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Abstract

Antibody-drug conjugates (ADCs) represent a new dimension of anticancer chemotherapeutics,
with warheads to date generally involving either antitubulin or DNA-directed agents to achieve
low- to sub-nanomolar potency. However, other potent cytotoxins working by different
pharmacological mechanisms are under investigation, such as a.,p-epoxyketone based proteasome
inhibitors. These proteasome active agents are an emerging class of anticancer drug that possesses
ultra-potent cytotoxicity to some cancer cell lines. The carmaphycins are representatives of this
latter class that we isolated and characterized from a marine cyanobacterium, and these as well as
several synthetic analogs exhibit this level of potency. In the current work, we investigated the use
of these highly potent cytotoxic compounds as warheads in the design of novel ADCs. We
designed and synthesized a library of carmaphycin B analogues that contain amine handles,
enabling their attachment to an antibody linker. The basicity of these incorporated amine handles
was shown to strongly affect their cytotoxic properties. Linear amines resulted in the greatest
reduction in cytotoxicity whereas less basic aromatic amines retained potent activity as
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demonstrated by a 4-sulfonylaniline derivative. These investigations resulted in identifying the P2
residue in the carmaphycins as the most suitable site for linker attachment point, and hence, we
synthesized a highly potent analog of carmaphycin B that contained a 4-sulfonylaniline handle as
an attachment point for the linker antibody.

Graphical Abstract

Keywords

ARtnchang knket

Linkss

SAR2
Analogues with
rbasic aromatic amine
a8 attachenent peint

Drug-Linkes conugabe M

Anticancer drugs; proteasome inhibitors; antibody-drug conjugate; amine basicity optimization; 4-
sulfonylaniline; carmaphycins

Introduction

Antibody-drug conjugates (ADCs) have become an established class of targeted agents in
the treatment of neoplastic diseases.[1,2] ADCs consist of an antibody linked to a highly
potent cytotoxic agent that selectively targets a specific antigen overexpressed on tumor
cells. This results in the combination of a potent cytotoxic warhead with the selectivity of an
antibody to enable targeted cell killing. The antibody guides the conjugate to the targeted
site of action and, following internalization into lysosomes, the cytotoxin is released leading
to cell death (Figure 1). Four FDA approved ADCs are currently in clinical use,
MYLOTARG® (gemtuzumab ozogamicin), ADCETRIS® (brentuximab vedotin),
BESPONSA® (inotuzumab ozogamicin) and KADCYLA® (ado-trastuzumab emtansine).[3]
In addition, more than 50 additional ADCs are in various stages of clinical trial.[3] The vast
majority of the clinical trial agents, as well as two of the currently approved ADCs, utilize
anti-mitotic compounds, such as auristatin and maytansine derivatives, as the cytotoxic
warhead. While these agents have proven successful, there is great interest to explore
warhead cytotoxins that operate via different mechanisms of action.[1,3-5]

Filamentous marine cyanobacteria have emerged as a key source of novel lead compounds
for drug discovery and development, especially in the area of new anticancer therapeutics.
[6,7] The majority of their metabolites emanate from hybrid biosynthetic pathways that
involve both polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSS),
and hence are nitrogen rich.[6,8] Due to their specific interactions with various cellular
targets, several marine cyanobacterial compounds are under investigation for their utility in a
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number of disease areas, including neurodegenerative disorders, inflammation, infectious
diseases and cancer.[9]

Recently, we isolated and characterized carmaphycins A (1) and B (2) from a Curacao
collection of the marine cyanobacterium Symploca sp., and they displayed potent activity
against a number of cancer cell lines (Figure 2).[10] Subsequently, they were found to
inhibit the B5 subunit (chymotrypsin-like activity) of the proteasome at low nanomolar
concentrations.[10,11] The inhibitory properties of carmaphycins A and B were
subsequently evaluated against the Saccharomyces cerevisiae 20S proteasome and found to
possess 1Csq values of 2.5 nM and 2.6 nM, respectively, comparable to those reported for
epoxomicin (3) and the marine-derived salinosporamide A (4) ICgg of 2.7 nM and 1.4 nM,
respectively).[10]

The carmaphycins are structurally related to the known proteasome inhibitor epoxomicin
(Figure 2),[10] and feature a leucine-derived terminal a,p-epoxyketone warhead attached to
a methionine sulfoxide in 1 or methionine sulfone in 2. Carfilzomib (5), a proteasome
inhibitor based on epoxomicin and possessing the a,p-epoxyketone warhead, was FDA
approved in 2012 for the treatment of multiple myeloma.[12] A number of other a.,-
epoxyketone based proteasome inhibitors are being investigated for their anticancer utility as
stand-alone agents, such as ixazomib citrate,[13] oprozomib[14] and delanzomib.[15,16]
Inhibition of the proteasome, a proteolytic complex responsible for the degradation of
ubiquitinated proteins, has emerged as a powerful strategy in the treatment of cancer.[17,18]
However, because of their high potency, selectivity of action is less than desired, and toxic
side effects are common. We therefore hypothesized that utilizing a highly toxic
carmaphycin derivative as the warhead of an ADC might provide the required potency and
achieve a better selectivity profile.

2.1. Design and cytotoxicity evaluation of carmaphycin B analogues

Structurally, the carmaphycins can be divided into four distinct sections (P1-P4); the first
features an a.,B-epoxyketone pharmacophore (the P1 residue) followed by the unique
methionine sulfoxide in 1 or methionine sulfone in 2 (the P2 residue). This is in turn is
connected to a valine moiety (the P3 residue) and completed with a hexanoate chain as the
terminus (the P4 residue, Figure 3). In our previously published docking and crystallization
studies of carmaphycin B with the chymotrypsin-like (ChT-L) site of the yeast 20S
proteasome,[10,11] we observed the P1 leucine side chain was in close proximity to
methionine, alanine and valine residues in the hydrophobic S1 pocket. On the other hand,
the side chain of the P2 methionine sulfone residue extended out of the binding pocket and
likely interacts with external solvent molecules. The P3 valine side chain was found to
interact with a hydrophobic cluster of three alanine residues in the S3 pocket. Finally, the P4
hexanoate tail was observed to interact with another hydrophobic cluster consisting of
Pro104, Tyr106, Pro127, and Val128.[10,11]

We had two main goals in the current study. First, we aimed to refine structure-activity
relationships in the carmaphycin structure class so as to produce more potent analogues, and

Eur J Med Chem. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almaliti et al.

Page 4

second, we sought to introduce an amine functional group as a handle for attaching the
molecule through a linker to an antibody while retaining high cytotoxic potency. To achieve
these goals, we designed analogues with modifications at P1-P4 both with and without the
amine handle. Herein we describe the design, synthesis and biological evaluation of these
carmaphycin analogues as potential new payloads for an ADC, and identify the 4-
sulfonylaniline as a relatively non-basic moiety for attachment to the antibody linker.

The designed analogues all incorporated sulfone methionine derivatives at the P2 position
(similar to carmaphycin B) rather than the sulfoxide methionine as in carmaphycin A, as this
eliminated structural complexity arising from the mixture of stereocisomers at the sulfoxide
group. An amine functional group was introduced in each derivative so as to produce an
attachment point to the linker and antibody.

Initially, we synthesized a first generation analogue possessing an amine group at the distal
terminus of P4; the hexanoate chain was replaced with 6-amino hexanoate (analogue 6,
Figure 4). However, introducing this P4 substitution reduced cytotoxicity considerably to
NCI-H460 cells compared to the parent compound [6, ICsg = 860 nM; carmaphycin B (2),
ICs = 6 nM]. This reduction in cytotoxic potency was mirrored by a significant reduction in
binding affinity to the ChT-L site of the proteasome [6, IC5q = 539 nM; carmaphycin B (2),
ICsp = 2.6+0.9 nM].[10] Analysis of the X-ray structure for the yeast 20S proteasome in
complex with carmaphycin A revealed that P4 makes a significant contact with a lipophilic
S4 surface pocket (Figures 3 and 4). Hence, this was concluded to be a poor site for
introduction of a polar moiety for linkage to the antibody section of the drug complex.

Alternatively, since the P2 side chain extends outwards of the peptide binding pocket and is
therefore solvent exposed, it was predicted to better tolerate the presence of polar residues
such as a primary amino group. In addition, Mroczkiewicz et a/ have demonstrated that the
constitutive proteasome P2 pocket is the only pocket that can tolerate major changes and
have shown that it can accommodate a non-natural amino acid stereoisomer, as demonstrated
by the potent activity of the analogue MG-132 with a D-amino acid at P2.[19] Consequently,
the second generation carmaphycin analogues were designed to contain an amine handle on
the P2 side chain (Figure 5). Five compounds (analogues 7-11) were initially designed
which contained a 2aminoethyl homocysteine residue at P2 instead of the methionine
sulfone present in carmaphycin B. To improve hydrophobic interactions of the P1, P3 and P4
side chains with their respective S1, S3 and S4 binding pockets, the linear alkyl chains were
replaced with aromatic phenyl or pyridine rings. Investigations with other proteasome
inhibitors, such as carfilzomib and its analogs, have shown that introducing bulky
hydrophobic groups at P3 and P4 increase binding affinity.[20,21] The pyridine analogue 11
was designed to evaluate whether a combination of hydrophobic interaction plus presence of
a hydrogen bonding acceptor at P1 might be advantageous.[20]

Initial evaluation of compounds 7-11 was performed on HCT116 colon adenocarcinoma and
NCI-H460 human lung cancer cell lines. Two trends emerged from these evaluations. First,
it became clear that incorporating an ethyl amine terminus at the P2 position clearly resulted
in a significant reduction of cytotoxic potency in both cancer cell lines compared to the lead
compound, carmaphycin B. This reduction in cytotoxicity was more prominent in HCT116

Eur J Med Chem. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almaliti et al.

Page 5

cells with a 3-15 fold difference in ICsq values (Table 1). We reasoned that this loss of
cytotoxic activity might be due to a reduction in binding affinity of the analogues to the
ChT-L site of the proteasome. Alternatively, because the aliphatic amine at P2 is basic and
thus positively charged at physiological pH, the decreased potency could simply reflect
reduced cell permeability. Therefore, we also evaluated the tert-butoxycarbonyl (Boc)-
protected derivatives (7-Boc — 11-Boc, Figure 5 and Table 1) for their cytotoxic activity in
both cell lines. These hydrophobic capped analogs possessed similar potencies to the parent
structures (all in the low nM range), supporting the hypothesis that it was the charged nature
of 7-11 that was responsible for this reduced potency.

To further confirm this proposal, compound 7 as well as its Boc-protected precursor 7-Boc
were evaluated for proteasome inhibitory activity at the ChT-L site. Purified 26S
proteasomes from rabbit muscle were used in assays employing site-specific fluorogenic
substrates. The two compounds possessed very similar inhibitory activities against the ChT-
L site with 1Cgq values of 2.5 and 8.1 nM, respectively (Table 3), comparable to that of
carmaphycin B (ICgg = 22.5 nM). This series of experiments thus confirmed that the reduced
potency of the free ethylamine analogs 7-11 was due to cell impermeability caused by the
positively charged basic amine at physiological pH, and thus was not considered a problem
in the design of an ADC which would be taken up into cells by the mechanism depicted in
Figure 1. However, we also considered that the charged nature of these analogs at lysosomal
pH might impact their release from the lysosome, and thus we investigated alternative
functionalities as described below.

Secondly, replacing the P1 leucine residue with phenylalanine generally resulted in a loss of
potency. For example, analogue 10 with a P1 phenylalanine-derived a,p-epoxyketone, a P3
phenylalanine residue and a P4 phenyl-acetic acid residue, was significantly less potent in
both cell lines than corresponding analogue 8 with a P1 leucine-derived terminal a.,p-
epoxyketone. However, interaction of different residues in determining potency was revealed
with analogues 7 and 9 in that they were somewhat more potent in NCI-H460 cells despite a
P1 Phe residue, presumably as a result of smaller non-aromatic residues at P3 and P4.
Replacing P1 with a pyridyl-alanine side chain in 11-Boc led to further loss of potency.

