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Molecular characterization of the boron adducts
of the proteasome inhibitor Bortezomib with
epigallocatechin-3-gallate and related polyphenols

a,b,c

Stephen J. Glynn,*® Kevin J. Gaffney, Marcos A. Sainz,*" Stan G. Louie,*

and Nicos A. Petasis**“

The green tea polyphenol epigallocatechin-3-gallate (EGCG) was reported to effectively antagonize the
ability of Bortezomib to induce apoptosis in cancer cells. This interaction was attributed to the
formation of a covalent adduct between a phenolic moiety of EGCG with the boronic acid group of
Bortezomib. However, the structural details of this boron adduct and the molecular factors that
contribute to its formation and its ability to inhibit Bortezomib’s activity remain unclear. This paper
describes the use of NMR spectroscopy and cell assays to characterize the structures and properties of
the boron adducts of EGCG and related polyphenols. The observed boron adducts included both
boronate and borate derivatives, and their structural characteristics were correlated with cell-based
evaluation of the ability of EGCG and other phenols to antagonize the anticancer activity of
Bortezomib. The enhanced stability of the BZM/EGCG adduct was attributed to electronic and steric
reasons, and a newly identified intramolecular interaction of the boron atom of BZM with the adjacent
amide bond. The reported approach provides a useful method for determining the potential ability of

polyphenols to form undesired adducts with boron-based drugs and interfere with their actions.

Introduction

The proteasome inhibitor Bortezomib (BZM), also known as
PS-341 and now marketed as Velcade™ (1, Fig. 1), is approved
for the treatment of multiple myeloma and mantle cell
lymphoma.'® A novel structural feature of BZM is its boronic
acid group, which forms reversibly a borate adduct with
threonine at the chymotrypsin-like active site of the 26S
proteasome, serving as a transition state mimic. Despite
extensive efforts in drug discovery aimed at the development of
boron compounds,”'* BZM still remains the only approved
boron-containing drug. However, in recent years, a growing

8-13

number of boron-based therapeutics are being investigated
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Fig.1  Structures of boron-based proteasome inhibitors.
in clinical trials, including the new proteasome inhibitor
Delanzomib (CEP-18770)"*'¢ (2, Fig. 1).

The discovery" ? and clinical development®® of BZM as an
effective therapeutic agent demonstrated for the first time that
the selective inhibition of the 26S proteasome'’ is a viable
approach for the treatment of cancer.” '*%* Cellular proteasome
is a key enzymatic complex in all cells that degrades and
recycles targeted and misfolded intracellular proteins. As a key
component of the ubiquitin proteasome pathway (UPP) and the
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unfolded protein response (UPR), the proteasome plays a
critical role in cell division and cell survival. Selective and
temporary inhibition of the 26S proteasome by BZM or other
proteasome inhibitors results in a selective apoptotic effect in
cancer cells, which occurs via several mechanisms.”* By
blocking the degradation of IkB, proteasome inhibition partially
prevents the activation of the transcription factor NF-xB, and
results in cell cycle arrest and inhibition of cell growth.> 82 It
also leads to the accumulation of ubiquitinated unfolded or
misfolded proteins resulting in the induction of endoplasmic
reticulum stress (ER stress).”>® Based on its novel mechanisms
of action, BZM has been shown to be effective as a single agent
and in combination therapies.* ©?’

As part of our efforts towards the development of novel
proapoptotic agents for the treatment of various types of cancer,

lung cancer,”” lymphoma,*

33-35

including multiple myeloma,”®

31,32 we identified certain

glioblastoma, and breast cancer,
molecules that selectively induce apoptosis in cancer cells by
increasing ER stress.®" *%*? These ER-stress-aggravating agents
(ERSA) are novel anticancer therapeutics and are also effective
in certain combinations with other therapies.*> * In this
context, we have investigated the combination of such
molecules with BZM.>' We have shown that BZM promotes
enhanced killing of glioblastoma cells when used in
combination with the COX-2 inhibitor Celecoxib, as well as
2,5-dimethyl-celecoxib (DMC) a structural analog that does not
inhibit COX-2.*' This

attributed to a modest increase in ER stress, evidenced by

increased anticancer activity was

elevated levels of key ER stress markers, such as the chaperone
protein GRP78 and the pro-apoptotic transcription factor
CHOP. Although cancer cells are able to survive under a hostile
microenvironment by adapting to chronic elevated ER stress
conditions, even a modest additional ER stress aggravation is
not tolerated, triggering cellular apoptosis.

These interesting findings prompted us to investigate the
combination of BZM with (-)-epigallocatechin-3-gallate,
abbreviated as EGCG (3),
component of green tea, a commonly used dietary supplement

the most bioactive polyphenol

(Fig. 2). Extracts from green tea have attracted great interest

from the scientific and alternative medicine communities,* and

47, 48

its chemopreventive*® and epigenetic properties have been

shown in multiple animal models of cancer.*"*!
Dietary polyphenols™ (Fig. 2) are present in large
quantities in many common plant-based food components (e.g.
green tea, apples, grapes, wine, cocoa, etc.) and recent research
has pointed to their potential utility in the prevention of cancer,
cardiovascular  diseases, osteoporosis, neurodegenerative
diseases and diabetes. For example, the bioactivity of (-)-
epicatechin (6, EC), and resveratrol (7, RSV),54 which are key

555 and red wine™

components of dark cocoa respectively,
have received increased interest for their chemopreventive
properties. These polyphenols have shown several mechanisms
of action as anticancer agents, including regulation of oxidative
Also,

procyanidin B2 (8), a common component of apples and grapes

stress as well and inhibition of cell proliferation.>
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Fig.2  Structures of EGCG and other dietary polyphenols.
and a dimer of (-)-epicatechin (6, EC), was shown to block the
activity of NF-kB, by preventing its binding to DNA.>®

The therapeutic effects of green tea have been primarily
attributed to its component catechins (Fig. 2), namely (-)-
epigallocatechin-3-gallate (3, EGCQ), (-)-epicatechin gallate (4,
ECG) (-)-epigallocatechin (5, EGC), and (-)-epicatechin (6,
EC). These polyphenols were shown to interact with a number
of biological pathways including GRP78 a key chaperone
protein involved in ER stress.” Interestingly, it was also
inhibit the

proteasome, while their acetylated or methylated derivatives do
57-65

reported that EGCG and structural analogs

not show such activity.

