the positive controls troglitazone and BADGE (B.2).
Finally, knockdown studies of PPARy demonstrated that EPI-001 (B.1)-mediated

inhibition of AR transcriptional activity is dependent on PPARy expression.
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BADGE (B.2)

Figure B.2. Chemical Structure of BADGE (B.2).

B.3 EPI-001 Forms Covalent Adducts with Thiols In Vitro

The in vitro experiments discussed above suggest that the effects of EPI-
001 (B.1) on the AR and PPARy pathways are complex and multileveled. The
inherent reactivity of this small molecule likely results from its electrophilic nature.
Chlorohydrins, such as the moiety in EPI-001 (B.1l), have been previously
demonstrated to interconvert to electrophilic epoxides in aqueous solution.?® The
related analogue BADGE (B.2), which contains two such epoxides, has been
shown to readily undergo nucleophilic attack in solution.*® Moreover, BADGE
(B.2) has been characterized as an endocrine system toxin, highlighting its

reactivity in biological systems.*"?

B.3A Development of an HPLC Assay

EPI-001 was incubated in aq. PBS / DMSO (10:1) at 37 °C and analyzed
for the percent EPI-001 remaining at 30 min and 12 h (Scheme B.1). Percent
remaining was quantified using a previously prepared -calibration curve.
Specifically, known concentrations of an external standard and EPI-001 were
mixed to measure their relative ratios at 254 nm. Rose bengal (RB) was used as

the external standard in these assays. In stability experiments, the ratio of EPI-
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001 to RB over time was used to quantify the amount of EPI-001 remaining in the

ag. solution.

Me,  Me

Me_ Me
conditions
Ho’\(g\oo’\(g\cl HG’\O/H\OO’\Q
B.3

B.1

Scheme B.1. HPLC Assay for EPI-001 Stability. Conditions: EPI-001 was
shaken at 37 °C in ag. PBS / DMSO (~10:1) at pH = 2.4, 7.4, and 9.4. The
reactions were analyzed by reverse-phase HPLC at t ~30 min and t = 12 h for the
appearance of epoxide. The percent EPI-001 remaining at these time points was
guantified.

This assay was also applied to the gauge the reactivity of EPI-001 (B.1)
with thiols in vitro. In these experiments, one of the following thiols: reduced L-
glutathione, 2-mercaptoethanol, or cysteamine, was incubated in aqg. PBS under
reducing conditions (TCEP-HCI), and the solution was adjusted to the desired pH
(2.4, 7.4, or 9.4). EPI-001 (B.1) or B.3 were added and aliquots of the reaction
were analyzed immediately (t ~30 min) and at 12 h. Percent EPI-001 remaining
in the presence of a nucleophilic thiol was quantified as described above.
Multiple pH’s were interrogated to determine the effect of the environment on

EPI-001’s reactivity.
B.3B Stability and Reactivity Studies of EPI-001 (B.1) and B.3

Reverse phase HPLC was employed to probe whether EPI-001 (B.1)
could interconvert to a BADGE-like mono-epoxide (B.3) in aqueous solution. EPI-
001 (B.1) was incubated under acidic, neutral, and basic conditions, and after 12
hours, the epoxide was observed at neutral and basic pH (Figure B.3B). Percent

EPI-001 (B.1) remaining was measured by comparing the ratio of the area under
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the curve (AUC) of EPI-001 over internal standard at 30 min to the ratio at 12 h.
After 12 hours, 91% and 87% EPI-001 (B.1) remained at pH 7.4 and 9.4,
respectively. The identity of the mono-epoxide (B.3) was confirmed by co-

injection with commercial B.3 and LCMS analysis (Figure B.3C).
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Figure B.3. EPI-001 Stability in Aqueous Solution. (A) At t ~ 30 min, > 99% EPI-
001 remains under acid, neutral and basic environments (top). At t = 12 h, the
generation of epoxide was observed at pH = 7.4 and pH = 9.4. The reaction
mixtures were analyzed by LCMS confirming the presence of epoxide; m/z
[M+H"] 359.2 (calc’d); 359.0 (found). (B) A solution of EPI-001 in ag. PBS /
DMSO incubated for 12 h at pH = 9.4 was spiked with 12 pL of 8.5 mM epoxide
in DMSO. The co-injection of this compound standard brought about a doubling
of the epoxide peak. (C) A calibration curve was generated to normalize for
injection variances during HPLC analysis.
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EPI-001 (B.2) has been hypothesized to inhibit the AR NTD through
covalent modification of an unknown binding site.* Analogous to the reactivity of
BADGE, it was posited that EPI-001 (B.2) reacts with an essential nucleophilic
side chain in the NTD.'® A previous study interrogated whether EPI-001 could
react promiscuously with nucleophilic thiols in vitro, but found no evidence of
non-specific reactivity.” Based on our observation that EPI-001 (B.1) can
interconvert to B.3 under strict pH control, we evaluated the reactivity of EPI-001
with glutathione, 2-mercaptoethanol, and cysteamine under these conditions. As
expected, no EPI-001:thiol adducts were observed under acidic conditions
(Figure B.4). This observation correlated with our previous study that found that
EPI-001 mono-epoxide (B.3) was not generated at pH = 2.4. A trace amount of
thiol adduct formation was observed between EPI-001 (B.1) and glutathione at
pH = 7.4, and strikingly, nearly complete conversion to the thiol adduct was
observed under basic conditions (Figure B.4, Compound B.4). Similarly, a trace
amount of thiol adduct formation was observed between EPI-001 (B.1) and 2-
mercaptoethanol at pH = 7.4, and complete conversion was observed at pH = 9.4
(Figure B.4, Compound B.5). No thiol adduct formation was observed between
EPI-001 (B.1) and cysteamine at neutral pH, but like the other thiol nucleophiles,
nearly full conversion to the EPI-001:cysteamine adduct was observed under
basic conditions (Figure B.4, Compound B.6) In each experiment, the identity of
the EPI-001:thiol adduct was confirmed by mass spectrometry (Figure B.5).
HPLC chromatograms of the reactions at 30 min are also provided (Figure B.6).
The reactivity of mono-epoxide B.3 towards nucleophilic thiols glutathione, 2-