Accordingly, to reduce the basicity of the free amine at P2, an analogue was designed that
incorporates an electron withdrawing sulfone moiety (Figure 6). The P2 methyl sulfone
portion of carmaphycin B was substituted with a 4-thioaniline in 12 or the oxidized 4-
sulfonylaniline in 13 to generate less basic analogues. The theoretical pKa of the 4-
sulfonylaniline in analogue 13 is about 2.5, while that of the 4-thioaniline 12 is 5-6 and the
ethyl amine in analogues 7-11 is 910. This reduction in pKa predicted that analogues 12 and
13 would not be protonated at physiological pH, and hence they should retain their favorable
membrane permeability properties. In contrast to what was observed in the alkyl amines
above (7-11), analogues 12-Boc and 13-Boc were somewhat less active than their
deprotected counterparts 12 and 13 (Table 1). In addition, the 4-sulfonylaniline analogue 13
was more potent than the 4-thioaniline analogue 12, supporting the hypothesis that the less
basic amine would have increased potency due to its lower hydrophilicity and resulting
better cell and membrane permeability. Analogue 13 was also the more potent inhibitor at
both the ChT-L (ICsg 1.1 nM) and the trypsin-like (T-L) sites (ICgg 14 nM)(Table 3).
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To explore additional chemical handles for the antibody linkage as well as to eliminate the
undesirable effects of the basic amine on potency and cell permeability, we synthesized a set
of analogues containing two leucyl-epoxyketone pharmacophores at both P1 and P2 (figure
7). In analogue 14 the methionine sulfone of carmaphycin B was replaced with glutamic
acid that was coupled to a second leucyl-epoxyketone, yielding the double electrophile
analogue 14. Biological evaluation of analogue 14 (Table 1) showed exceptionally potent
activity against the HCT116 cell line (ICsg 0.2 nM) and low nanomolar ICs against the
NCI-H460 cell line (ICsq 5.4 nM).

Inspired by the remarkable potency of analogue 14 to the HCT116 cell line, two analogues
were produced (15, 16) with aniline moieties at either P3 or P4 to provide a weakly basic
amine handle for antibody-drug linkage (Figure 7). In addition, to investigate if the potent
activity of analogue 14 was due to a better fit of the epoxyketone in the active site when
placed at the P2 site, we designed analogue 17 that contains the same glutamic acid—leucine-
EK at P2 whereas methionine-4-sulfo-aniline replaced the leucine-EK at P1 (Figure 7). This
latter modification allowed us to explore P1 as a potentially new conjugation site. The three
analogues 15-17 were evaluated against three different cancer cell lines, HCT116, MDA-
MB-468 and SKBR3, and the results are summarized in Table 2. Unfortunately, analogue 17
as well as its Boc-protected intermediate 17-Boc had almost no effect on these cell lines
(ICsq’s in the micromolar range). Replacing the P1 epoxyketone with a 4-sulfonyl-aniline-
modified methionine residue also resulted in significant reduction in activity, demonstrating
that the epoxyketone warhead at P1 is essential for the potent cytotoxic activity in analogue
14. Thus, it appears that the second epoxyketone at P2 in 14 may improve activity through a
better fit at P2, and is not necessarily directly involved in the covalent inhibition of the
enzyme. Analogue 15 (Table 2) with its P3 aniline-containing side chain showed reduced
cytotoxicity compared to the 14; it was most potent to SKBR3 cells (ICsg = 21 nM).
Interestingly, the Boc-protected precursor 15-Boc was somewhat less active against the same
cell lines (Table 2), indicating that the S3 binding pocket can tolerate relatively basic
residues, but that bulky groups like Boc are less well accommodated at this position.

Interestingly, placing an aniline functionality at the P4 position in analogue 16 resulted in a
more potent cell growth inhibitor compared to analogue 15 (Table 2). Furthermore, in
contrast to what was observed in analogue 15 and 15-Boc, intermediate 16-Boc was 4-5 fold
more potent as a cell growth inhibitor than the free amine 16. Analogue 16 possessed double
digit nM 1Csq’s in the three cell lines whereas Boc-protected 16 was consistently active with
single digit nM 1Csq’s (Table 2). This result supports out previous finding for analogue 6,
namely that the S4 pocket does not accommodate highly basic residues. This is reflected in
the rank order potencies of the lipophilic Boc-protected 16, the moderately basic aniline 16
and the highly basic alkyl amine 6. Moreover, this observation is consistent with our
previous X-ray crystallography study of carmaphycin B, which revealed that the P4 binding
pocket (S4) is large and hydrophobic.[11]

We also investigated the impact of replacing the methionine sulfone at P2 with methyl
glutamine (19) or dimethyl glutamine (20) on cytotoxic activity (Figure 7). In NCI-H460
cell lines, both analogs 19 and 20 possessed comparable potency to carmaphycin B,
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suggesting that the glutamine amide group functions as hydrogen bond acceptor similar to
the sulfone (Table 2). To further investigate this latter point, the P2 hydrogen bond acceptor
was eliminated in analogue 18 and reduced in 21 by replacing the methionine sulfone with a
methylene or sulfide group, respectively. The inhibitory activity of analogue 21 was largely
retained, possibly due to the hydrogen bond forming capability of sulfides,[10] whereas that
of 18 was significantly reduced, indicating the importance of this hydrogen bonding feature.
A similar trend was observed for the cytotoxic activity of analogues 18-21 against the
HCT116 cell line (Table 2). It should also be noted that the P2 sulfide derivative 21
represents what we believe is the actual natural product produced by the cyanobacterium,
and that this becomes non-enzymatically oxidized to the racemic methionine sulfoxide (1,
carmaphycin A) and then the sulfone (2, carmaphycin B) upon extraction and isolation. In
fact, using MS2-based molecular networking,[22] we were able to identify a peak with a
mass consistent with the P2-methionine residue in a related cyanobacterium collected from
Panama (see Supporting Information, Figure S1).

2.2. Inhibitory effects on the human 20S proteasome

Epoxyketone-based inhibitors generally possess potent activity to the chymotrypsin-like
(ChTL_ site of the proteasome and are less potent against the trypsin-like (T-L) and caspase-
like (CL) sites.[23] Indeed, the ChT-L site is the primary target of the approved anticancer
agents bortezomib and carfilzomib; however, inhibitors of the T-L site are known to sensitize
cancer cells to these agents.[20,24] To understand the growth inhibitory properties of these
carmaphycin analogs, we evaluated the inhibitory activity of several analogues (7, 7-Boc,

13, 15, 15-Boc, 16, 16-Boc, 17, 22 and 23) at the three active sites of the proteasome. These
were evaluated using the fluorogenic substrates Suc-LLVY-AMC, Cbz-LLE-AMC, and Chz-
VGR-AMC, respectively, and the results are summarized in Table 3. While the major focus
of our designed agents targeted potency at the ChT-L site, some of these analogues were
found to possess rather remarkable potency at the T-L site.

The rationale for testing the P2 alkyl amines 7 and 7-Boc at the ChT-L site was to
understand if the loss of activity of 7 was due to lower binding affinity or decreased cell
permeability. The ChT-L site 1Cgq values of these two analogues were closely similar (7-
Boc, IC50 = 14.2 £ 2.4 nM; 7, IC5 = 22.2 + 5.4nM) indicating that they have similar
binding affinities to the ChT-L site; therefore, the decreased cellular potency of analogue 7 is
most likely due to reduced cell permeability, similar to analog 6. Next, the high cytotoxic
potency of analogue 13 in the NCIH460 cell line inspired its evaluation to all three active
sites in the proteasome. It was found exquisitely potent to the ChT-L site (ICsg = 1.5 + 0.24
nM), relatively potent to the T-L site (IC5g = 14 nM) and weakly active to the C-L site (ICgg
=540 nM). The superior potency of 13 at all three sites relative to carmaphycin B suggests
that the AP-sulfo-aniline moiety is more favorably accommodated than a methionine sulfone
at the P2 position. Similarly, analogue 14 showed inhibitory activity to the three proteasome
catalytic sites similar to that of analogue 13, and was especially potent to the chymotrypsin-
like site (ChT-L I1C59 =1.9 = 0.11 nM); analogue 13 was also potently cytotoxic to cells.

We also evaluated the proteasome inhibitory activities of the three double warhead
analogues 15-17 that were designed based on compound 14 (Table 3). The weak cytotoxic
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activity of analogue 17 wherein the epoxyketone and sulfonylaniline moieties were
exchanged between P1 and P2 was consistent with the observed lack of inhibitory activity at
all three proteasome sites (ICsq’s >1000 nM). Surprisingly, analogue 15 and its 15-Boc
derivative were more potent inhibitors at the ChT-L site compared to analogue 16 and 16-
Boc, a finding that was inconsistent with the several fold increased cytotoxic potency of 16
over 16-Boc. However, both analogues 16 and 16-Boc were about 3-fold more potent against
the T-L site compared to 15 and 15-Boc, and this might be contributing to the potency of
these analogues (Table 3). A recent study published by Geurink and coworkers showed that
inhibition of the T-L site can sensitize cancer cells to cytotoxic chemotherapeutics.[20]

2.3. Chemistry

Generalized synthesis of carmaphycin analogues—The generalized route for the
synthesis of the epoxyketone moiety in the carmaphycins is illustrated in Scheme 1.
Commercially available Boc-protected amino acid derivatives (e.g. 25) were converted into
the corresponding Weinreb amides (e.g. 26), followed by treatment with Grignard reagent,
isopropenylmagnesium bromide, to yield conjugated enones (e.g. 27). Luche reduction
(sodium borohydride and cerium (111) chloride) was used to convert the enones into the
corresponding alcohols (e.g. 28; 2S, 3R). The allylic alcohol was treated with
butylhydroperoxide in the presence of vanadyl acetylacetonate as catalyst to obtain
epoxides (e.g. 29), which were converted directly to the epoxyketones (e.g. 30) using Dess-
Martin periodinane oxidation.[10,20]

The P2 moiety of analogues 7-11, which contains a terminal amine modified methionine
residue for conjugation, were synthesized as outlined in Scheme 2.[29] The synthesis of the
S-alkylated homocysteine building block 37 began with the esterification of L-homocystine
31 to provide dimethyl ester 32; this was reacted with Fmoc-Cl and potassium carbonate to
yield the fully protected homocystine 33. Reduction of the disulfide bond was achieved with
zinc powder in trifluoroacetic acid/methanol (TFA/MeOH) under an argon atmosphere to
yield Fmoc-homocysteine methylester 34. The sulfur was then alkylated with 2-(Boc-
amino)ethyl bromide in the presence of cesium carbonate to afford sulfide 35. Oxidation of
sulfide 35 with mCBPA vyielded sulfone 36. Removal of the Fmoc protecting group using
diethylamine afforded the crude amine 37 which was partially purified on SiO, and then
used in subsequent steps.

The construction of analogues 7-11 is shown in scheme 3, which was achieved by coupling
the amino acids at P2 to those of P3 and then acylation of the amino terminus with the
appropriate alkyl group at P4 for each analogue.[20] In brief, homocysteine derivative 37
was coupled to Boc-L-Val or Boc-L-Phe using standard HBTU/HOBLt coupling. The Fmoc-
protected peptide was deprotected using diethylamine and acylated with hexanoic acid or
phenyl acetic acid to obtain the acylated dipeptide (e.g. 40), which was hydrolyzed to the
carboxylic acid using lithium hydroxide. This was followed by HBTU/HOBLt coupling of the
appropriate epoxyketone moiety 30 to obtain the final analogues 7-Boc to 11-Boc. These
analogues were deprotected using TFA/DCM and purified on deactivated silica gel to obtain
the free amine of analogues 7-11. Construction of these analogues in the opposite sense,
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namely beginning at the A-terminus and coupling amino acids onto the C-terminus, led to
racemization of the corresponding alpha centers and thus was not pursued further.[10]

Finally, the P2-para-sulfonylaniline analogues 12 and 13 were prepared according to scheme
4. Commercially available L-homoserine was brominated using HBr and acetic acid to
obtain L-2-amino-4-bromobutanoic acid 41. This was esterified using thionyl chloride and
protected with Fmoc-Cl to provide fully protected compound 42.[30] Di-fert-butyl
dicarbonate was used to convert 4-aminobenzenethiol 43 to fert-butyl-/N-(4-
sulfanyphenyl)carbamate 44, which was used to alkylate bromo compound 42 to afford the
sulfide 45. The Fmoc group in 45 was removed using diethylamine and the product was
coupled with Fmoc-L-Val to give 47. The Fmoc in 47 was removed and the product acylated
with hexanoic acid. Subsequently, the sulfide was oxidized using mCBPA to afford sulfone
48. The methyl ester in 48 was hydrolyzed and the product coupled with the Leu-
epoxyketone moiety to give analogues 12-Boc and 13-Boc. The two Boc protected
derivatives were deprotected using standard conditions and purified over triethylamine-
deactivated silica gel to afford analogues 12 and 13.