In order to examine the potential for synergistic effects of
BZM with green tea components, we have investigated the
combination of EGCG and related polyphenols with BZM for
° Given the
presence of the boronic acid group in BZM, we considered the
possibility that a BZM+EGCG combination may result in the
formation of a boronate adduct.

targeting multiple myeloma and glioblastoma.’

However, in the presence of
water and other hydroxylated molecules, these interactions
could be formed reversibly, allowing both BZM and EGCG to
exert their actions, despite the formation of this type of adduct.

revealed that EGCG and other polyphenols
instead of being synergistic, they effectively antagonized the

.39
Our studies

apoptotic effects of BZM and significantly reduced its ability to
induce cancer cell death in vitro and in vivo. The inactivation
of BZM by green tea extracts was demonstrated in a number of
experiments using the multiple myeloma cell line RPMI1/8226
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and U266, and the glioblastoma cell line LN229. These results
illustrated a complete abrogation of BZM-mediated antitumor
properties, with EGCG showing the most antagonistic effect. It
was shown that this result was duplicated in vivo by exhibiting
BZM'’s inactivation by EGCG in nude mice models implanted
with multiple myeloma cells as well as in experiments using
bone marrow isolated from multiple myeloma patients.
Additional similar findings for BZM inactivation were also
reported by others,® 7 while one study’' showed that under
certain conditions EGCG potentiates the effect of BZM.

We postulated39 that the inactivation of BZM was the
consequence of a covalent interaction to form a boronate adduct
between the polyphenols and BZM. Some preliminary evidence
for this transformation was obtained by '"H NMR and '*C NMR,
suggesting the formation of a new condensation product
between the two compounds, that prevents covalent binding of
the boronic acid group of BZM to the proteasome site.*®
Despite these findings, the significant variability in the
inhibitory potency among the various polyphenols studied, did
not fully account for the strong ability of EGCG to inactivate
BZM. The condensation adducts of boronic acids with diols

d,% "7 and are well known to

have been extensively investigate
be formed reversibly. In principle, the boron adducts of
polyphenols,67’74’75 further

complicating the analysis of EGCG-mediated inactivation.

can also behave similarly,

In order to gain additional insights regarding the effects of
dietary polyphenols on the efficacy of BZM and potentially the
growing number of other emerging boron-based drugs®"'?

7476 the work reported in this paper was

and
diol-based pro-drugs,
focused on a more detailed molecular characterization of the
postulated BZM/EGCG boron adduct.
relied on a number of spectroscopic techniques and cell assays,

Towards this goal we

in an effort to identify the key factors involved in this process.

Organic & Biomolecular Chemistry

Results

In our previous report on the inactivation of BZM by EGCG,*
we provided direct evidence that the BZM/EGCG combination
generates a new molecular entity, evidenced by the appearance
of new peaks in 'H and *C NMR. While these data confirmed
the formation of a new BZM/EGCG adduct, it was not possible
to fully characterize this species without additional studies.

EGCG contains three polyphenol rings (A,B,D), two of
which contain three adjacent hydroxyl groups, generating a
number of possibilities for forming adducts with the boronic
acid group of BZM. Moreover, the BZM/EGCG adduct could
involve the formation of a neutral boronate adduct or an anionic
borate group involving the participation of a third oxygen
substituent at the boron. Additionally, the conversion of boronic
acids to boronate or borate adducts with diols is a reversible
process, depending on the conditions and the relative stability
of the boron adducts. Thus, in order to fully compare the
relative stability and physiological relevance of adducts such as
the one formed from BZM and EGCQG, it is important to
determine the equilibrium constant of this transformation.

Therefore, in order to elucidate the key structural features of
the BZM/EGCG adduct we relied on several NMR techniques,
modeling studies as well as cell-based assays.

Structure elucidation of the BZM/EGCG adduct by '"H NMR

The 400MHz '"H NMR spectra of BZM, EGCG, and the
1:2 BZM/EGCG combination were analyzed and all of the C-H
chemical shifts of EGCG and BZM were fully assigned (Fig.
3A,B). Interestingly, the 'H NMR spectrum of the BZM/EGCG
combination revealed several new peaks (Fig. 3C) that could be
attributed to two isomeric adducts 9 and 10 (Fig. 3D).
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Fig. 3

A. 400MHz 'H NMR of EGCG in MeCN; B. 400MHz 'H NMR of Bortezomib (BZM) in MeCN; C. 400MHz 'H NMR of 1:2

mixture of EGCG:BZM in MeCN; D. Postulated structures of boronate adducts (9, 10) suggested by 'H NMR analysis. Arrows indicate
proton shifts corresponding to adducts of EGCG and BZM. Percentages indicate relative ratios of designated peaks.
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The presence of new boron adducts such as 9, involving
the condensation of the boronic acid group of BZM with the
gallic acid unit of EGCG (ring D), was suggested by two new
downfield peaks resulting from deshielding of EGCG protons
Hg and Hj. This deshielding is consistent with the formation of
a new O-B bond with oxygen atom O, adjacent to Ho, resulting
in the reduction of the electron donating effect of this phenolic
OH of EGCG. A similar deshielding effect, involving a reduced
electron donating effect by oxygen atom Oy towards the ester
carbonyl, can explain the new downfield peak for H,.
Presumably, the O,—H group in in EGCG is the most acidic due
to its conjugation with the carboxyl ester and would exist as an
anion in solution, while in adduct 9 oxygen Oy, is more electron
deficient due to its bonding to the boron atom. Notably,
integration of the new peaks for both Hy9 and H, revealed
similar ratios in comparison with unreacted EGCG, namely
31:69 and 30:70 respectively (Fig. 3C). Comparable ratios of
30:70 and 35:65 were also observed for BZM at a new upfield
peak for methyl groups H;9 and Hy¢ and a new downfield peak
for Hj4 respectively. The differentiation of these diastereotopic
methyl groups in the BZM/EGCG adduct is expected, due to
the greater barrier of rotation adjacent to the boron atom.