mercaptoethanol, and cysteamine was also investigated. After 12 h, B.3 had
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reacted readily with each of the probed thiols, even under acidic conditions
(Figure B.7). HPLC chromatograms of the reactions at 30 min are also provided
(Figure B.8). Background HPLC chromatograms of the three nucleophilic thiols
incubated for 12 h are depicted in Figure B.9.

Collectively, these in vitro studies convey that EPI-001 (B.1) can
interconvert to the reactive mono-epoxide (B.3) at neutral and basic pH, and the
mono-epoxide is readily alkylated by nucleophilic attack under aqueous
conditions. These results suggest that EPI-001 is a general electrophile with the

propensity to react with any number of cellular targets under local pH influence.
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Figure B.4. Reactivity of EPI-001 with Thiols at t = 12 h. (B.1) with Biologically-
Relevant Thiols (A) Solutions of EPI-001 and thiol in ag. PBS / DMSO (~10:1) at
pH’s 2.4, 7.4, and 9.4, respectively. (B) At 12 h, a GSH/EPI-001 monoadduct was
observed at pH = 7.4 and pH = 9.4. A monoadduct of 2-mercaptoethanol and
EPI-001 was similarly observed at pH = 7.4 and 9.4; while a cysteamine/EPI1-001
monoadduct was observed only at pH = 9.4. New peaks in the course of the
reaction are denoted by an asterisk. Experiments were performed in triplicate
and values shown are the mean + standard deviation. The reaction mixtures
were also analyzed by LCMS confirming the presence of EPI-001 adducts.
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Figure B.5. Mass Chromatograms of EPI-001 (B.1) — Thiol Adducts (A) Mass
spectrum of the monoadduct of GSH and EPI-001; m/z [M+H"] 666.3 (calc'd);
666.3 (found). (B) Mass spectrum of the monoadduct of 2-mercaptoethanol and
EPI-001; m/z [M+H"] 437.2 (calc'd); 437.2 (found). (C) Mass spectrum of the
monoadduct of cysteamine and EPI-001; m/z [M+H'] 436.2 (calc'd); 436.3
(found).
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Figure B.6. Reactivity of EPI-001 towards Thiols at t ~ 30 min. (A) Solutions of

EPI-001 and thiol in aq. PBS / DMSO (~10:1) at pH's 2.4, 7.4, and 9.4,

respectively. (B) At t ~ 30 min, EPI-001 adducts were only observed under

strongly basic conditions (pH

9.4). Under such conditions, EPI-001 exhibits

reactivity with each of the three thiols. New peaks in the course of the reaction
are denoted by an asterisk. Experiments were performed in triplicate, and the

identities of the mono-adducts were confirmed by LCMS.
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B.4 Conclusions

EPI-001 (B.1) was found to exhibit promiscuous biological effects in the
context of prostate cancer. Specifically, EPI-001 (B.1) inhibited the transcriptional
activity of AR TAU1 and TAUS5, and reduced endogenous AR mRNA levels and
AR protein expression. Moreover, EPI-001 (B.1) modulated peroxisome
proliferator-activated receptor-gamma (PPARy) activity. As a result, this study
suggests that the AR NTD is unlikely to be the only biological target of EPI-001
(B.1). To explain this lack of specificity, in vitro thiol reactivity experiments
demonstrated that EPI-001 (B.1) is modified by thiols under neutral and basic
pH. Our findings suggest that EPI-001 (B.1) may alkylate any accessible
nucleophilic residue within a suitably basic binding pocket. This study highlights
the need to optimize the chemical structure of EPI-001 before undertaking

expensive and resource-demanding preclinical development efforts.

B.5 Experimental
General. 2-Mercaptoethanol, cysteamine, and rose bengal were purchased from
Sigma-Aldrich, and reduced glutathione and tris(2-carboxyethyl)phosphine

hydrochloride salt (TCEP-HCI) were purchased from Alfa Aesar. All chemicals

were used without additional purification.