2.4. Preparation of drug-linker precursors for analogues 7-Boc and 13, their
bioconjugation to the antibody trastuzumab and biological evaluation of the ADC.

Based on the structure-activity relationships described above, as well as the X-ray structure
of carmaphycin B bound in the yeast 20S proteasome active site,[11] the P2 side chain was
identified as the most suitable position for introducing an amine group as the linkage
position to an antibody. Because analogues 13 and 7-Boc displayed potent activity against
both the NCIH460 cell line and the ChT-L site of the proteasome, these two analogues were
chosen for modification with a linker for antibody conjugation. Analogue 7-Boc
demonstrated potent cytotoxicity only in the Boc-protected form, and therefore we selected a
“non-cleavable” linker for analogue 7 to create compound 22 as the payload for antibody
conjugation. In contrast, because analogue 13 was highly potent as the free amine, we
selected a protease-cleavable linker for this compound to generate compound 23.[25]

Synthesis of the non-cleavable linker was straightforward: commercially available DBCO-
C6acid was acylated onto compound 7 to obtain derivative 22 (Figure 8). Compound 23 was
generated from the DBCO-C6-acid coupled to valine (V), citrulline (C) and 4-
aminobenzyloxycarbonyl (PABC) as the traditional carbamate (Figure 8). In either case, the
linkers in compounds 22 and 23 contained a terminal alkyne moiety as part of the
dibenzylcyclooctyne (DBCO) group. This was reacted with azide-containing antibodies
using strain promoted alkyne azide cycloaddition (SPAAC) to generate the complete ADC.
The purpose of the C6 dicarboxylic acid in both derivatives was to provide a spacer; this was
deemed especially important for compound 23 to provide enough room for the valine-
citrulline section to be recognized and cleaved at the adjacent citrulline-PABC amide bond
by cathepsin B. Once this bond is cleaved, the remaining linker section spontaneously
decomposes to release 4aminobenzyl alcohol, CO, and the free cytotoxic drug 13.

Compound 22 was assembled in high yield by a simple HATU/HOAL coupling reaction
between the aliphatic amine in 7 and the DBCO-C6 acid (Figure 9). However, synthesis of
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the cleavable linker drug conjugate 23 was more challenging. This first involved formation
of the carbamate between Fmoc-valine-citrulline-PAB alcohol with the amine of 13 to give
intermediate 24, followed by Fmoc deprotection and coupling with the DBCO-C6 acid to
yield 23 (Figure 10). We anticipated that the aromatic amine of analogue 13 would be
weakly nucleophilic because of the strongly electron withdrawing para-sulfone group; this
was borne out by our experimental results. Initial attempts at forming carbamate 24 by
reacting 13 with triphosgene to generate the isocyanate intermediate and quenching by
addition of Fmoc-VC-PAB alcohol, only resulted in traces of product 24 (1-2% yields). The
use of various other solvents (DMF, EtOAc, THF and dioxane) or bases (NaHCO3, DIPEA
and NEt3) did not improve the yield. Reacting Fmoc-VCPAB-OH with triphosgene first and
then quenching the intermediate with amine 13 also proved unsuccessful. Replacing the
triphosgene with carbonyldiimidazole (CDI) did not yield any carbamate product 24;
however, modifying the initial route by using phosgene rather than triphosgene to generate
the isocyanate led to moderate success. Following optimization of this route using different
solvents and reaction temperatures (Table 4 and Figure 10), the best yields were realized
when the alcohol Fmoc-VC-PAB-OH was dissolved in acetonitrile and added to the
isocyanate intermediate, followed by overnight reflux in a sealed tube (yield 23%). The
Fmoc-protected product 24 was then deprotected using Hunig’s base followed by coupling
with the DBCO-C6-acid using HBTU and HOBt to obtain compound 23 (Figure 10). It is
noteworthy that evaporating the deprotected intermediate of 24 to complete dryness led to
significant degradation as a result of intramolecular reaction of the transiently formed free
amine with the epoxyketone moiety.

Site-specific conjugation to the antibody via incorporation of an orthogonally reactive amino
acid has been demonstrated to confer significant advantages to ADCs, and cell free protein
synthesis enables this strategy.[26] Conjugates of compounds 22 and 23 with trastuzumab
were prepared as described in the literature,[27] and their cytotoxic proprieties were
evaluated against three adherent cancer cell lines [SKBR3 (Her2 +) and MDA-MB-468 (Her
2 -) and MDA-MB231 (Her 2 -)]. Additionally, we also tested the free analogues 7-Boc and
13 as well as the corresponding drug-linker complexes 22 and 23.[28] Cell killing results for
Her2-positive (SKBR3) and -negative (MDA-MB-468) cells are shown in Figure 11 and
Table 5. Analogues 7Boc and 13 show high potency against the three cell lines with
compound 13 being the most active; sub-nanomolar 1Csg to SKBR3 and MDA-MB-231. The
cytotoxic activity of 13 was of about 6-fold less than that of MMAE. The drug-linker
complex 23 was of reduced potency compared to the corresponding free warhead 13, a result
perhaps expected because of the bulky nature of the linker. However, there was no enhanced
cell killing by the antibody-drug conjugates (ADCs) of either 13 or 7 in the susceptible
Her2-positive SKBR3 cells compared to the free antibody trastuzumab. In most cases, the
ICsq curves of these carmaphycin ADC complexes showed reduced efficacy compared to
that of the MMAE ADC, an unexpected result given the high potency of the free compound
13 against SKBR3 cells. We speculate that this may result from either protein-mediated
degradation of the carmaphycin backbone once conjugated, lysosomal degradation of the
carmaphycin derivative, or inappropriate ADC trafficking. However, this lower potency may
also be a direct reflection of the 6 to 100 fold intrinsic potency differences between MMAE
and 7-Boc and 13.
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Conclusions

The carmaphycins are a new marine-derived class of epoxy-ketone proteasome inhibitor,
some of which possess exquisite potency suitable for use as warheads in ADC-type
antitumor drugs. Initial efforts revealed the critical requirement for a lipophilic tail in these
agents so as to retain high potency to the proteasome as well as to cells, and thus conjugation
to a linker and antibody through a terminal amine functionality was ineffective. High
basicity of an ethyl amine functionality at P2, a site generally solvent accessible, was shown
to negatively alter membrane permeability, and hence this was also avoided as it may impede
escape from the lysosome into the cell cytoplasm. Thus, we attenuated the basicity of this P2
amine-linkage position by introducing a sulfonylaniline moiety, and this provided potent
cytotoxic analogues of carmaphycin B suitable for conjugation as novel ADC warheads.
Although the free analogues retained high cytotoxic potency, the ADCs did not show
superior cell killing against the tested cancer cell lines compared to the free antibody.
However, this lower potency may also be a direct reflection of the 6- to 100-fold intrinsic
potency differences between MMAE and 7-Boc or 13. Nonetheless, through these
investigations to engineer the carmaphycin scaffold as an ADC payload, we have developed
inter alia potent novel analogs and discovered some additional underlying SAR principles
for this structure class. These, along with the understanding developed from our initial ADC
results, can be applied to the design of a next generation of carmaphycin analogs as either
stand-alone drug agents or as the warhead of an ADC.

EXPERIMENTAL SECTION

4.1. Material and Instrumentation:

All chemicals and solvents were purchased from commercial suppliers and used without
further purification, unless stated otherwise. Anhydrous THF and ether were freshly distilled
from sodium and benzophenone before use. A Jasco P-2000 polarimeter 314 was used to
measure optical rotations. NMR spectra were recorded on a Varian 500 MHz spectrometer
(500 and 125 MHz for the H and 13C nuclei, respectively) using CDClz, CD30D or
CD3CN as solvents from Cambridge Isotope Laboratories, Inc. Spectra were referenced to
residual CDCl3, CD30D or CD3CN solvent as internal standard (for CDCl3 6H 7.26 and §C
77.1; for CD30D 8H 4.78 and 8C 49.2; and for CD3CN 8H 1.93 and 8C 1.3). LC-HRMS
data for analysis of compounds 7-21 were obtained on an Agilent 6239 HR-ESI-TOFMS
equipped with a Phenomenex Luna 5 pm C18 100 A column (4.6 x 250 mm). LCMS data
for purity analysis of the synthesized compounds 7-21 were obtained with a Thermo
Finnigan Surveyor Autosampler-Plus/LC-Pump-Plus/PDA-Plus system and a Thermo
Finnigan LCQ Advantage Max mass spectrometer (monitoring 200-600 nm and m/z
150-2000 in positive ion mode) using a linear gradient of 10 100% H,O/acetonitrile over 15
— 20 min; flow rate of 1 mL/min. Semipreparative HPLC purification was carried out using a
Waters 515 with a Waters 996 photodiode array detector using Empower Pro software.
Structural integrity and purity of the test compounds were determined by the composite of
1H and 13C NMR, HRMS and HPLC, and all compounds were found to be >92% pure.
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4.2. Synthetic Procedures:

General procedure for the synthesis of epoxy-ketone moiety (30a-c)—To a
solution of Boc-protected amino acid (1 equiv), NH(Me)OMe-HCI (1.5 equiv) and HBTU
(1.5 equiv) in DCM (0.28 M) was added DiPEA (4.5 equiv.) and the mixture was stirred at
room temperature for 2 h until TLC showed completion of reaction. The solvent was
evaporated under reduced pressure and the residue was resuspended in ethyl acetate. The
organic layer was washed with 1M HCI (3x), saturated NaHCO3 (2x), brine, and then dried
using anhydrous sodium sulfate. It was evaporated under reduced pressure and the crude
product was purified by column chromatography (25-75% ethyl acetate/hexanes) to give the
Weinreb amides 26a-c in quantitative yield as colorless oils.

To a solution of Weinreb amides 26 (1 equiv.) in THF (0.34 M) at 0 °C was added
isopropenyl magnesium bromide solution (2.0 equiv., 0.5 M solution in THF) drop wise and
the reaction was stirred at 0 °C overnight. After TLC indicated completion of the reaction,
ice-cold saturated aqueous NH4ClI solution was added followed by ethyl acetate. The organic
layer were separated, extracted with brine, dried over anhydrous sodium sulfate and
evaporated. The crude product was purified on column chromatography (25-75% ethyl
acetate-hexanes) and the product was obtained as a colorless oil (yields 60-90%).

To a solution of enone 27 (1 equiv.) in methanol (0.17 M) at 0 °C was added CeCl3-7H,0
(1.5 eq.) and NaBH4 (1.4 eq., 6.0 mmol, 227 mg) portion wise. The mixture was stirred for
25 minutes after which glacial acetic acid was added and the mixture was concentrated
under reduced pressure. The resulting crude mixture was re-dissolved in ethyl acetate and
extracted with saturated aqueous sodium bicarbonate, brine, dried over anhydrous sodium
sulfate and concentrated in vacuo. Compound 28 was obtained as a yellow oil (quantitative
yield) and used for the next step without further purification.