The 'H NMR spectrum of the BZM/EGCG adduct also
indicated two new upfield peaks adjacent to protons H¢ and H3
with a ratio of 83:17 and 81:19, respectively. These peaks
suggest the presence of a second type of BZM adduct 10,
formed by the condensation of the boronic acid of BZM with
the pyrogallol moiety of EGCG (ring C). The shielding of both
Hg and Hj in 10 is consistent with the presence of an anionic
oxygen atom Oy, presumably due to bond formation between
oxygen atoms Og4 and O, and the boron atom.

Quantification and structural analysis of the BZM/EGCG
adduct by "B NMR

Although the 'H and '*C NMR spectra of the BZM/EGCG
combination revealed evidence for the formation of a boron
adduct, these techniques are not adequate for determining the
equilibrium constant of this interaction. The 'H NMR shows
multiple overlapping and poorly resolved peaks, while the most
affected H-atoms are located at a distance, limiting the precise
Additionally, the limited
sensitivity of '>*C NMR requires that the experiments be carried

characterization of the boron unit.

out at higher concentrations. However, since equilibrium
constants are a function of concentration, these conditions do
not accurately portray the formation of the boron adduct in
physiologic conditions. Moreover, due to the high dilution and
the BZM/EGCG adduct, liquid
chromatography mass spectrometer analysis results in the
break-up of this adduct.

In order to overcome the above challenges, we identified

reversible nature of

"B NMR as a better technique that allows studies at relevant
concentrations and simplifies the analyses by focusing on the
lone boron atom that connects BZM and EGCG. The ''B NMR
spectrum of BZM shows a broad downfield peak at 27.8 ppm
for the trigonal boronic acid group (Fig. 4A, peak a). When
combined with increasing concentrations of EGCG, the boronic

4 | Ora. Biomol. Chem.. 0000. 00. 0-0
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Fig.4 (A) ''BNMR in 4:1 CD,CN/D,O of the combination
of BZM and EGCG in molar ratios of 1:0, 1:0.5, 1:1, 1:2, and
1:4 BZM:EGCG. The free boronic acid of BZM has a broad
peak a at 27.8 ppm, while this peak is shifted to a narrow
boronate peak b at 19.5 ppm. (B) Increased formation of the
boronate adduct with the ratio of EGCG:BZM, determined by
integration of the two boron peaks in "B NMR.

acid group is condensed with a diol moiety from EGCG
resulting in a growing fraction of a new narrow upfield boron
peak at 19.5 ppm (Fig. 4A, peak b).
shielded position and narrow shape, peak b is unlikely to be

Interestingly, given its

from a simple trigonal cyclic boronate adduct, such as 9 or 10
(Fig. 3). Presumably, peak b provides direct evidence of an as-
yet-unknown BZM adduct between BZM and EGCG.. Thus,
unlike 'H and *C NMR spectra (Fig. 3), ''B NMR provides a
simple, direct, and more accurate characterization of the
BZM/EGCG adduct and the nature of the boron group.
Integration of the ''B peaks allowed us to quantify the
percentage of the BZM/EGCG adduct relatively to free BZM in
solution (Fig. 4A). As we had shown by '"H NMR (Fig. 3) and
by *C NMR,” EGCG readily creates a boron adduct with
BZM in a concentration dependent manner (Fig. 4B). At a 4:1
EGCG to BZM ratio the free BZM was reduced significantly.

Comparison by "B NMR of selected polyphenols for their ability
to form boron adducts with BZM

While EGCG was shown to be the most potent among
related natural polyphenols for the inactivation of BZM, the
basis of this activity remains unclear. In order to determine the

This iournal is © The Roval Societv of Chemistrv 0000
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molecular characteristics of EGCG responsible for its high
potency, we employed the above !'B NMR approach to selected
phenolic compounds with variable substitution patterns (Fig. 5).
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Fig.5 The ''B NMR of the adduct of BZM with increasing
molar ratios of selected polyphenols was evaluated by
integrating the boron peaks of BZM in combination with each
of the following compounds: (A) Three polyphenols (RES,
PYR, IGA) representing EGCG fragments. (B) The natural
polyphenols (-)-epicatechin (EC) and resveratrol (RSV). (C)
Phenol (PHE). catechol (CAT) and 4-nitro-catechol (NCT).
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Thus, EGCG was divided into three fragments representing its
three phenolic moieties (rings A,C,D): the 1,3-diol resorcinol
(11, RES), the 1,2,3-triol pyrogallol (12, PYR), and the
isopropyl gallate (13, IGA). The ''B NMR of BZM by
doubling the ratio of RES, PYR, IGA are shown in Fig. SA.

PYR and IGA effectively formed the boronate adduct peaks
b and c (Fig. 5A) at a 4:1 ratio to BZM, where the two adducts
combined reached 85% and 88%, respectively. RES showed a
decreased capacity to form a boronate adduct, with the majority
of BZM remaining as the boronic acid. Since the m-substitution
pattern of RES does not allow the formation of a cyclic BZM
boronate, one of its hydroxyl groups forms a hydrolytically
labile boronate monoester or boronate diester (see Fig. 9).