Thiol Reactivity Assay:** A solution of thiol (10 equiv.) and TCEP-HCI (100 pL
of a 0.5 M DMSO stock soln.) in 1x aqueous PBS (5 mL) was adjusted to the
desired pH (2.4, 7.4, or 9.4) using either aqueous HCI (6 M) or NaOH (6 M) as

determined by a pH meter (Thermo Scientific Orion 3 Star). Reduced L-
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glutathione, 2-mercaptoethanol, and cysteamine, were used as thiols in this
assay. To a solution of the appropriate thiol (170 pL) was added either EPI-001
(B.1) or B.3 (1 equiv.; both compounds were solubilized as 50 mM DMSO stock
solutions). The total composition of DMSO did not exceed 7.5% in any
experiment and the ratio of thiol to EPI-001 (B.1)/B.3 was 10:1. Note: This order
of addition is key to achieving the appropriate pH environment for the reaction as
the addition of reduced L-glutathione and TCEP acidify neutral solutions and
cysteamine basifies neutral solutions. Aliquots of reactions were analyzed
immediately (t ~30 min) following initial mixing by reverse phase HPLC and
LCMS. Reactions were gently shaken at 37 °C for 12 h, then analyzed again
using HPLC and LCMS. Reactions were conducted in 2 mL clear screw cap
glass vials (Agilent Technologies). Note: Thirty minutes was the earliest time
point that could be collected after adding EPI-001, mixing, and injecting an
aliquot onto the HPLC. The HPLC analytical method (Zorbax SB-C18 4.6 x 150
mm, 3.5 pm column, Agilent Technologies; flow rate = 1.0 mL/min) involved
isocratic 10% CHsCN in 0.1% (v/v) aqueous CF;CO,H (0 to 2 min), followed by
linear gradients of 10-85% CH3;CN (2-24 min) and 85%-95% CH3;CN (24-26 min).
LCMS analyses were performed on an Agilent 1100 series instrument equipped
with an Agilent MSD SL lon Trap mass spectrometer (positive-ion mode) and a
Zorbax SB-C18 column (0.5 x 150 mm, 5 um, Agilent Technologies). The
analysis method (15 pL/min flow rate) involved isocratic 10% MeCN (containing
0.1% TFA) in ddH,O (containing 0.1% HCO,H; 0 to 2 mins) followed by a linear
gradient of 10% to 90% MeCN (containing 0.1% TFA) in ddH,O (containing 0.1%
HCO,H; 2 to 24 mins), and isocratic 90% MeCN (containing 0.1% TFA) in ddH,O

(containing 0.1% HCO,H; 24-26 mins). The column was heated to 40 °C.
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Wavelength monitored = 254 nm for all experiments unless otherwise noted.
LCMS analysis was performed on crude reaction mixtures. To account for
injection variances, the area under the curve (AUC) of the parent compound was
divided by the AUC of an internal standard. Dividing this ratio at t = 12 h by the
ratio at t ~ 30 min gave percent parent remaining. Rose bengal (7.5 pM) was
used as the internal standard and was added immediately before HPLC analysis
Experiments were performed in triplicate and values shown are the mean *

standard deviation (calculated in Microsoft Excel).
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B.6 HPLC Chromatograms of B.3 Thiol Reactivity.
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Figure B.7. Reactivity of B.3 with Biologically-Relevant Thiols at t ~30 min. (A)
Solutions of B.3 and thiol in ag. PBS / DMSO (~10:1) at pH’s 2.4, 7.4, and 9.4,
respectively. (B) Att ~ 30 min, a GSH/B.3 mono-adduct was observed only under

basic conditions (pH

9.4). A 2-mercaptoethanol/B.3 mono-adduct was

observed at pH = 7.4, and at pH = 9.4, B.3 was completely consumed by 2-

mercaptoethanol. At 30 min, no cysteamine:B.3 adducts were observed. New

peaks appearing in the course of the reaction are denoted by an asterisk.
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Figure B.8. Reactivity of B.3 with Biologically-Relevant Thiols at t = 12 h. (A)
Solutions of B.3 and thiol in ag. PBS / DMSO (~10:1) at pH’s 2.4, 7.4, and 9.4,

respectively. (C) At t = 12 h, the enhanced reactivity of B.3 under all conditions
(acidic, neutral, basic) is clearly evident. A multitude of new peaks (many are

thiol adducts) were observed and are denoted by asterisks.
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B.7 Control HPLC Chromatograms of Thiol Background
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Figure B.9. Control HPLC Chromatograms of Thiol Background. (A) Solutions of
the three thiols (GSH, 2-mercaptoethanol, cysteamine) in ag. PBS / DMSO
(~10:1) at pH’s 2.4, 7.4, and 9.4, respectively. The reactions were analyzed by
HPLC at t ~30 min and t = 12 h to accomplish background traces. The traces at t
=12 h are shown.
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