To a solution of allylic alcohol 28 (1 equiv.) in DCM (0.16 M) at 0 °C was added vanadyl
acetylacetonate (0.1 eq.) and #butyl hydroperoxide (3 eq.). The reaction mixture was stirred
at same temperature for 2 h, and then was concentrated under reduced pressure, redissolved
in ethyl acetate, extracted with saturated NaHCO3, H,O and brine, dried over sodium sulfate
and concentrated under reduced pressure. The crude product was passed though a plug of
silica (20-50% ethyl acetate/hexanes) and immediately subjected to the next step. The semi-
pure compound was dissolved in DCM and Dess-Martin periodinane (1.5 eq.) was added.
The mixture was stirred at room temperature overnight after which TLC analysis indicated
complete conversion. The reaction was worked-up by addition of a NaHCO3 (sat. aq.)/
Na,S,03 (1 M ag.) solution present in a 1:4 ratio and the resulting emulsion was stirred
vigorously for 30 min. The layers were separated and the aqueous layer extracted with
DCM. The combined organic layers were extracted with saturated NaHCO3, dried over
anhydrous sodium sulfate and concentrated under reduced pressure. The crude product was
purified on column chromatography (10-50% ethyl acetate/hexanes) to yield the product as
colorless oil (yield: 60-80% over 2 steps).

tert-butyl ((S)-4-methyl-1-((R)-2-methyloxiran-2-yl)-1-oxopentan-2-yl)carbamate
(30a): [a]p?? + 62.1 (0.7, CHCI3). 1H NMR (500 MHz, CDCl3) & 4.85 (d, J= 8.9 Hz,
1H), 4.41 — 4.26 (m, 1H), 3.30 (d, J= 5.0 Hz, 1H), 2.90 (d, /= 5.0 Hz, 1H), 1.81 - 1.68 (m,
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1H), 1.60 — 1.57 (m, 1H), 1.53 (s, 3H), 1.42 (s, 12H), 1.18 (ddd, J= 14.2, 10.4, 4.1 Hz, 1H),
0.98 (d, J= 6.5 Hz, 4H), 0.94 (d, J= 6.7 Hz, 4H). 13C NMR (125 MHz, CDCl3) 6 209.7,
155.8, 79.9, 59.2, 52.5, 51.5, 40.6, 28.5, 25.3, 23.6, 21.5, 17.0. HRMS: (ESI) calcd for
C14Hp5NO, [M + H]* 272.1861; found 272.1863.

tert-butyl ((S)-1-((R)-2-methyloxiran-2-yl)-1-oxo0-3-phenylpropan-2-yl)carbamate
(30b): [a]p?? + 25.0 (0.2, CHCI3). H NMR (500 MHz, CDCl3) & 7.31 (d, J= 8.3 Hz,
2H), 7.28 — 7.23 (m, 1H), 7.17 (d, J= 7.5 Hz, 2H), 4.95 (d, J= 8.3 Hz, 1H), 4.59 (td, J= 8.0,
5.1 Hz, 1H), 3.29 (d, /= 4.9 Hz, 1H), 3.11 (dd, /= 13.9, 5.0 Hz, 1H), 2.91 (d, /= 4.9 Hz,
1H), 2.74 (dd, J= 14.0, 7.8 Hz, 1H), 1.51 (s, 3H), 1.37 (s, 12H). 13C NMR (125 MHz,
CDCl3) 6 208.6, 155.4, 136.1, 129.6, 128.7, 127.2, 80.0, 59.4, 53.8, 52.6, 37.7, 28.4, 16.8.
HRMS: (ESI) calcd for C17H23NO4 [M + H]* 306.1705; found 306.1709.

tert-butyl ((S)-1-((R)-2-methyloxiran-2-yl)-1-oxo0-3-(pyridin-4-yl)propan-2-
yl)carbamate (30c): [a]p?? + 29.2 (¢0.3, CHCI3). H NMR (500 MHz, CDCl3) & 8.58 —
8.44 (m, 2H), 7.12 (d, J= 5.0 Hz, 2H), 5.01 (d, J= 8.7 Hz, 1H), 4.61 (td, J= 8.5, 4.6 Hz,
1H), 3.28 (d, J= 4.8 Hz, 1H), 3.13 (dd, J= 13.9, 4.6 Hz, 1H), 2.95 (d, /= 4.8 Hz, 1H), 2.66
(dd, J=13.9, 8.4 Hz, 1H), 1.53 (s, 3H), 1.36 (s, 12H). 13C NMR (125 MHz, CDCl3) &
207.8, 155.3, 150.0, 145.4, 124.8, 80.4, 59.2, 53.1, 52.7, 37.2, 28.4, 16.7. HRMS: (ESI)
calcd for C1gH2N,04 [M + H]* 307.1658; found 307.1667.

L-Homocystine bis-methyl ester (32)—To a suspension of L-homocystine (2.0 g, 7.50
mmol) in methanol (95 mL) was carefully added thionyl chloride (1.1 mL, 30.1 mmol) drop
wise over 30 min. The reaction was stirred under nitrogen overnight, and then it was
concentrated under reduced pressure to provide a yellow solid (2.78 g, quantitative yield).
1H NMR (500 MHz, CD30D) & 4.21 (s, 2H), 3.86 (s, 3H), 3.33 (m, 1H), 2.90 (m, 2H), 2.36
(d, J=27.4 Hz, 2H). 13C NMR (125 MHz, CD30D) 6 169.3, 53.1, 51.7, 51.7, 32.8, 29.9.
HRMS: (ESI) calcd for C1gH29N204S, [M + H]* 297.0943; found 297.0949.

Methyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(2-((tert-
butoxycarbonyl)amino)ethyl)- L-homocysteinate (35)—To L-homocystine bis-
methyl ester (1.11 g, 3.75 mmol) in a round bottom flask was added a solution of potassium
carbonate (3.11 g, 22.5 mmol, 6 equiv.) in H,O (45 mL), followed by a dioxane solution (15
mL) of Fmoc-Cl (1.94 g, 7.5 mmol, 2 equiv.). The reaction was stirred vigorously for 3 h at
which time a white precipitate formed; this was broken up by sonication and stirred for
another 12 h. The reaction was sonicated one additional time and the white precipitate was
filtered off and washed with methanol, dried and evaporated to afford the product as white
solid (1.95 g, 70% yield). The product was used in the next step without further purification.

To a solution of bis-Fmoc-L-homocystine bis-methyl ester (0.56 g, 0.75 mmol) in methanol
(35 mL) and dichloromethane (10 mL) was added TFA (2.31 mL, 30 mmol) and zinc dust
(0.15 g, 2.25 mmol). The cloudy reaction mixture became clear after stirring overnight under
nitrogen, at which time the zinc was removed by filtration. The filtrate was evaporated under
reduced pressure and the residue redissolved in ethyl acetate and washed with 1M HCI, 1N
NaOH and brine. The organic layer was dried over anhydrous sodium sulfate and
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concentrated under reduced pressure to yield the crude product (0.51 g, 92% yield); this was
taken to the next step without further purification.

To a solution of Fmoc-L-Homocysteine methyl ester 34 (0.155 g, 0.434 mmol) and N-Boc-
bromoethylamine (0.146 g, 0.651 mmol, 1.5 equiv.) in DMF (5 mL) was added Cs,CO3
(0.17 g, 0.412 mmol, 1.2 equiv.) and the reaction was stirred under a nitrogen atmosphere
overnight. The mixture was diluted in ethyl acetate (30 mL) and washed with 1 M HCI,
NaHCOg3, brine and dried over anhydrous sodium sulfate. The crude product was purified on
silica chromatography (20-70% ethyl acetate/hexanes) and the title product 35 was obtained
as a colorless oil (0.107 g, 48% yield). [a]p?? + 25.6 (¢ 0.4, CHCI3). 1H NMR (500 MHz,
CDCl3) 6 7.77 (d, J=7.6 Hz, 2H), 7.61 (dd, J= 7.5, 4.7 Hz, 2H), 7.41 (t, J= 7.5 Hz, 2H),
7.32 (tt, J= 7.4, 1.2 Hz, 2H), 5.60 (d, /= 8.3 Hz, 1H), 4.97 (m, 1H), 4.51 (td, /= 8.0, 4.7
Hz, 1H), 4.46 — 4.37 (m, 2H), 4.23 (t, /= 6.9 Hz, 1H), 3.77 (s, 3H), 3.37 — 3.21 (m, 2H),
2.64 (t, J= 6.6 Hz, 2H), 2.61 — 2.52 (m, 2H), 2.20 — 2.10 (m, 1H), 1.97 (dq, /= 14.6, 7.4 Hz,
1H), 1.45 (s, 10H). 13C NMR (125 MHz, CDCl3) & 172.6, 156.2, 156.0, 143.9, 141.5, 127.9,
127.3,125.3, 120.2, 79.7, 67.2, 53.2, 52.8, 47.3, 39.7, 32.5, 32.3, 28.6, 27.6. HRMS: (ESI)
calcd for Co7H34N20gS [M + H]* 515.2216; found 515.2228.

Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-((2-
((tertbutoxycarbonyl)amino)ethyl)sulfonyl)butanoate (36)—To a solution of sulfide
35 (30 mg, 58.4 pmol) in dichloromethane was added /m7-CBPA (20 mg, 116.8 umol) at 0 °C
and the reaction was stirred at the same temperature for 30 min. The reaction was monitored
by TLC and additional m-CBPA was added as necessary. The reaction was allowed to warm
to room temperature, stirred overnight and then diluted with aqueous NaHSO3 and
partitioned between H,O and ethyl acetate. The organic layer was washed with saturated
NaHCOs3, brine, dried over anhydrous sodium sulfate then evaporated under reduced
pressure. The crude product was purified on column chromatography (20-100% ethyl
acetate/hexanes) to yield the sulfone 36 as white solid (28 mg, yield 78.8). m.p. 212-215 °C,
[a]p?2 - 18.2 (¢0.5, CHCI3). IH NMR (500 MHz, CDCl3) 6 7.76 (d, J= 7.6 Hz, 2H), 7.58
(d, J=7.5Hz, 2H), 7.40 (t, J= 7.5 Hz, 2H), 7.35 - 7.29 (m, 2H), 5.60 (d, J= 8.1 Hz, 1H),
5.16 (s, 1H), 4.45 (dd, J=13.2, 6.4 Hz, 3H), 4.21 (t, J= 6.7 Hz, 1H), 3.77 (s, 3H), 3.61 (t, J
=6.2 Hz, 3H), 3.19 (d, /= 6.1 Hz, 2H), 3.16 — 2.98 (m, 2H), 2.46 (d, /= 13.9 Hz, 1H), 2.24
—2.09 (m, 1H), 1.42 (s, 11H). 13C NMR (125 MHz, CDCl3) & 173.1, 156.3, 156.0, 143.9,
141.7,127.97, 127.31, 125.3, 120.4, 79.9, 67.8, 56.9, 53.3, 52.2, 51.3, 47.9, 38.6, 28.8, 18.6.
HRMS: (ESI) calcd for Co7H34N20gS [M + H]* 547.2114; found 547.2118.

(S)-2-Amino-4-bromobutanoic acid HBr (41)—L-Homoserine was added to solution
of 30% HBr/AcOH in a tube and the tube was sealed tightly and then stirred for 12 h at 50
OC in a heated oil bath. The tube was removed from the oil bath and allowed to warm to
room temperature. After careful removal of the seal, the crude product was filtered, washed
with EtOAc, and dried under vacuum. The product was obtained as a white powder (78%
yield): m.p. of 173-181°C. 1H NMR (500 MHz, CD30D) & 4.01 (t, /= 6.7 Hz, 1H), 3.50-
3.47 (m 2H), 2.36 (m, 1H), 2.21 (m, 1H); 13C NMR (125 MHz, CD30D) 6 171.0, 52.5,
34.7,28.3.
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Methyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(4-
((tertbutoxycarbonyl)amino)phenyl)homocysteinate (45)—To a solution of 41
(1.04 g, 4.0 mmol) in methanol (95 mL) was carefully added thionyl chloride (0.59 mL, 16.0
mmol, 4 equiv.) drop wise over 30 min. The reaction was stirred under nitrogen overnight,
and then it was concentrated under reduced pressure to yield a yellow solid (1.1 g,
quantitative yield). It was used in the next step without further purification.