The above trends were further examined by comparing the
"B NMR spectra of two dietary polyphenols, namely (-)-
epicatechin (6, EC) and resveratrol (7, RSV) that contain 1,3-
and/or 1,2-diol moieties respectively (Fig. 5B). Based on the
1,3-position of RSV’s hydroxyl groups it was expected that this
polyphenol would not readily complex with BZM, while the
epicatechin (EC), which contains a 1,2-diol would be able to
form a stable adduct at the 1:4 molar ratio with BZM. This was
indeed confirmed (Fig. 5B).

Although the "B NMR of all of the BZM/polyphenol
adducts (Fig. 5A,B) had the two boron peaks at 27.8 ppm (peak
a) and 19.5 ppm (peak b) observed for the BZM/EGCG adduct
(Fig. 4A), in some cases (PYR, IGA, EC) a third upfield and
broad boron peak was observed at 15.8 ppm (peak c¢). To
further investigate the factors leading to the formation of this
additional boron adduct, we studied the ''B NMR spectra of the
BZM adducts of the parent phenol (14, PHE), catechol (15,
CAT), and 4-nitrocatechol (16, NCT). As shown in Fig. 5C,
the 1,2 diols CAT and NCT did have this third peak (c¢) with
variable intensity, while PHE and RSV that lack a 1,2 diol did
not. Taken together, these data indicate that the third peak c is
likely to reflect the formation of a stable anionic cyclic borate
species from a catechol (1,2-diol) moiety (e.g. 25, Fig. 9).

Interestingly, peak ¢ was not observed in the ''B NMR of
the BZM/EGCG adduct, even though EGCG has multiple 1,2-
diol moieties in its structure. Presumably, as discussed below,
the more complex structural features of EGCG may prevent the
formation of this type of anionic cyclic borate adduct.

Determination of the equilibrium constant of the BZM boron
adduct by "'B NMR and "’F NMR

To further validate the applicability and accuracy of using
IB NMR to evaluate the BZM/EGCG adduct, we sought to
compare our ''B data with related data generated by '°F NMR.
The use of '’F NMR for studying biological systems’’ has been
shown to be very effective in drug discovery’® and for
investigating protein function, including the calculation of
binding constants in competition-based high throughput
screening,”” % for screening enzyme inhibitors,®' and for
determining the binding affinity of fluorinated molecules to
protein targets. For example, we recently reported the effective
use of '°’F NMR for estimating the equilibrium-binding constant
of a benzamide derivative to the transcription factor MEF2.*?

Ora. Biomol. Chem.. 0000. 00.0-0 | 5
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In order to evaluate the BZM adduct with polyphenols we
chose 4-fluorocatechol (17, FCT; Fig. 6) as our fluorine probe,
where the single fluorine atom simplifies the '°F NMR analysis
to a single peak. For recording the NMR spectra, a 1:1 molar
ratio of BZM and FCT were combined at a 2.6 mM
concentration in a 1:1 ratio, and the experiment was run in
triplicate. This experimental setup allowed the fraction of the
unbound FCT to represent the concentration of both the free
BZM and free FCT, which further simplified the calculation of
the equilibrium constant. Moreover, both the "B and "F NMR
spectra could be run on the same sample, providing a direct
comparison of the two techniques.

Similarly to the "B NMR spectra of the BZM/CAT
mixture, there were three peaks in the ''B NMR for the
BZM/FCT combination. The '"F NMR spectra showed a
narrow peak for FCT and a broad peak for the BZM/FCT boron
adduct, presumably reflecting the two forms of the adduct.
From these data, we calculated the binding constant of
BZM/FCT at a 2.6 mM concentration to be 1.40x1072 (£0.002)
M by F NMR, and 1.40x1072 (£0.006) M by "B NMR
(Fig. 6). The high degree of agreement between these methods
indicates that ''B NMR data would be useful for the calculation
of equilibrium constants for BZM/polyphenol adducts.

Therefore, we applied the ''B- NMR method for the
BZM/EGCG adduct. Using the same procedure as above, the
calculated equilibrium constant for the formation of the
BZM/EGCG boronate adduct was determined to be 3.40x1072
(£0.002) M in a 2.6 mM solution. At molar concentrations of
1:1 of BZM and EGCG the equilibrium constant is less than 1,
indicating that at 1:1 ratio the equilibrium favors reactants over
adduct formation, in agreement with the above data (Fig. 4).
Since EGCG is being consumed at much higher levels than
BZM (g vs mg), and given the stability of the BZM/EGCG
adduct, this equilibrium constant is biologically significant.

OH
OH
FCT (17
. (17)
1B NMR BZM:FCT  19F NMR
Ratio = 1:1
Wm.. i v
e — A L
a Pure BZM { \d Pure FCT

MJKWW

Fig.6  Use of 11B NMR and 19F NMR to calculate the
equilibrium constant of the boron adduct of 4-fluorocatechol
(FCT, 17) with BZM. These experiments were performed in
triplicate (1-3) at a 2.6mM concentration of a 1:1 mixture of
BZM and FCT. The ratios of BZM/FCT were quantified by

integrating the 11B NMR peaks of BZM at 29 ppm (a) and the

adduct at 19.7 ppm (b) and 16.4 ppm (c), as well as the F NMR
peaks of FCT at -124.9 ppm (d) and the adduct at -125.7 ppm (e).
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Cell-based evaluation of the ability of EGCG and other phenols
to affect the cytotoxic activity of BZM towards cancer cells

In order to correlate the ability of phenolic compounds to
form boron adducts with BZM in relation with their ability to
block BZM-mediated antitumor activity, we tested these
compounds using in vitro assays. The anticancer activity of
BZM alone and in combination with a series of structurally
relevant phenolic compounds was evaluated in the multiple the
myeloma cell line RPMI8226. Each compound was tested with
an MTT assay at a concentration escalation of 0-40 uM in the
absence or presence of 20nM of BZM. After 48 hours of
treatment with 20nM of BZM alone, no proliferation of
RPMI8226 was detected.

