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Click chemistry is a popular approach to the synthesis of
functionalized molecules, and emphasizes the use of practical
and reliable reactions.! Copper(I)-catalyzed azide-alkyne
cycloaddition” (CuAAC), which selectively produces anti-
(1,4)-triazoles in preference to the syn isomer (1,5-triazole), is
regarded as a superlative example of click chemistry. The
CuAAC reaction can be accelerated by Cu'-stabilizing
ligands, such as tris[(1-substituted-1H-1,2,3-triazol-4-yl)me-
thylJamines® and tris(2-benzimidazolylmethyl)amines.[*! The
catalytic system has received a great deal of use in various
fields such as chemical biology and materials science.!"”! The
1,3-dipolar cycloaddition of azides with unactivated alkynes
occurs much more slowly but is highly chemoselective. This
property stimulated the development of “in situ click
chemistry” for the field of drug discovery, in which target
enzymes are allowed to assemble new inhibitors by linking
azides and alkynes that bind to adjacent sites on the protein
surface. The linkage reaction does not employ Cu catalysis,
but instead relies on acceleration of the otherwise sluggish
[342] cycloaddition reaction when the reaction partners are
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held in proximity to each other, often in or near the enzyme
active site. In the course of an in situ click chemistry study on
histone deacetylase (HDAC), we unexpectedly observed
acceleration of the AAC reaction by trace copper associated
with the protein in a structurally sensitive manner. Herein we
report these findings, which constitute the first example of a
Cu-protein complex catalyzing the AAC reaction.

HDAC inhibitors are attractive drug candidates for
cancer, inflammation, and neurodegenerative disorders.!
As shown in Figure 1, most HDAC inhibitors consist of a
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Figure 1. Structural characteristics of HDAC inhibitors.

Zn-binding group (ZBG) that coordinates with the Zn ion in
the active site, a capping region that interacts with residues on
the rim of the active site, and a linker that connects the cap
and ZBG at an appropriate distance. For example, the
clinically used HDAC inhibitor vorinostat (Figure 1) consists
of a hydroxamic acid (ZBG), an anilide (cap), and an alkyl
chain (linker). This general linked motif resembles that of
acetylcholinesterase, the first target of in situ click chemis-
try.[ Accordingly, we prepared two alkynes with hydroxamic
acid (1a and 1b) and 15 alkyl azides (2a—0) as building blocks
for in situ assembly screening (Scheme 1).

In conventional in situ click chemistry, a mixture of an
alkyne and an azide is incubated in the presence of the target
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Scheme 1. Structures of alkynes 1a and 1b and azides 2a—o.
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protein and the formation of the product is monitored by LC/
MS analysis. The alkyne fragment is not activated by electron-
withdrawing substituents, so as to make the uncatalyzed
cycloaddition with azide very slow. At concentrations typi-
cally used for insitu inhibitor discovery, the background
reaction has been estimated to have a half life of many
years,® making false positives very rare. It also makes even
the target-templated reaction slow in absolute terms, such
that only a percent or two of inhibitor is formed and detected
by mass spectrometry. Independent synthesis is then neces-
sary to confirm that the assembled triazole is indeed a good
inhibitor.

Since we had a convenient assay of HDAC activity
available,® we chose to see if enough of an inhibitor could be
generated by in situ assembly to measurably affect enzyme
function. We therefore incubated a mixture of each known
alkyne ligand (at a concentration approximately equivalent to
its ICyy) with each candidate azide (in large excess) in the
presence of HDAC and subsequently carried out a fluoro-
metric assay for HDAC activity directly on the reaction
mixture (Scheme 2). These experiments were conducted in
parallel in 96-well microtiter plates using human recombinant
HDACS, which had been shown separately to be stable under
the incubation and assay conditions. As shown in Figure 2, a
significant decrease in fluorescence was observed only for the
combination of alkyne 1b and azide 2o relative to the effect
of 1b and 2 0 alone. Other alkyne/azide combinations resulted
in no statistically significant change in fluorescence signal in
the presence of both the azide and alkyne, relative to alkyne
alone (data not shown).