The above ester product was placed in a round bottom flask and an ice-chilled 2:1 mixture of
H,0:DCM containing NaHCO3 (808 mg, 9.6 mmol, 2.4 equiv) was added. Fmoc-Cl (1.2 g,
4.67 mmol, 1.17 equiv.) was added to the reaction mixture portion wise and the reaction was
stirred overnight at room temperature. The mixture was separated; the organic layer was
collected and the aqueous layer was acidified (pH 1-2) and then extracted with
dichloromethane (2x). The organic layers were combined, dried using anhydrous sodium
sulfate and evaporated. The product 42 was used in the next step without further purification
(1.57 g, 94% vyield).

To a solution of Fmoc-protected compound 42 (35 mg, 0.084 mmol) and fert-butyl-N-
(4sulfanyphenyl)carbamate 44 (23 mg, 0.1 mg, 1.2 eq.) in DMF at 0 °C was added Cs,CO3
(33 mg, 0.01 mmol, 1.2 equiv.) and the reaction was stirred for 1 h. The reaction was
worked-up by addition of H,O and extracted with ethyl acetate (3x). The combined organic
layer was washed with brine, dried over anhydrous sodium sulfate and evaporated in vacuo.
The crude mixture was purified on silica gel column chromatography (0-20% ethyl acetate/
DCM) to produce pure sulfide 45 as a colorless oil (41 mg, yield 87%). [a]p2? + 65.8 (¢ 1.2,
CHCIls3). IH NMR (500 MHz, CDCl3) 6 7.78 (ddd, /= 7.6, 2.2, 1.1 Hz, 2H), 7.63 — 7.58 (m,
2H), 7.42 (tdd, /=75, 2.2, 1.2 Hz, 2H), 7.37 - 7.30 (m, 6H), 6.48 (s, 1H), 5.36 (d, /= 8.4
Hz, 1H), 4.51 (td, J=8.1, 4.8 Hz, 1H), 4.42 (dt, /= 7.2, 3.8 Hz, 2H), 4.23 (t, /= 7.0 Hz,
1H), 3.75 (s, 3H), 2.85 (t, /= 7.4 Hz, 2H), 2.18 — 2.09 (m, 1H), 1.92 (dd, /= 14.3, 7.2 Hz,
1H), 1.52 (s, 9H). 13C NMR (125 MHz, CDCl5) 6 172.6, 156.1, 152.8, 144.0, 143.9, 141.5,
137.8,132.4, 127.9, 127.3, 125.3, 120.2, 119.3, 81.0, 67.2, 53.2, 52.8, 47.4, 32.5, 31.4, 28.5.
HRMS: (ESI) calcd for C31H34N>06S [M + H]* 563.2216; found 563.2219.

General procedure for the synthesis of final product inhibitors—To a solution of
dipeptide (96.0 mmol, 1 equiv.) in 1,4-dioxane/H,0 (5 ml, 2:1) was added LiOH-H,0 (480
mmol) and the reaction was stirred at room temperature for 1 h. After TLC indicated
complete consumption of starting material, the reaction was evaporated and the resulting
residue was suspended in H,0, acidified and extracted with ethyl acetate (3x). The
combined organic layer was dried using anhydrous sodium sulfate, filtered and evaporated to
obtain the free acid as a white solid. Next, the Boc-protected epoxyketone derivatives (30a-
c) were dissolved in DCM and TFA and added to the reaction mixture with stirring for 30
min, whereupon it was concentrated under reduced pressure.

The TFA salt of the deprotected epoxyketone (1 equiv.) and the previously prepared free
acid (1 equiv) were dissolved in DCM (0.5 M) followed by addition of HBTU (1.1 equiv)
and DIPEA (2.5 equiv) at 0 °C. The reaction was stirred for 1 h at 0 °C and then slowly
warmed to room temperature and stirred overnight. The reaction mixture was concentrated
under reduced pressure, redissolved in ethyl acetate, washed with 1M HCI, NaHCOg, brine,

Eur J Med Chem. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almaliti et al.

Page 16

dried over anhydrous sodium sulfate and concentrated. The crude product was purified on
preparative TLC to yield the final products as colorless oils (yields 65-89%).

As necessary, the previous products were subjected to another round of Boc-deprotection
using the same procedure described above and the products were purified on RP-HPLC
using a Phenomenex Kinetex C18 column (150 x 3 mm, gradient elution with 20%
CH3CN/H,0 + 0.1% TFA to 80% CH3CN/H,0 + 0.1% TFA over 30 min, flow 0.6 mL/min)
to afford the free amine final product (yields 62—74%)

tert-Butyl (2-(((S)-3-((S)-2-hexanamido-3-methylbutanamido)-4-(((S)-4-methyl-1-
((R)-2methyloxiran-2-yl)-1-oxopentan-2-yl)amino)-4-
oxobutyl)sulfonyl)ethyl)carbamate (7-Boc)—[a]p?? + 29.0 (¢ 0.4, CH3OH). 1H
NMR (500 MHz, CD30D) 6 4.53 (dd, /=7.8, 6.1 Hz, 1H), 4.48 (dd, J=11.0, 2.8 Hz, 1H),
4.08 (d, J=7.7 Hz, 1H), 3.53 (td, /= 6.8, 2.0 Hz, 2H), 3.26 (d, /= 5.0 Hz, 1H), 3.18 (tdt, /=
14.1,10.9, 7.1 Hz, 2H), 2.93 (d, /= 5.1 Hz, 1H), 2.25 (td, /= 7.3, 2.8 Hz, 2H), 2.22 - 2.19
(m, 1H), 2.15-2.08 (m, 1H), 2.06 — 1.98 (m, 1H), 1.76 — 1.68 (m, 1H), 1.61 (p, /= 7.5 Hz,
2H), 1.52 (ddd, J=13.2, 10.1, 2.9 Hz, 1H), 1.47 (s, 2H), 1.39 - 1.27 (m, 4H), 0.96 (d, J=
0.9 Hz, 3H), 0.93 (m, 3H), 0.91 (m, 6H). 13C NMR (125 MHz, CD30D) & 208.3, 175.1,
172.4,171.0, 156.6, 79.2, 59.0, 58.8, 51.8, 51.7, 51.0, 48.9, 38.3, 35.3, 33.8, 31.1, 30.1,
27.3,25.3,24.9,22.3, 22.0, 19.9, 18.3, 17.5, 15.7, 12.9. HRMS: (ESI) calcd for
C31H56N400S [M + H]* 661.3846; found 661.3840.

N-((S)-1-(((S)-4-((2-aminoethyl)sulfonyl)-1-(((S)-4-methyl-1-((R)-2-
methyloxiran-2-yl)-1loxopentan-2-yl)amino)-1-oxobutan-2-yl)amino)-3-methyl-1-
oxobutan-2-yl)hexanamide (7)—[a]p?2 + 14.6 (¢0.16, CH30H). 1H NMR (500 MHz,
CD30D) & 4.55 (dd, /= 7.7, 6.1 Hz, 1H), 4.50 (dd, J=11.0, 2.8 Hz, 1H), 4.04 (d, /=7.8
Hz, 1H), 3.49 (td, /= 3.5, 1.2 Hz, 2H), 3.29 - 3.25 (m, 2H), 3.25 (d, /= 2.9 Hz, 1H), 2.94
(d, J/=2.5Hz, 1H), 2.32 - 2.21 (m, 2H), 2.19 — 2.11 (m, 1H), 2.06 — 1.96 (m, 1H), 1.73 (dtd,
J=10.8, 6.9, 4.1 Hz, 1H), 1.62 (q, /= 7.3 Hz, 2H), 1.58 — 1.51 (m, 1H), 1.48 (s, 3H), 1.42 —
1.26 (m, 7H), 1.01 — 0.88 (m, 15H). 13C NMR (125 MHz, CD;0D) & 208.5, 175.2, 172.5,
170.8, 59.3, 58.8, 51.8, 51.3, 50.8, 48.9, 48.9, 38.3, 35.3, 32.9, 31.1, 30.0, 25.3, 24.9, 24.4,
22.2,22.0,19.8, 18.2, 17.6, 15.6, 12.8. HRMS: (ESI) calcd for CogHsagN40O7S [M + H]
*561.3322; found 561.3339.

tert-Butyl (2-(((S)-4-(((S)-4-methyl-1-((R)-2-methyloxiran-2-yl)-1-oxopentan-2-
yl)amino)-4oxo-3-((S)-3-phenyl-2-(2-
phenylacetamido)propanamido)butyl)sulfonyl)ethyl)carbamate (8-Boc)—+ 16.5
(0.6, CHCI3). 1H NMR (500 MHz, CDCl3) & 7.30 (d, J= 6.9 Hz, 2H), 7.20 (t, /= 3.1 Hz,
2H), 7.14 = 7.11 (m, 2H), 7.05 (d, J= 7.1 Hz, 2H), 6.98 — 6.90 (m, 2H), 6.14 (d, J= 7.2 Hz,
1H), 5.60 (s, 1H), 4.64 (g, /= 7.1 Hz, 1H), 4.61 — 4.54 (m, 3H), 4.48 (ddd, J=10.5, 7.2, 2.9
Hz, 1H), 3.62 (p, /= 8.2, 7.1 Hz, 3H), 3.52 (d, /= 6.1 Hz, 2H), 3.30 (d, /= 5.1 Hz, 1H),
3.24(q, /=7.4,6.8 Hz, 3H), 3.02 - 2.91 (m, 2H), 2.89 (d, /=5.0 Hz, 1H), 2.01 (s, 3H),
1.67 (s, 2H), 1.51 (s, 4H), 1.44 (s, 9H), 1.30 (ddd, /= 14.2, 10.6, 4.2 Hz, 1H), 0.95 (d, J=
6.6 Hz, 8H). 13C NMR (125 MHz, CDCl3) & 208.9, 171.8, 171.0, 170.1, 156.0, 136.0,
134.4,129.6, 129.2, 129.2, 128.9, 127.6, 127.2, 80.3, 59.5, 54.7, 53.0, 52.7, 51.4, 51.0, 49.3,
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435,39.3, 37.5, 34.6, 28.5, 25.5, 23.5, 21.3, 17.0. HRMS: (ESI) calcd for C37HsoN4OgS
[M + Na]* 751.3353; found 751.3358.