As reported previously,” increasing concentrations of
EGCG (3) was able to ameliorate the cytotoxic effects of BZM
against RPMI8226 cells with up to 82% (Fig. 7). The 1,2,3 tri-
phenols PYR (12) and IGA (13) also exhibited potent inhibition
of BZM-mediated anticancer activity in the RPMI8226 cell line
at 40 uM (Fig. 7). Thus, the somewhat greater affinity observed
for PYR vs IGA binding to BZM (Fig. 5) was also reflected by
a similarly improved potency of the cytoprotective effect of
PYR vs IGA in the RPMI8226 cells. Moreover, the compounds
that had diminished ability to form a BZM adduct, including
the mono-hydroxy PHE (14), the 1,3-diol RES (11), and
resveratrol (RSV, 7), all had no effect on cell viability in the
presence of BZM. Among the catechols, CAT (15), FCT (17)
and EC (6) showed moderate reduction of BZM activity, while
NCT (16), which had a modest amount of the third peak ¢,
showed almost no effect in cell viability (Fig. 7).

90

3 (EGCG)
80+ 12 (PYR)
704

13 (1IGA)
60

wv
o
1

% Cell Viability
N
o
1

7 (FCT)
304 6 (EC)
15 (CAT)
20+
104 16 (NCT)
11 (RES)
7 (RSV)
0 14 (PHE)

TTTTT T I T[T T I T[T T T T[T T I T[T T T T[T T T[T T T T[T TTT]

0 5 10 15 20 25 30 35 40 45
Concentration (uM)
Fig. 7  Effects of EGCG and phenolic compounds on RPMI18226
cell viability in the presence of BZM. Percentage cell viability was
determined via MTT assay after 48 hours of treatment with 0-40
UM of each compound in the presence of 20 nM BZM.
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Discussion

The data reported above offer new insights on the molecular
basis for the formation of stable boron adducts between BZM
and polyphenols. By using several spectroscopic techniques,
including '"H NMR, ''B NMR and "°F NMR, and by comparing
the BZM adducts of selected polyphenols we identified several
structural aspects that can affect the formation and type of these
boron adducts.

Molecular characteristics of the BZM-proteasome adduct

The biological actions of BZM result from its ability to bind
selectively and reversibly to the chymotrypsin-like active site of
the of the 26S
proteasome.'” The key binding interactions of BZM to its target

catalytic 20S proteasome component
have been elucidated crystallographically (Fig. 8A).** It was
shown that BZM forms a covalent anionic borate adduct with
the hydroxyl group of Thrl of the $5 subunit of the proteasome.
This borate group is further stabilized via hydrogen bonds of its
two hydroxy groups with the amino groups of Thrl and Lys33.
Additional hydrogen bond interactions occur with four active
site residues of the B5 subunit (Thr21, Gly47, Ala49, Ala50),
and with Aspl14 of the 6 subunit bridged with a water
molecule (Fig. 8A,B).83 Overall, these interactions explain the
potency and specificity of BZM, as well as the reversible nature
of the BZM/proteasome adduct. They may also explain the
observed affinity of certain polyphenols to form BZM adducts.

B5 subunit

Proteasome

Oe..--H —0 / | ©
o \ H Me H
{ H : Lys33
_NH OV~ (e Me | ON .y
\ g “\
Asp114 0 ! o OH H i
57 .
ON N)\N O Ve
N HO._. 5
B H N
Bortezomib o H "_'{(B 5
! Thri
Thr21 Proteasome
Me” “OH

Fig. 8 Molecular interactions of BZM with key residues of
the proteasome active site. (A) Model adapted from the crystal
structure of BZM bound to proteasome 20S (PDB: 2F16). (B)
Contacts between BZM and proteasome active site residues.
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Due to the Lewis hard-soft acid-base principle, the boronic
acid of BZM shows a greater affinity to hard oxygen atoms (e.g
Thr OH) than to soft sulfur atoms (e.g Cys SH).83 The same
principle would be helpful in interpreting the observed BZM
affinity among polyphenols, where modulation of the electronic
properties of binding oxygen atoms can affect the formation
and stability of the boron adduct. Moreover, any factors that
affect the acidity of particular phenolic OH groups can also
affect the overall reactivity of polyphenols.

Reversibility of boron adduct formation from BZM and phenols

The reaction of boronic acids with alcohols and diols is
typically a facile and reversible process that involves the
formation of a number of boronate (trivalent B) and borate
(tetravalent B) adducts.
adducts can be significantly affected by both electronic and

The relative stability of these boron
steric factors. In order to compare the formation of BZM
adducts among various polyphenols, we postulated the detailed
reversible steps summarized in Fig. 9.

Reaction of BZM (1) with phenol (PHE, 14) or phenoxide
(18) initially forms a borate monoester (19) that can be readily
converted to the boronate monoester (20), and eventually to the
corresponding boronate diester (21). Similar reactivity is
expected for 1,3 diols (RES, 11; RSV, 7). However, this
process is significantly altered if the phenolic compound is a
1,2-diol (catechol) or a 1,2,3-triol (pyrogallol). Thus, reaction
of BZM with a catechol (22) initially forms a borate monoester
adduct (23), which is ideally suited for a fast intramolecular
deprotonation of the second phenolic OH group to form a
boronate monoester (24). The anionic phenoxy moiety of 24 is
expected to undergo a fast intramolecular binding to the boron
atom to form an anionic cyclic borate (25). Finally, acid-base
reaction among borate OH group and another phenolic OH can
lead to the formation of neutral cyclic boronate 26.

Since all of the above steps are generally reversible, the
boron adducts that accumulate in solution under equilibrium
conditions are those that have greater thermodynamic stability.
Moreover, if any of these steps have high kinetic barriers the
equilibrium conditions will require higher temperatures or
longer equilibration times.