The in situ and regiospecific formation of a triazole from
1b and 2 0 was also observed by HPLC (Figure 3). Incubation
of 1b and 20 gave rise to a significant peak corresponding to
anti-3 in the presence of HDACS (Figure 3¢), but not in its
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Scheme 2. In situ click chemistry screening using a fluorometric assay
for HDAC activity.
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Figure 2. In situ click chemistry screening using fluorometric assay for
HDAC activity. **P < 0.0T; ANOVA and Bonferroni-type multiple ¢ test
results indicated differences between 1b or 20 alone and a combina-
tion of 1b with 2o.
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absence (Figure 3d). The triazole was not formed when
bovine serum albumin was substituted for HDACS8 (Fig-
ure 3¢), nor when the HDACS reaction was performed in the
presence of an excess of vorinostat, an active site-binding
HDAC inhibitor (Figure 3f). These results show that the
triazole formation takes place in the active site. Compound
anti-3 was synthesized independently and found to be a
competent HDAC inhibitor (Table S1 in the Supporting
Information).
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Figure 3. ldentification of in situ click chemistry product generated
from 1b (1 mm) and 20 (1 mm) by HPLC analysis: a) authentic
sample anti-3 (13.1 min); b) a mixture of syn-3 (8.37 min) and anti-3
(12.9 min); c) reaction in the presence of HDAC8 (0.6 um), in situ
product (12.7 min); d) reaction without enzyme; e) reaction in the
presence of BSA (0.6 um); f) reaction in the presence of HDAC8
(0.6 um) and vorinostat (10 mm). mAU = milli absorbance units.

Several aspects of these apparently successful in situ click
chemistry results were unusual. First, while ordinary in situ
reactions produce only very small amounts of triazole per
enzyme, the yield of the triazole in this study was as much as
50%. Second, no syn-3 was found in the in situ process, even
though the syn-triazole isomer proved to be a better HDACS
inhibitor (IC5,=0.51 pm) than anti-3 (ICs;=4.0 um). These
factors suggested that the rapid and regioselective formation
of anti-3 in the presence of HDACS is consistent with
acceleration of the reaction by a small amount of enzyme
containing Cu' instead of Zn".

Indeed, ICP-MS analysis of a mixture of alkyne 1b
(1 mm), azide 20 (1 mm), and HDACS (0.6 um) revealed the
presence of both 0.95 um of Zn and 0.10 um of Cu. ICP-MS
analysis of each component independently showed that
alkyne 1b contained 0.01 mol% Cu, which probably came
from the Sonogashira reaction used for its synthesis
(Scheme S2 in the Supporting Information).

To examine whether Cu' is required for the cycloaddition,
we repeated the in situ experiment in the presence of various
concentrations of bathocuproine disulfonic acid (BCDSA),"!
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a Cu'-specific chelator and inhibitor of the CuAAC reaction.
As shown in Figures 4 and 5, BCDSA inhibited the triazole
formation in dose-dependent fashion. In addition, Zn(OAc),
was added to the mixture of alkyne 1b, azide 20, and HDACS
to displace Cu from the protein. This treatment completely
suppressed the formation of anti-3 (Figure S2 in the Support-
ing Information), whereas in solution Zn" has no effect on the
CuAAC reaction.'”] Conversely, kinetic measurements of
HDACS catalytic activity showed that added Cu' increased
the K, value for substrate relative to the value observed in the
absence of added cuprous ion (Lineweaver—Burk analysis,
Figure S3 in the Supporting Information).
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Figure 4. HPLC analysis of triazole formation from 1b (1 mm) and 20
(1 mm) in the presence of HDAC8 (0.6 um): a) authentic sample of
anti-3; b) reaction in the absence of the Cu'-specific chelator BCDSA;
c—f) reaction in the presence of the indicated concentration of BCDSA.
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Figure 5. Inhibition of triazole anti-3 formation by the Cu'-specific
chelator BCDSA.