(S)-4-((2-Aminoethyl)sulfonyl)-N-((S)-4-methyl-1-((R)-2-methyloxiran-2-yl)-1-
oxopentan-2yl)-2-((S)-3-phenyl-2-(2-
phenylacetamido)propanamido)butanamide (8)—[a]p?? + 2.5 (¢ 0.5, CH30H). 1H
NMR (500 MHz, CD30D) & 7.29 - 7.17 (m, 8H), 7.17 — 7.13 (m, 2H), 4.54-4.49 (m, 2H),
4.46 (dd, J=10.9, 2.8 Hz, 1H), 3.77-369 (m, 4H), 3.51 (d, /= 3.4 Hz, 2H), 3.28 — 3.21 (m,
4H), 3.10 (dd, J=13.9, 5.7 Hz, 1H), 2.95 (d, J= 5.2 Hz, 1H), 2.93 (s, 1H), 2.23 (ddt, J=
14.0,7.0, 4.3 Hz, 1H), 2.16 — 2.07 (m, 1H), 1.75 (ddt, /= 13.7, 6.9, 3.9 Hz, 1H), 1.54 (ddd, J
=13.1,10.0, 2.7 Hz, 1H), 1.48 (s, 3H), 0.97 (dd, J= 11.2, 6.6 Hz, 6H. 13C NMR (125 MHz,
CD30D) & 208.59, 172.89, 172.29, 170.78, 136.77, 135.29, 128.85, 128.82, 128.27, 128.18,
126.55, 126.49, 58.96, 55.18, 51.88, 51.35, 50.89, 48.88, 48.76, 41.94, 38.20, 36.92, 33.00,
25.07, 24.66, 22.41, 20.02, 15.74. HRMS: (ESI) calcd for C37H5oN409S [M + Na]
*715.3353; found 715.3356. HRMS: (ESI) calcd for C3H44N407S [M + H]* 629.3009;
found 629.3018.

tert-Butyl (2-(((S)-3-((S)-2-hexanamido-3-methylbutanamido)-4-(((S)-1-
((R)-2methyloxiran-2-yl)-1-oxo-3-phenylpropan-2-
yl)amino)-4oxobutyl)sulfonyl)ethyl)carbamate (9-Boc)—+ 6.7 (¢0.04, CH30H). 1H
NMR (500 MHz, CD30D) & 7.30 —7.23 (m, 4H), 7.23 - 7.17 (m, 1H), 4.72 (dd, /= 9.6, 4.0
Hz, 1H), 4.51 (dd, /= 8.0, 5.8 Hz, 1H), 4.02 (d, J= 7.7 Hz, 1H), 3.55 — 3.49 (m, 2H), 3.29
(d, J=4.7 Hz, 1H), 3.26 (td, /= 6.8, 2.2 Hz, 2H), 3.19 — 3.04 (m, 2H), 2.95 (d, /= 5.1 Hz,
1H), 2.70 (dd, /= 14.1, 9.6 Hz, 1H), 2.23 (td, /= 7.5, 3.0 Hz, 2H), 2.20 — 2.14 (m, 1H), 2.10
—2.01 (m, 1H), 1.96 (dt, J=13.9, 6.9 Hz, 1H), 1.59 (p, J= 7.5 Hz, 2H), 1.48 (dd, J= 7.4,
4.0 Hz, 1H), 1.45 (s, 3H), 1.32 (tdd, J=11.7, 9.3, 6.6 Hz, 4H), 0.90 (dt, /=7.2, 3.7 Hz, 6H),
0.83 (d, /= 6.8 Hz, 3H). 13C NMR (125 MHz, CD30D) & 207.5, 175.1, 172.3, 170.8, 156.6,
136.6, 128.7, 128.1, 126.5, 79.2, 59.1, 59.0, 53.8, 51.9, 51.7, 50.9, 48.9, 37.4, 35.6, 35.2,
31.1, 30.0, 27.3, 25.2, 22.0, 18.3, 17.6, 15.4, 12.9. HRMS: (ESI) calcd for C34H54N409S
[M + H]* 695.3690; found 695.3693.

N-((S)-1-(((S)-4-((2-Aminoethyl)sulfonyl)-1-(((S)-1-((R)-2-methyloxiran-2-yl)-1-
oxo-3phenylpropan-2-yl)amino)-1-oxobutan-2-yl)amino)-3-methyl-1-
oxobutan-2-yl)hexanamide (9)—[a]p?? + 12.3 (¢0.8, CH3OH). 1H NMR (500 MHz,
CD30D) & 7.29 — 7.23 (m, 4H), 7.22 - 7.18 (m, 1H), 4.73 (dd, /= 9.5, 3.9 Hz, 1H), 4.53
(dd, J=17.9,5.7 Hz, 1H), 3.97 (d, J= 7.8 Hz, 1H), 3.48 — 3.46 (m, 4H), 3.28 (d, J= 5.1 Hz,
1H), 3.23 (ddd, /=10.3, 8.5, 5.6 Hz, 2H), 3.14 (dd, /= 14.1, 4.0 Hz, 1H), 2.96 (d, /=5.1
Hz, 1H), 2.70 (dd, J=14.1, 9.5 Hz, 1H), 2.28 - 2.20 (m, 3H), 2.16 — 2.07 (m, 1H), 1.99 -
1.92 (m, 1H), 1.60 (q, J= 7.3 Hz, 3H), 1.46 (s, 3H), 1.37 — 1.30 (m, 4H), 1.01 - 0.99 (m,
1H), 0.91 (dd, /= 6.8, 1.8 Hz, 6H), 0.83 (d, /= 6.8 Hz, 3H). 13C NMR (125 MHz, CD30D)
§ 207.7,175.3,172.5, 170.7, 136.5, 128.7, 128.1, 126.5, 59.4, 59.0, 54.0, 51.9, 50.8, 49.0,
48.9, 35.6, 35.2, 32.9, 31.1, 29.8, 25.3, 24.5, 21.9, 18.3, 17.6, 15.4, 12.8. HRMS: (ESI)
calcd for CogHsN407S [M + H]* 595.3165; found 595.3149.
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tert-Butyl (2-(((S)-4-(((S)-1-((R)-2-methyloxiran-2-yl)-1-oxo-3-phenylpropan-2-
yl)amino)-4o0xo0-3-((S)-3-phenyl-2-(2-
phenylacetamido)propanamido)butyl)sulfonyl)ethyl)carbamate (10-Boc)—
+36.2 (¢0.34, CHCI3). 1H NMR (500 MHz, CD3CN) & 7.34 (s, 1H), 7.34 — 7.29 (m, 2H),
7.29 - 7.25 (m, 5H), 7.23 (dd, /=5.0, 1.9 Hz, 4H), 7.14 (m, 4H), 6.80 (d, /= 7.3 Hz, 1H),
7.01(d, J=7.5Hz, 1H), 5.72 (s, 1H), 4.67 (ddd, /=9.1, 7.1, 4.1 Hz, 1H), 4.47 (d, /= 6.8
Hz, 1H), 4.41 (dt, J= 8.2, 4.1 Hz, 1H), 3.56 — 3.38 (m, 4H), 3.28 (d, /= 5.0 Hz, 1H), 3.15
(dd, J=12.1, 5.7 Hz, 2H), 3.11 - 3.06 (m, 1H), 3.03 — 2.98 (m, 1H), 2.97 (d, /= 5.0 Hz,
1H), 2.87 (dd, J=14.0, 8.9 Hz, 1H), 2.76 — 2.67 (m, 1H), 2.23 (m, 1H), 2.16 (ddt, /= 15.3,
10.9, 6.3 Hz, 1H), 1.97 (p, J= 2.5 Hz, 2H), 1.47 (s, 3H), 1.44 (s, 9H). 13C NMR (125 MHz,
CD3CN) 6 207.7,171.5,171.2,170.3, 155.9, 137.3, 137.1, 135.7, 129.5, 129.4, 128.7,
128.7,128.6, 128.6, 127.1, 127.0, 126.8, 79.2, 59.4, 55.1, 53.9, 52.5, 52.1, 51.2, 49.3, 42.7,
37.0, 36.0, 34.3, 27.8, 24.7, 16.1. HRMS: (ESI) calcd for C4gH5gN40gS [M + H]
*+763.3377; found 763.3378.

(S)-4-((2-Aminoethyl)sulfonyl)-N-((S)-1-((R)-2-methyloxiran-2-yl)-1-0xo-3-
phenylpropan-2yl)-2-((S)-3-phenyl-2-(2-
phenylacetamido)propanamido)butanamide (10)—[a]p?2 + 96.5 (¢ 0.36, CH30H).
1H NMR (500 MHz, CD30D) & 8.30 (d, J= 6.8 Hz, 1H), 8.08 (d, /= 8.0 Hz, 1H), 7.34 -
7.18 (m, 10H), 7.12 (td, /= 10.3, 9.2, 6.0 Hz, 6H), 4.66 (dd, /= 9.8, 3.7 Hz, 1H), 4.50 —
4.38 (m, 2H), 3.53 - 3.44 (m, 2H), 3.27-3.37 (m, 4H), 3.17 — 3.10 (m, 4H), 2.97 (dd, J=7.8,
5.8 Hz, 2H), 2.86 (dd, J=13.8, 9.2 Hz, 1H), 2.66 (dd, /= 14.0, 9.9 Hz, 1H), 2.20 (dg, J=
14.0, 7.2 Hz, 1H), 2.05 (dt, J= 14.5, 7.8 Hz, 1H), 1.47 (s, 3H). 13C NMR (125 MHz,
CDClg) & 211.52, 176.67, 176.09, 174.36, 140.69, 140.40, 139.08, 132.64, 132.59, 132.52,
132.04, 132.03, 131.93, 130.44, 130.31, 130.23, 62.90, 59.12, 58.13, 55.78, 54.52, 52.63,
52.52, 45.64, 40.68, 39.17, 36.74, 28.37, 19.31. HRMS: (ESI) calcd for C35H4oN407S [M +
H]* 663.2852; found 663.2868.

tert-Butyl (4-(((S)-3-((S)-2-hexanamido-3-methylbutanamido)-4-(((S)-4-methyl-1-
((R)-2methyloxiran-2-yl)-1-oxopentan-2-yl)amino)-4-
oxobutyl)sulfonyl)phenyl)carbamate (13Boc)—[a]p?? + 31.6 (¢0.23, CHCI53). 1H
NMR (500 MHz, CDClg) & 7.81 (dd, J=8.9, 2.1 Hz, 2H), 7.58 (dd, J= 8.8, 2.2 Hz, 2H),
7.25(d, /=7.9 Hz, 1H), 7.17 (d, J= 7.4 Hz, 2H), 6.43 (dd, J= 8.3, 2.1 Hz, 1H), 4.74 (qd, J
=7.1, 2.1 Hz, 1H), 4.49 (ddd, /= 10.3, 7.6, 3.0 Hz, 1H), 4.30 (ddd, /= 8.5, 6.6, 2.0 Hz, 1H),
3.42-3.31 (m, 1H), 3.28 (dd, /=5.1, 2.0 Hz, 1H), 3.16 (dt, /= 14.3, 7.0 Hz, 1H), 2.89 (dd,
J=5.0, 2.1 Hz, 1H), 2.22 (t, J= 8.0 Hz, 2H), 2.16 — 2.00 (m, 5H), 1.63 (m, 3H), 1.53 (d, J=
2.1 Hz, 9H), 1.51 (d, J= 2.1 Hz, 3H), 1.37 — 1.21 (m, 4H), 0.90 (ddt, J=13.3, 8.0, 3.4 Hz,
15H). 13C NMR (125 MHz, CDCl3) & 208.5, 174.0, 171.7, 170.4, 152.3, 144.1, 131.8,
129.7, 118.3, 81.8, 59.5, 58.5, 52.7, 52.5, 51.3, 51.1, 39.4, 38.8, 36.7, 31.6, 31.2, 28.4, 25.6,
25.4,23.5,22.5,21.3,19.4,18.3,17.0, 14.1. HRMS: (ESI) calcd for C35H56N409S [M + H]
*709.3846; found 709.3856.

N-((S)-1-(((S)-4-((4-Aminophenyl)sulfonyl)-1-(((S)-4-methyl-1-((R)-2-

methyloxiran-2-yl)-1oxopentan-2-yl)amino)-1-oxobutan-2-yl)amino)-3-methyl-1-
oxobutan-2-yl)hexanamide (13)—[a]p?2 + 16.3 (¢0.09, CHCI3). 1H NMR (500 MHz,
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CDClg) 6 7.73 - 7.64 (m, 1H), 7.11 (d, J= 7.4 Hz, 1H), 7.01 (d, J= 7.7 Hz, 1H), 6.79 - 6.67
(m, 2H), 6.10 (d, J= 8.3 Hz, 1H), 4.74 (g, J= 7.1 Hz, 1H), 4.52 (ddd, J= 10.5, 7.4, 3.1 Hz,
1H), 4.32 — 4.22 (m, 3H), 3.41 (ddd, J= 14.5, 8.4, 6.2 Hz, 1H), 3.31 (d, J= 5.1 Hz, 1H),
3.12 (dt, J=14.5, 6.2 Hz, 1H), 2.90 (d, J= 5.0 Hz, 1H), 2.29 — 2.21 (m, 2H), 2.15 (dg, J=
22.6,7.1, 6.6 Hz, 1H), 2.06 (dt, J= 14.6, 7.1 Hz, 1H), 1.81 — 1.56 (m, 4H), 1.52 (s, 3H), 1.43
—1.24 (m, 4H), 1.02 — 0.85 (m, 15H). 13C NMR (125 MHz, CDCl3) 6 208.3, 173.8, 171.4,
170.4, 151.8, 130.5, 126.4, 114.4, 59.5, 58.6, 52.7, 51.3, 51.1, 39.5, 36.8, 31.6, 31.0, 26.0,
255, 25.4, 23.5, 22.6, 21.3, 19.4, 18.2, 17.0, 14.2. HRMS: (ESI) calcd for C3gH4gN407S
[M + H]* 609.3322; found 609.3320.