Differences in boron adduct formation from BZM and phenols

We postulate that all BZM-derived borates, including 19, 23
and 25, can be further stabilized via an intramolecular hydrogen
bond with the adjacent amide group of BZM (Fig. 9). This type
of hydrogen bond is analogous to the intramolecular hydrogen
bond between Gly47 of the proteasome and one of the hydroxy
groups of the borate monoester adduct of BZM (Fig. 8).

However, unlike the proteasome-bound BZM borate, which
is further stabilized by two additional intramolecular hydrogen
bonds with the ammonium groups of Thrl and Lys 33 (Fig. 8),
borate monoesters of type 19 are expected to be more labile and
either readily reverse to the BZM boronic acid or be converted
This
hypothesis is consistent with the observed lack of any borate

to a boronate monoester 20 or a boronate diester 21.

adduct peaks in the "B NMR of mono-phenolic compounds
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Fig. 9 Condensation of BZM with phenolic compounds to
form boronate and borate adducts. All steps are reversible
depending on the conditions and the relative stability of these
borate and boronate adducts.

such as PHE (14), RSV (7) and RES (11), shown in Fig. 5.
This is consistent with the lack of any inhibition of BZM-
mediated activity against cancer cells by mono-phenols (Fig. 7).

The kinetic and thermodynamic factors are quite different
for the formation of BZM boron adducts with 1,2-diols or
1,2,3-triols. The intramolecular conversion of borate 23 to
anionic boronate 24 is expected to be entropically favored and
to have a low kinetic barrier. Similarly, the intramolecular
conversion of 24 to cyclic borate 25 is also expected to be a
generally facile process. Assuming that the borate OH group of
25 is stabilized via an intramolecular hydrogen bond as
described above, and given its more sterically hindered
position, this means that the formation of borate 25 can be
favored both kinetically and thermodynamically.

Indeed, this hypothesis is consistent with the observed
accumulation of a borate peak in the ''B NMR of the BZM
adducts with the 1,2-diols EC (6), CAT (15), NCT (16), FCT
(17), and the 1,2,3-diols PYR (12) and IGA (13), as shown in
Figs. 5 and 6. This is also consistent with the fact that catechols
having electro-withdrawing groups (e.g. NCT, 16) showed
increased boronate but reduced borate adduct formation,
presumably due to the greater stability of the anionic boronate
24, the precursor of 25. Although the condensation of boronic
acids with 1,2-diols is known to be sensitive to substituent

8 | Ora. Biomol. Chem.. 0000. 00. 0-0

effects and varies with the pH, these general binding affinity
trends are more complex and not always true.”

The postulated relative stability of 24 and 25 depending on
their substitution patterns is also consistent with the observed
relative potency of the various 1,2-diols and 1,2,3-triols to
inhibit the activity of BZM (Fig. 7). Thus, the most electron
rich phenolic 1,2,3-triols and IGA (13) were also the most
potent. The ability of PYR (12) and its analogs to form stable
boronate adducts was also attributed to its potent antibacterial
properties by antagonizing bacteria quorum sensing, which is
mediated by the formation of a borate species.®

Similarly, the 1,2-diols EC (6), CAT (15), and FCT (17)
had moderate activity, while the nitro-catechol (NCT, 16)
bearing a strong electronegative group had no activity, despite
the formation of a large and sharp upfield peak, similarly to
EGCG (Fig. 5C). This outlier behavior of NCT may be due to
the formation of an unusual BZM adduct. Thus, due to its more
anionic nature (22) it can form more reversibly an anionic
boronate monoester intermediate with BZM (24). By not being
converted to a stable cyclic borate 25, the monoester NCT
intermediates 22 and 24 are more readily reverted to NCT and
BZM, resulting in reduced interference on BZM activity. Even
if NCT does form an anionic tetrahedral cyclic borate (25), the
presence of the strongly electronegative nitro group would
readily revert 25 back to 24 rather than lead to 26.
Alternatively, it is possible that NCT does indeed form a stable
BZM adduct analogously to EGCG, but its inability to increase
cell viability despite blocking BZM may be due to its own
cytotoxic properties or to its own metabolic deactivation.

Overall, phenolic compounds capable of forming stable
cyclic borate or cyclic boronate BZM adducts that are more
stable than the binding of BZM to the proteasome (Fig. 8),
would be more potent inhibitors of BZM activity.

Unique molecular characteristics of the BZM/EGCG adduct

Although EGCG contains the same phenolic groups as RES,
PYR, IGA, the "B NMR of BZM/EGCG adducts 9 and 10
(Fig. 4) did not show the formation of borate adduct similarly to
PYR and IGA (peak ¢, Fig. 5). The absence of a borate species
can be attributed to steric reasons, and it gives insight as to how
and why EGCG is such a potent inhibitor of BZM. The NMR
data reported above revealed several molecular features of
EGCG that may be responsible for these actions (Fig. 10)

The boronic acid group of BZM (1) is attached to a
saturated carbon, and therefore its boron atom is highly
electrophilic and in the presence of water it likely exists as a
solvated species (1a, Fig. 10). Also, the most acidic phenolic
hydroxyl group of EGCG (3) is at the p-position to the gallate
ester (i.e. at Op), and it is likely to exist as a solvated phenoxide
anion (3a). Therefore, O, would be favored to react with BZM
to form the trigonal boronate monoester 27. As outlined in Fig.
10, intermediate 27 will be readily converted to the tetrahedral
cyclic borate 28, which can then form a cyclic boronate group
(e.g. 9 Fig. 3) as the major component of the BZM/EGCG

adduct. The loss of the anionic OH group from borate 28 is
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presumably facilitated by reaction with water and/or an
adjacent phenolic OH in EGCG (Fig. 10).