These data strongly suggest that Cu', acting in the active
site of HDACS, accelerates the rate of cycloaddition between
alkyne 1b and azide 2 0. Indeed, CuA AC reactions attempted
under analogous conditions but without HDACS8 (CuBr at 0.1
or 0.6 pm; CuSO, at 0.1 or 0.6 um and sodium ascorbate at 0.5
or 3.0 um) resulted in no triazole formation (Figure S1 in the
Supporting Information). This study is important for four
reasons:

1) It shows for the first time that a protein—Cu complex can
be a far better catalyst than Cu alone. HDAC8-Cu
complex at 0.1 um catalyzes triazole formation, whereas
Cu' at submicromolar concentration provides very little
reaction (Figure S1£).">* In order to be effective, most
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Cu-ligand catalysts of the CuAAC reaction have to be
used at 10 um or higher concentrations.®™*! These results
suggest that protein-Cu complexes can be developed as
highly active CuAAC catalysts.

2) It shows that a single Cu center may be enough to catalyze
the reaction,' in contrast to most of our kinetics experi-
ments, which indicate that two Cu atoms are required.!'”
However, many possibilities exist for coordination of Cu
in the HDAC binding pocket. In addition to the two Asp
(178 and 267) and one His (180) residues that are shown to
bind Zn in the X-ray crystal structures of HDACS, four
other potential metal-binding side chains are in the
immediate vicinity (His142, Hisl143, Met274, and
Tyr306).%) Thus, it is conceivable for two metal centers
(Zn/Cu or Cu/Cu) to occupy the active site together, or for
a single Cu center to do so in different ways. Further
investigation is needed to determine the CuAAC active
structure.

3) It shows that HDACS preserves Cu in the + 1 oxidation
state, even though the solution is not protected from air.
The histidine and methionine residues in the active site of
HDACS may contribute to the stabilization of Cu' in
analogy to natural Cu' environments in copper-containing
enzymes.!'"¥

4) Tt shows that the HDAC8-Cu complex, while being a fast
catalyst, is not a general one, since it provides triazole only
for the 1b+2a combination among the possibilities
tested, and therefore that the reaction is guided by the
protein structure. The X-ray crystal structure of HDACS
shows a large hydrophobic pocket next to the active site.['")
The adamantyl group of 20 could be located in this pocket
in an orientation that allows reaction with a Cu-acetylide
generated from alkyne 1b and Cu' in the active site.

If the protein holds the reaction components in such a way
as to allow Cu in the Zn binding site to selectively assemble a
triazole in situ, the metal center would interact with the
alkyne portion of 1b rather than the hydroxamate, essentially
inverting the orientation shown schematically in Scheme 2.
We would then expect the molecule so formed to be less likely
than most hydroxamates to bind to the Zn atom, and
therefore to be a less potent inhibitor of the enzyme. In
addition to syn-3, preliminary experiments showed that other
triazoles available from the azide—alkyne library, such as the
1b/2f combination, were also more potent inhibitors than
anti-3, but were not formed in the enzyme. These compounds
can presumably benefit from hydroxamate—Zn binding to a
greater degree than anti-3. While helpful and used by most
HDAC inhibitors, such binding is not a requirement for
HDACS inhibition (Figure S4 in the Supporting Informa-
tion)."! The fact that anti-3 is only a moderate inhibitor is
probably responsible for the catalytic nature of its production
(more triazole is formed than there is Cu in the sample): with
a binding affinity of 4 uM, most of the protein is not bound by
anti-3 during the course of the reaction, and the off-rate is
likely to be fast, allowing for catalytic turnover.

In conclusion, we have established that a Cu' complex of
HDACS accelerates a selective reaction between an azide and
an alkyne, thereby forming a compound with greater inhib-
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itory power than either of the pieces alone. In this case, the
unwavering regioselectivity of the CuAAC process overrides
the tendency of the Cu-free in situ click reaction to form the
more potent of the two triazole isomers. We regard this as an
important precedent in the search for highly active protein
catalysts of the CuA AC reaction, as well as an interesting and
potentially useful example of in situ inhibitor formation.
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