(S)-2-((S)-2-Hexanamido-3-methylbutanamido)-N1,N5-bis((S)-4-methyl-1-
((R)-2methyloxiran-2-yl)-1-oxopentan-2-yl)pentanediamide (14)—[a]p?? + 8.5 (¢
0.12, CHClI3). IH NMR (500 MHz, CDCl3) 6 8.17 (d, /= 7.1 Hz, 1H), 7.81 (d, J= 7.3 Hz,
1H), 6.19 (d, J= 7.7 Hz, 1H), 6.04 (d, /= 8.7 Hz, 1H), 4.58 (ddt, /= 11.5, 7.2, 2.2 Hz, 1H),
4,52 (ddt, /= 11.3,7.1, 2.2 Hz, 1H), 4.21 (ddd, J= 8.6, 6.7, 1.6 Hz, 1H), 4.19 - 4.11 (m,
0H), 3.50 (d, J=5.1 Hz, 1H), 3.47 (d, J=5.2 Hz, 1H), 2.99 — 2.90 (m, 2H), 2.30 (dt, /=
14.3, 4.4 Hz, 1H), 2.24 — 2.16 (m, 2H), 2.11 (dq, J= 8.7, 6.1, 4.3 Hz, 1H), 2.01 (ddd, J=
12.9,6.1, 3.5 Hz, 1H), 1.98 - 1.85 (m, 1H), 1.77 (td, /= 12.2, 6.2 Hz, 1H), 1.71 — 1.56 (m,
6H), 1.53 (dd, /= 3.5, 1.6 Hz, 6H), 1.36 — 1.22 (m, 4H), 1.20 — 1.10 (m, 1H), 1.02 — 0.92
(m, 12H), 0.90 (d, J= 6.6 Hz, 9H). 13C NMR (125 MHz, CDCl5) & 212.8, 212.6, 173.2,
172.7,171.5, 170.6, 59.8, 59.6, 58.1, 53.3, 53.1, 52.1, 51.8, 51.5, 38.8, 38.7, 36.9, 31.8,
31.7,31.6,28.5, 25.6, 25.4, 23.6, 23.5, 22.6, 21.1, 20.8, 19.1, 18.4, 17.0, 16.9, 14.1. HRMS:
(ESI) calcd for C34HsgN4Og [M + H]* 651.4333; found 651.4338.

(S)-2-((S)-3-(4-Aminophenyl)-2-hexanamidopropanamido)-N1,N5-bis((S)-4-
methyl-1-((R)2-methyloxiran-2-yl)-1-oxopentan-2-yl)pentanediamide (15)—
[a]p?? + 18.9 (¢ 0.42, CHCI3). 1H NMR (500 MHz, CDCl3) & 8.11 (d, /= 6.7 Hz, 1H), 7.72
(d, J= 7.0 Hz, 1H), 7.04 - 6.85 (m, 2H), 6.65 — 6.54 (m, 2H), 6.25 (d, J= 7.4 Hz, 1H), 5.97
(d, J=7.5Hz, 1H), 4.60 — 4.44 (m, 3H), 4.09 (ddd, /= 12.0, 7.4, 4.9 Hz, 1H), 3.69 — 3.58
(m, 2H), 3.52 (d, /=5.2 Hz, 1H), 3.49 (d, /= 5.1 Hz, 1H), 2.95 (t, /= 5.4 Hz, 2H), 2.91 (t, J
= 6.8 Hz, 2H), 2.25 (dt, J= 14.0, 3.7 Hz, 1H), 2.12 (td, J= 7.4, 3.3 Hz, 2H), 2.07 — 1.94 (m,
2H), 1.87 (ddp, /=9.6, 6.5, 3.3, 2.9 Hz, 2H), 1.60 — 1.52 (m, 6H), 1.53 (s, 3H), 1.52 (s, 3H),
1.33-1.20 (m, 4H), 1.19 — 1.10 (m, 1H), 1.02 — 0.94 (m, 12H), 0.87 (t, J= 7.2 Hz, 3H). 13C
NMR (125 MHz, CDCl3) 6 215.3, 212.5, 173.0, 172.5,171.1, 170.2, 145.2, 130.1, 126.1,
115.3,59.5, 59.4, 54.0, 53.1, 52.9, 51.8, 51.5, 51.5, 38.7, 38.6, 37.2, 36.5, 31.5, 31.3, 28.4,
25.3,25.2,25.1, 23.4, 23.3, 22.3, 21.0, 20.9, 16.8, 16.6, 13.8. HRMS: (ESI) calcd for
CagHsgN50g [M + H]* 714.4442; found 714.4470.

(S)-2-((S)-2-(2-(4-Aminophenyl)acetamido)-3-methylbutanamido)-N1,N5-
bis((S)-4-methyl1-((R)-2-methyloxiran-2-yl)-1-oxopentan-2-yl)pentanediamide
(16)—[a]p?? + 62.5 (¢0.52, CHCI53). 1H NMR (500 MHz, CDCl5) & 8.10 (d, J= 7.0 Hz,
1H),7.78 (d, /= 7.2 Hz, 1H), 7.04 (dd, /= 8.7, 2.5 Hz, 2H), 6.67 (dd, /= 8.6, 2.4 Hz, 2H),
6.30 (d, /=7.7 Hz, 1H), 5.91 (d, J= 8.7 Hz, 1H), 4.55 (dddt, /= 21.1, 10.1, 7.0, 2.8 Hz,
2H), 4.21 — 4.07 (m, 2H), 3.67 (bs, 2H), 3.54 — 3.41 (m, 4H), 2.95 (dd, J= 5.1, 2.1 Hz, 2H),
2.29 (dt, /=14.3, 4.2 Hz, 1H), 2.10 (ddt, /= 12.7, 9.1, 4.3 Hz, 1H), 2.05 — 1.85 (m, 2H),
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1.79 - 1.71 (m, 1H), 1.60 — 1.54 (m, 4H), 1.53 (s, 3H), 1.52 (s, 3H), 1.29 — 1.21 (m, 1H),
1.16 (ddd, J= 14.3, 11.1, 3.8 Hz, 1H), 0.96 (m, 12H), 0.83 (d, J= 6.6 Hz, 3H), 0.76 (d, J=
6.6 Hz, 3H). 13C NMR (125 MHz, CDCl3) 6 212.5, 212.3, 172.5, 171.8, 171.3, 170.0,
145.6, 130.3, 124.1, 115.6, 59.5, 59.4, 58.2, 53.1, 52.9, 51.8, 51.5, 51.2, 42.8, 38.6, 38.5,
31.6,30.8, 28.3, 25.3, 25.1, 23.4, 23.2, 20.9, 20.6, 19.0, 17.9, 16.8, 16.6. HRMS: (ESI)
calcd for CagHsgNsOg [M + H]* 686.4129; found 686.4119.

Methyl 4-((4-aminophenyl)sulfonyl)-2-((S)-2-((S)-2-hexanamido-3-
methylbutanamido)-5(((S)-4-methyl-1-((R)-2-methyloxiran-2-yl)-1-oxopentan-2-
yl)amino)-5o0xopentanamido)butanoate (17)—[a]p2? + 6.5 (¢0.14, CHCI3). 1H
NMR (500 MHz, CD30D) & 7.57 (dd, J= 9.0, 2.2 Hz, 2H), 6.76 (d, J= 8.8 Hz, 2H), 4.54
(ddd, J=17.2, 10.2, 3.9 Hz, 2H), 4.19 (t, J= 7.3 Hz, 1H), 4.10 (dd, J= 7.5, 2.5 Hz, 1H),
3.72 (s, 3H), 3.29 (d, J= 5.4 Hz, 1H), 3.25 - 3.13 (d, J= 5.1 Hz, 2H), 2.94 (d, /= 5.1 Hz,
1H), 2.34 — 2.21 (m, 5H), 2.04 — 1.95 (m, 3H), 1.94 — 1.86 (m, 1H), 1.71 (m, 1H), 1.65 —
1.58 (m, 3H), 1.51 — 1.45 (m, 1H), 1.47 (s, 3H), 1.38 — 1.27 (m, 4H), 0.92 (m, 15H). 13C
NMR (125 MHz, CD30D) & 209.3, 175.0, 173.5, 172.4,172.2, 171.7, 129.7, 129.0, 124.3,
1135, 58.8, 52.6, 52.4, 51.8, 51.8, 50.8, 50.8, 50.7, 38.4, 35.4, 31.1, 30.9, 30.3, 27.2, 27.1,
25.2,24.9,24.9,19.9, 18.3, 17.5, 15.6, 15.6, 12.9. HRMS: (ESI) calcd for C3gH57N5010S
[M + H]* 752.3904; found 752.3910.

Analytical data for analogue 22—[a]p?? + 28.7 (¢0.04, CHCI53). 1H NMR (500 MHz,
CD30D) 6 7.67 (d, J= 7.4 Hz, 1H), 7.49 (dd, J= 6.2, 3.6 Hz, 1H), 7.46 (m, 3H), 7.40 - 7.31
(m, 2H), 7.27 (dd, J= 7.3, 1.6 Hz, 1H), 5.15 (dd, J= 14.0, 2.3 Hz, 1H), 4.57 — 4.43 (m, 2H),
4.10 (dd, J= 7.6, 3.7 Hz, 1H), 3.71 (d, J= 14.0 Hz, 1H), 3.57 (q, /= 6.4 Hz, 2H), 3.25 (m,
3H), 3.19 - 3.11 (m, 2H), 2.92 (d, J= 5.1 Hz, 1H), 2.29 — 2.18 (m, 4H), 2.16 — 2.09 (M, 1H),
1.98 (d, J= 6.6 Hz, 2H), 1.60 (p, J= 7.6 Hz, 2H), 1.56 — 1.48 (m, 1H), 1.46 (s, 3H), 1.41 —
1.23 (m, 12H), 0.99 - 0.85 (m, 15H). HRMS: (ESI) calcd for C47Hg5N509S [M + H]

*+ 875.4503; found 875.4511.