The '"H NMR of the BZM/EGCG adduct (Fig. 3) showed
that protons H, as well as Hg and/or Hg of EGCG and proton
H4 of BZM shifted downfield, while one or both of the two
methyl groups of BZM (H;9, Hyg) shifted upfield. These data
are consistent with a more rigid structure and the presence of an
additional intramolecular interaction among the boron atom and
the carbonyl oxygen of the adjacent amide bond, as illustrated
10).
electronic density at the boron atom that may explain the

in structure 9a (Fig. This structure has an increased
shielding of the methyl groups (H;9, Hyp). Structure 9a is also
consistent with the differentiation of Hg and Hg. Although in
the postulated structure 3a of unreacted EGCG both O, and O,
cause equal shielding of Hg and Hy, in the BZM/EGCG adduct
9a only O, becomes more anionic, resulting in the selective
shielding of Hg while Hy remains unshielded and is represented
by the observed downfield shift.
consistent with the observed downfield shift of Hi4, resulting
from the increased positive charge at the adjacent amide bond.

Moreover, structure 9a is

The formation of an intramolecular adduct such as 9a
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o
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instead of the cyclic borate 28, which was not observed in the
"B NMR, may be the result of the larger size and more
complex nature of EGCG. When it binds with BZM the
surrounding bulk of this complex polyphenol provides steric
hindrance for the cyclic borate group, and also limits solvation
by the aqueous medium. Loss of the OH group from the
crowded borate 28 leads to the less hindered cyclic boronate 9,
which adopts the more stabilized neutral borate structure 9a.
Similar factors can explain the formation of the
BZM/EGCG adduct at the pyrogallol ring of EGCG (10a, Fig.
10).
cyclic borate 30, which is converted to the intramolecularly

Initial formation of boronate monoester 29 leads to the

stabilized cyclic boronate 10a. This structure is consistent with
the observed upfield shift in H3 and Hg resulting from the more
anionic nature of O, and Oy in 10a in comparison with EGCG.
It may also account for the increased ratio (35:65) of the
downfield shifted BZM proton Hy4 (Fig. 3).

Structures 9a and 10a are consistent with the postulated as-
yet-unknown boron species suggested by the 'B NMR of the
BZM/EGCG adduct (Fig. 4). Unlike the trigonal boronic acid
group of BZM, having a broad downfield ''B peak at 27.8 ppm,
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Fig. 10  Postulated molecular mechanism for the condensation of BZM with EGCG to form the stable boron adducts 9a and 10a. The
formation of the major BZM/EGCG adduct 9a is initiated at the more anionic EGCG gallate ring D and sequentially results in the
formation of intermediates 26 and 27, which is irreversibly converted to the intramolecularly stabilized boron adduct 9a. A similar
sequence initiated at the pyrogallol ring B leads to intermediates 28 and 29, which is converted to the similar boron adduct 10a.
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the intramolecularly stabilized and polarized tetrahedral boron
groups of 9a and 10a can account for the narrow upfield iz
peak at 19.5 ppm. Moreover, the broad upfield "B peak at 15.8
ppm observed for BZM adducts of catechol or pyrogallol
components (Fig. 5) is consistent with the tetrahedral anionic
cyclic borates 25 (Fig. 9). All of these stable BZM adducts (9a
/ 10a and 25) result from a catechol cyclic boronate species (26,
Fig. 9), which has a boron atom with increased Lewis acidity.

Presumably, for EGCG the intramolecular coordination of
the oxygen atom of the adjacent amide bond of BZM to the
electrophilic boronate group leads to the electronically and
sterically stabilized BZM/EGCG adducts 9a and 10a, which
would be resistant to hydrolysis. These novel intramolecular
borate species are similar to the N-methyliminodiacetic acid
boronate (MIDA) adducts, which are also very stable and have
narrow upfield ''B NMR peaks.*

Among EGCG components, only PYR was as potent as
EGCQG in blocking BZM’s activity, while IGA was less active,
and RES was inactive (Fig. 7). While the greater potency of
PYR may suggest that the PYR-containing ring B would be the
EGCQG site for the major boron adduct formation (i.e. boron
adduct 10), this does not seem to be the case. As suggested by
the "H NMR of a 1:2 ratio of BZM/EGCG (Fig. 3), the major
product is boron adduct 9 or 9a, formed at the gallate-type ring
D, which contains a carboxylic ester group. Presumably, the
electron-withdrawing carbonyl group increases the acidity of
the p-phenolic OH group of Oy, and the resulting anionic
moiety 3a facilitates the formation of a new O-B bond with
BZM’s boronic acid. Therefore, the preferred site for adduct
formation (gallate ring D) is determined by the most acidic
hydroxy group that would exist as an alkoxide anion (3a).

The inherent reversibility of boronic acid/diol adducts limits
the effectiveness of the BZM polyphenol complexation.
However in the case of EGCG and BZM the reversibility of this
interaction is limited by the electronic properties of the
polyphenol moieties and the steric bulk of the EGCG molecule.
Once formed, boron adducts 9a and 10a would be harder to
revert to the respective precursor borates 28 and 30 because it
would be more difficult for an anionic hydroxide to access this
crowded site. This is further illustrated in a molecular model
comparison of EGCG (3) with the less hindered EC (6), as
depicted in Fig. 11.

A

B

Fig. 11 Molecular modeling calculation and assessment of the
BZM/EGCG boronate adduct (A) in comparison with the
BZM/EC adduct (B) showing the lowest energy conformations.
The BZM/EGCG boronate displays greater steric hindrance,
while the BZM/EC boronate is more accessible and more stable.
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Taken together, the observed properties of EGCG in
inactivating BZM (Fig. 10) can be attributed to the following
sequence: (a) selective formation of the BZM/EGCG anionic
boronate monoesters 27 and 29, respectively at the most acidic
OH group of oxygen atom Oy, at ring D, and the pyrogallol ring
B; (b) fast intramolecular conversion of 27 and 29, to anionic
cyclic borates 28 and 30; and (c) thermodynamically favored
conversion of 28 and 30 to the less sterically hindered and
intramolecularly stabilized tetrahedral neutral cyclic borate
BZM/EGCG adducts 9a and 10a. After these novel adducts are
formed, due to steric reasons and the inaccessibility of the
boron group, they are more difficult to undergo hydrolysis back
to their components, thereby limiting the availability of free
BZM. This analysis is consistent with the lack of anionic borate
formation in the ''B NMR of the BZM/EGCG (Fig. 4), and the
greater ability of these stable BZM adducts to limit the activity
of BZM, as compared with other similar compounds (Fig. 7).

NMR evaluation of polyphenol adducts of boron drugs

The use of NMR spectroscopy to elucidate the type of
boron adduct being formed (if any) provides a useful method
for determining the potential ability of dietary polyphenol
compounds to form undesired adducts with boron-based drugs
and interfere with their actions. With the increasing interest in
developing new therapeutics containing boronic acid groups,®'¢
this comparative approach may have a broader applicability.

Conclusions

In summary, we have fully characterized the covalent boron
adduct of BZM with the green tea extract polyphenol EGCG.
Through the use of '"H NMR, ''B NMR and ""F NMR, we
characterized the structures of the BZM boron adducts of
EGCG and related polyphenols, and investigated the factors
contributing to their formation. We were also able to quantify
the adduct formation and determine its equilibrium constant,
which was found to be biologically significant.

The observed adducts included both neutral boronate and
anionic borate derivatives, while their formation was preferably
initiated at the most acidic phenolic OH group. The type and
amount of the boron adduct produced is defined by both
electronic and steric effects that can affect the reversibility of
these steps. These structural characteristics were correlated
with cell-based evaluation of the ability of EGCG and other
phenols to suppress the anticancer activity of BZM.

In the case of EGCG, its ability to make a more stable
adduct less reversibly with BZM seems to be due to two key
factors: (a) electronic effects that drive the formation of boron
adducts at the gallate ring D and the pyrogallol ring B, and (b)
steric effects that favor the conversion of anionic cyclic borate
species to intramolecularly stabilized neutral cyclic borate
BZM/EGCG adducts, which are less susceptible to hydrolysis.

The reported approach provides a useful method for
determining the potential ability of dietary polyphenol
compounds to form undesired adducts with boron-based
therapeutics and interfere with their actions.
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Experimental

Materials

All commercially available products were used without
further purification. Bortezomib (BZM) was purchased from
LC laboratories as a free base. Epigallocatechin gallate
(EGCQG), pyrogallol (PYR), resorcinol (RES), catechol (CAT),
phenol (PHE), 4-nitrocatechol (NCT), resveratrol (RSV), and
(-)-epicatechin (EC) were all purchased from Sigma-Aldrich;
4-fluorocatechol (FCT) was purchased from Combi-Blocks.

Preparation of isopropyl gallate (IGA)

Gallic acid monohydrate (0.3 grams, 1.8 mmols), 1-ethyl-3-
(0.341
mmols) (0.022 grams, 0.18 mmols) 4-dimethylaminopyridine in
5 mL of dry CH,Cl, stirred at 0°C. Isopropyl alcohol (0.132
grams, 2.2 mmols) was added to the mixture and stirred for 30

(3-dimethylaminopropyl)carbodiimide grams, 2.2

minutes at 0°C then allowed to reach room temperature and
stirred for another 48 hrs. The reaction mixture was quenched
with sodium bicarbonate and extracted with ethyl acetate to
yield pure isopropyl (isopropyl
gallate) as a tan powder (61% yield).

3,4,5-trihydroxybenzoate

NMR Spectroscopy

NMR spectra were recorded on a Varian 500 2-channel
NMR spectrometer with an Agilent OneNMR probe ('H-
YFAP-N 5 mm PFG OneNMR probe) and a Varian 400 2-
channel NMR spectrometer with an Agilent OneNMR probe
(‘H-"FA'P-'>N 5 mm PFG OneNMR probe). Chemical shifts
(8) are expressed
experiments were performed at 25°C. All samples were diluted
to ImL in an 80% CD;CN, 20% D,O solvent system. For all
samples 2.80mg of bortezomib (7.3x10mmols) and adequate

in parts per million (ppm). All the

quantity of phenol was added by mass and spun for 15 minutes
at room temperature. All
MestReNova v9.0 software.
Cell lines and culturing
Human multiple myeloma cell line RPM1/8226 (ATCC®
CCL-155™) was obtained from ATCC (Manassas, VA). MM
cells were propagated in RPMI-1640 (Cellgro, Herndon, VA).
Cells were grown with 10% fetal bovine serum, 100 U/mL

spectra were processed with

penicillin, and 100 pg/mL streptomycin (Gemini Bio-Products,
West Sacramento, CA) in a humidified incubator at 37°C and a
5% CO, atmosphere.

MTT proliferation assay

MTT assays used multiple myeloma cells were performed
using 96-well plates where 2.5 x 10* cells were added per well.
Cells suspended in culture medium (50 pL/well) were seeded in
96-well plates and incubated for 24 hours in a humidified
atmosphere of 37°C and a 5% CO,. Compounds were diluted
with culture medium to various concentrations and fed to the
culture. Cells were then incubated for 48 hours and were
subsequently treated with MTT (10 puL/well, 5 mg/mL in
phosphate buffered saline) and incubated for an additional 4
Lysis buffer (10% SDS/0.1% HCI in deionized water,
100 pL/well) was added to each well, and the cells were
The

hours.

incubated at room temperature for 17 hours in darkness.
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absorbance at 490 nm was measured by a microplate reader. In
individual experiments, each condition was set up in triplicate.
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