Analytical data for analogue 23—[a]p?2 + 2.5 (¢0.001, MeOH). IH NMR (500 MHz,
CD30D) 6 7.85-7.79 (d, J= 7.8 Hz, 2H), 7.74 - 7.69 (d, /= 8.7 Hz, 2H), 7.64 (d, /= 7.5
Hz, 1H), 7.61 - 7.57 (d, J= 8.7 Hz, 2H), 7.487.42 (m, 3H), 7.38 (d, /= 7.8 Hz, 2H), 7.35 —
7.30 (M, 3H), 7.24 (t, J= 6.2 Hz, 1H), 5.17 (s, 2H), 5.12 (dd, /= 14.0, 3.0 Hz, 1H), 4.49 —
4.40 (m, 3H), 4.07 (dd, J=11.8, 7.5 Hz, 2H), 3.69 (d, J= 14.0 Hz, 1H), 3.45 (p, /= 1.5 Hz,
1H), 3.28 — 3.22 (m, 4H), 3.21 (d, /= 5.3 Hz, 1H), 3.17 (p, /= 1.6 Hz, 1H), 3.07 (dd, J=
13.4, 6.7 Hz, 2H), 2.91 (d, J= 5.1 Hz, 1H), 2.22 (td, J= 7.4, 2.2 Hz, 4H), 2.13-2.10 (m, 1H),
2.06 (m, 4H), 2.00 (tt, /= 13.3, 6.8 Hz, 2H), 1.58 (p, J= 7.6 Hz, 2H), 1.47 (s, 3H), 1.40 —
1.23 (m, 10H), 0.98 — 0.85 (m, 21H). 13C NMR (125 MHz, CDCl3) 6 212.05, 179.02,
178.56, 177.80, 176.47, 176.22, 174.91, 174.77, 164.82, 157.70, 155.46, 148.51, 142.18,
136.04, 135.97, 135.55, 133.04, 132.91, 132.49, 132.44, 132.12, 131.70, 131.40, 130.62,
128.99, 126.83, 126.24, 123.69, 121.73, 111.33, 70.12, 63.14, 62.87, 62.78, 59.14, 57.44,
55.89, 55.70, 55.01, 54.90, 39.25, 38.75, 38.03, 35.06, 34.08, 34.02, 33.29, 32.91, 29.55,
29.22, 28.85, 28.73, 28.68, 26.24, 25.95, 23.83, 22.29, 22.21, 21.40, 19.65, 16.84. HRMS:
(ES|) calcd for C70Hg2N10014S [M + H]Jr 1329.6593; found 1329.6611.
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4.3. Biological Evaluation

4.3.1. Proteasome Inhibition Assays—Human recombinant 20S proteasome (Enzo
Life Sciences; Farmingdale, NY) was assayed using fluorogenic substrates. The
chymotrypsin-like, trypsin-like, and caspase-like sites were independently assayed using the
selective substrates Suc-LLVY-AMC, Chz-LLE-AMC, and Cbz-VGR-AMC, respectively
(Enzo Life Sciences; Farmingdale, NY). An 11-point, 3-fold serial dilution dose-response
assay was performed in triplicate. Inhibitor (10 zL) or vehicle control in 25% DMSO was
added to each well of a 96-well plate, followed by 30 L of assay buffer (100 mM Tris, pH
7.5, EDTA 0.5 mM, SDS 0.03%) containing 3 pg/mL of 20S proteasome. After 30 minutes
of incubation at 37°C, 10 4L of 200 xM substrate was added to initiate proteasome reaction,
which proceeded for 30 min at 37°C. The resultant dose response concentration range was
1.0 M to 0.17 nM inhibitor in a 50 gL final reaction volume. The plates were analyzed on a
SpecraMax Gemini or SpectraMax M5 microplate reader (PerkinElmer Life Sciences) and
the fluorescent signal was measured at the excitation and emission wavelengths of 365 and
450 nm, respectively. Data were scaled to internal controls and a four-parameter logistic
model (GraphPad vs. 5.0, Prism) was used to fit the measured data and determine 1Csgq
values.

4.3.2. Antibody conjugation reaction of compounds 22 and 23 with
trastuzumab.[31]—Compound 22 or 23 were dissolved in DMSO to a concentration of 5
mM. The solution was added to purified trastuzumab that was produced by cell-free
synthesis and possessing unique sites for p-azidomethylphenylalanine (pAMF) on either HC
F404 or LC S7. The antibody was dissolved in PBS buffer to a final compound
concentration of 200 uM and a final antibody concentration of 3 mg/mL (20 uM) for a 10:1
molar ratio of compound:antibody. The reaction mixture was incubated at ambient
temperature (25 °C) for 16 h and excess compound was removed using Zeba plates (Thermo
Scientific) equilibrated in 1x PBS. Drug loading efficiency (i.e. the DAR of the final
conjugate) was measured via LC/MS and MALD-TOF spectrometry analysis as described in
Currier et al.;[32] drug:antibody ratios (DARs) were 1.22 (HCF404) and 1.71 (LCS7) for the
noncleavable 22-containing ADCs, and 1.94 (HCF404) and 1.79 (LCS7) for the cleavable
23-containing ADCs.[32] Conjugate purity was determined with an Agilent TapeStation
Instrument and concentrations of the final conjugates were determined from their absorption
at 280 nm.

4.3.3. Toxicity by CellTiter-Glo® for the ADCs—Cytotoxicity effects of 7-Boc, 13
and the ADCs were evaluated using a cell proliferation assay. Adherent cancer cell lines
SKBR3 (Her2+), MDA-MB-231 (Her2-) and MDA-MB-468 (Her2-) were obtained from
ATCC and maintained in high glucose DMEM/F12 (50/50) medium (Cellgro-Mediatech;
Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone;
Thermo Scientific; Waltham, MA), 2 mM glutamax (Invitrogen; Carlsbad, CA) and 1x
penecillin/streptomycin (Cellgro-Mediatech; Manassas, VA). For adherent cells, a total of
1000 cells in a volume of 40 pl were seeded in a 96-well half area flat bottom white
polystyrene plate the day before the assay. Test compounds (7-Boc, 13 and the ADCs) were
formulated at 2x concentration in culture medium and filtered through MultiScreen HTS 96-
Well Filter Plates (Millipore; Billerica, MA). Filter sterilized compounds were serial diluted
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in culture medium and 40 pL of the compounds were added into treatment wells. For
adherent cells, plates were cultured at 37 °C in a CO» incubator for 72 h. For cell viability
measurements, 80 pL of Cell Titer-Glo® reagent (Promega Corp.; Madison, WI) was added
into each well, and plates processed as per product instructions. Relative luminescence was
measured on an ENVISION® plate reader (Perkin-Elmer; Waltham, MA). Relative
Luminescent Units (RLU) were converted to percent viability using untreated cells as
controls. Data was fitted with non-linear regression analysis, using GraphPad Prism v 5.00.
Relative luminescence was measured on an ENVISION® plate reader (Perkin-Elmer;
Waltham, MA). Relative luminescence readings were converted to percent viability using
untreated cells as controls. Data was fitted with non-linear regression analysis, using
GraphPad v 5.00 software (San Diego, CA). Data were expressed as percent relative cell
viability vs. dose of compounds in nM. Cell killing 1C5q’s were calculated by Prism to
evaluate the potency of each compound on each cell line. The corresponding heavy- and
light-chain ADC:s of cleavable ValCitpABmonomethylauristatin were used as a positive
control and comparator compound.

4.3.4. Cytotoxicity assay to NCI-H460 human lung carcinoma cells—Human
large cell lung carcinoma cells (NCI-H460) were added to 96-well plates at 3.33 x 104
cells/mL in RPMI-1640 media with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin in a volume of 180 L per well. The cells were incubated for 24 h (37 °C, 5%
CO») to permit recovery before treatment with carmaphycins and their analogs. The pure
synthetic compounds and doxorubicin (positive control) were dissolved in DMSO to a stock
concentration of 1 mg/mL. Their working solutions were prepared through serial dilutions in
RPMI-1640 media without FBS, with 20 puL added to each well to give ten final
concentrations in the range between 10 and 0.0003 pg/mL in duplicates. Negative control
wells were prepared by adding an equal volume of RPMI 1640 media lacking FBS for each
plate; positive control wells were prepared at 1 and 0.1 pg/mL concentrations of
doxorubicin. Plates were incubated for 48 h prior to MTT staining. Plates were read with a
ThermoElectron Multiskan Ascent plate reader at 570 and 630 nm to define cell viability.
Dose-response curves were plotted to determine 1Cgq values using GraphPad Prism 4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A library of carmaphycin B analogues were synthesized that contain amine

handles and thus enabled their attachment to an antibody-linker

. These investigations resulted in identifying the P2 residue in the
carmaphycins as the most suitable site for linker attachment point

. The basicity of these incorporated amine handles was shown to strongly
impact their cytotoxic properties

. The most potent compound, analogue 13, showed an ICgq of 0.43, 1.8 and 2.6
nM against SKBR3, H460 and HCT116 cells, respectively, and 1.5 nM
against the ChT-L site of the proteasome
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Figure 1.
Overview of the targeted cell killing strategy of ADC based drugs.
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Structures of carmaphycin A (1) and B (2), epoxomicin (3), salinosporamide A (4) and

carfilzomib (5).
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Figure 4.
Structure of first-generation carmaphycin B analogue 6.
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Structures of non-basic amine containing analogues 12, 13 and their Boc protected

precursors (pKa and LogP were calculated using www.chemaxon.com).
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Structures of analogues 14-21.
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Structures of ADC payload compounds: A) compound 22 in which analog 7 is attached to a
non-cleavable linker, and B) compound 23 in which analog 13 is attached to a cleavable
linker.
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Figure 9.
Synthesis of non-cleavable linker payload, compound 22.
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Synthesis of cleavable linker payload compound 23
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Figure 11.

Dose-response graphs for the ADC conjugates of analogues 22, 23 and monomethyl
auristatin E (MMAE) evaluated to SKBR3 and MDA-MB-468 cell lines.
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Table 1.

Page 41

Evaluation of the cytotoxic properties of the designed analogues 6-14 in NCI-H460 and HCT116 cell lines.

Analogue # | NCI-H460 ICg, (nM) | HCT116 ICg (NM)
6 860 ND

7 34 623.8
7-Boc 2.1+0.16 4.8+0.27
8 34.2 165.4
8-Boc 8.5+1.2 4.8+0.35
9 33.4 882.4
9-Boc 2.6+0.12 1.3+0.20
10 304.0 698.0
10-Boc 21.0+1.3 10.9+0.98
11 68.5 ND
11-Boc 30.2+2.1 ND

12 22 37.1
12-Boc 27 459

13 1.8+0.1 2.6+0.2
13-Boc 6.6+0.3 4.9+0.1
14 5.4%£1.0 0.2+0.1

ND: Not Determined
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Biological evaluation of analogues 15-21 in NCI-H460, HCT116, MDA-MB-468, and SKBR3 cell lines.
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Analogue # | NCI-H460 ICs, ("M) | HCT116 IC5o ("M) | MDA-MB-468 ICs, (M) | SKBR3 ICs (NM)

15 29.8 53 30 21

15-Boc 52.6 132 140 39
16 253 45 33 25

16-Boc 6.8 9.2 78 6.6
17 >10000 5545 1745 2427

17-Boc 9109 7345 4421 4083
18 4650+21 8459+959 ND ND
19 34+8.2 67 ND ND
20 26+3.4 18 ND ND
21 27+2.6 22 ND ND
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Inhibitory effects of compounds 7 and 13-17 on the three human 20S proteasome active sites.

Table 3.

Analogue | ChT-L activity (nM) | T-L activity (nM) | C-L activity (nM)
7 422+54 ND ND
7-Boc 142+24 ND ND
13 15+0.2 14 540
14 19+01 98.0 150
15 5.6 315 >1000
15-Boc 4.8 201 >1000
16 90+ 13 715 >1000
16-Boc 100 £+ 15 82 568
17 >1000 >1000 >1000

ND: Not determined
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Optimization of reaction conditions to obtain product 24 (*yields determined by LCMS)

Table 4.

Rxn# | Solvent Temperature | Time | Conditions Yield *
1 THF Reflux OIN Reflux in RB flask | <5%
2 THF+DCE | Reflux OIN Sealed tube 13%
3 Dioxane Reflux OIN Reflux in RB flask | 8%
4 Acetonitrile | Reflux OIN Reflux in RB flask | 17%
5 Acetonitrile | Reflux OIN Sealed tube 23%
6 EA Reflux OIN Sealed tube 12%
7 EA+DCE Reflux OIN Sealed tube 17%
8 DMF Reflux OIN Reflux in RB flask | <5%
9 Acetonitrile | 110°C 1hr Microwave <5%
10 EA 110°C 1lhr Microwave <5%
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Table 5.

Page 45

Biological evaluation of analogues 7-Boc, 13, 22 and 23 and their ADC conjugates in the SKBR3, MDA-
MB-468 and MDA-MB-231 cell lines.

Her2+ cell Her2- cell
SKBR3 ICsq (NM) | MDA-MB-468 ICg, (nM) | MDA-MB-231 ICsy (nM) | NCI-H460 I1C5o (nM)
7-Boc 12.0 19.0 13 2.1+0.16
13 0.430 9.6 0.140 1.8+0.1
MMAE 0.072 0.17 0.005 ---
23 15.8 - 12.8 ---
Trastuzumab-LCS7-22 0.21 12 >100
Trastuzumab-HCF404-22 0.13 6.6* --- > 100
Trastuzumab-LCS7-23 0.53 >100 >100
Trastuzumab-HCF404-23 0.28 >100 10.0 > 100
Trastuzumab-LCS7-MMAE 0.003 4.6
Trastuzumab-HCF404-MMAE 0.046 >100
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