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Residues in the 11 A Channel of Histone Deacetylase 1 Promote Catalytic Activity: Implications
for Designing Isoform-Selective Histone Deacetylase Inhibitors®
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Histone deacetylase 1 (HDAC1) has been linked to cell growth and cell cycle regulation, which makes it a
widely recognized target for anticancer drugs. Whereas variations of the metal-binding and capping groups
of HDAC inhibitors have been studied extensively, the role of the linker region is less well known, despite
the potency of inhibitors with diverse linkers, such as MS-275. To facilitate a drug design that targets
HDACI, we assessed the influence of residues in the 11 A channel of the HDACI active site on activity by
using an alanine scan. The mutation of eight channel residues to alanine resulted in a substantial reduction
in deacetylase activity. Molecular dynamics simulations indicated that alanine mutation results in significant
movement of the active-site channel, which suggests that channel residues promote HDACI1 activity by
influencing substrate interactions. With little characterization of HDACI available, the combined experimental
and computational results define the active-site residues of HDACI that are critical for substrate/inhibitor

binding and provide important insight into drug design.

Introduction

Histone deacetylase (HDAC®) proteins catalyze the removal
of acetyl groups from acetylated lysines on histone substrates.
The acetylation state of specific lysine residues in histone
proteins can alter the chromatin structure and influence eukary-
otic gene transcription.> Because of their fundamental role in
gene expression, HDAC proteins are promising targets for
cancer treatment, as shown by the recent FDA approval of the
HDAC inhibitor suberoylanilide hydroxamic acid (SAHA,
Vorinostat, Figure 1) for the treatment of cutaneous T-cell
lymphoma. Additional HDAC inhibitors are currently in clinical
trials to treat various cancers.®> >

Anticancer HDAC inhibitors target 11 of the 18 known
HDAC proteins. The inhibitor-sensitive proteins are divided into
three classes on the basis of phylogenetic analysis.® HDACI,
HDAC2, HDAC3, and HDACS8 are members of the class I
subfamily and are homologous to yeast RPD3 protein.” "'
HDAC4, HDACS5, HDAC6, HDAC7, HDACY, and HDAC10
belong to class II and are homologues to yeast HDAI
protein.'>”'* HDACI11 is the only member of class IV in
humans and is predicted to have diverged very early in
evolution.®'> Class I, II, and IV proteins display considerable
sequence similarity in their catalytic sites, which suggests that
they operate viasimilar metal-dependent deacetylase mechanisms. '’
With conserved active sites, it is not surprising that many HDAC
inhibitors nonspecifically influence the catalytic activity of the
11 HDAC proteins.
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Figure 1. Structures of HDAC inhibitors SAHA, TSA, and MS-275
(1) with modular structures indicated.

Despite their role as anticancer targets, it is unclear which of
the 11 HDAC proteins is involved in cancer formation. A
candidate protein is HDAC1 because its activity has been linked
to cellular proliferation, which is aberrant in cancer tissues.
Specifically, an HDAC1 knockout in mice was embryonic lethal,
and the resulting stem cells displayed altered cell growth and
altered gene expression.'®' Mammalian cells with RNA
interference-mediated knockdown of HDACI expression were
antiproliferative.?® Finally, lengthened G2 and M phases and a
reduced growth rate were observed in cells that overexpressed
HDAC1.2"?? To explore the function of HDACI further,
associated protein were identified by biochemical purification.
HDACT exists in at least three distinct biochemical complexes:
Sin3, NuRD (NRD), and CoOREST.*~? Interestingly, the NuRD
complex contains metastasis-associated protein 2 (MTA2),
which is linked to cancer metastasis, providing further evidence
that HDACT plays a role in cancer development.’* >? Signifi-
cantly, the coexpression of MTA2 and HDAC1 augmented the
deacetylase activity,>® which suggests that the presence of
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Figure 2. Residues in the substrate-binding channel of HDACI. (A) The nine amino acids (ball—stick structures) lining the substrate-binding
channel of the HDAC1 homology model are shown. The zinc, carbon, oxygen, and nitrogen atoms in the catalytic site are shown as gray, yellow,
red, and blue balls, respectively. (B) We aligned catalytic domains of the class I, II, and TV human HDAC proteins by using Clustal W', and the
residues located in the substrate-binding channel are shown. The residues that differ from the most highly conserved residue at each position are
highlighted in red (Genbank Accession numbers: HDAC1-Q13547; HDAC2-Q92769; HDAC3-NP_003874.2; HDAC4-AAD29046.1; HDACS-
AAD29047.1; HDAC6-AAD29048.1; HDAC7-NP_056216.1; HDAC8-CAB90213.1; HDAC9-AAK66821.1; HDAC10-NP_114408.3; HDACI1-

NP_079103.1).

associated proteins promotes the enzymatic activity of HDACI.
The combined data suggest that HDACI may be prominently
involved in cancer formation because of its governing role in
cell proliferation, which makes it a target for HDAC-inhibitor
drug design.

Because of the likely role of HDACI1 in carcinogenesis,
isoform-selective HDAC inhibitors that preferentially target
HDACI1 would be important tools for exploring the role of
HDACI in the regulation of gene expression and carcino-
genesis. In addition, HDAC1-selective inhibitors may provide
therapeutic advantages in chemotherapy.>* Because of the
widespread interest in HDAC inhibitors, extensive work has
been performed by both industrial and academic researchers
to discover novel HDAC inhibitors.? Using the generally
accepted pharmacophore model that divides the HDAC-
inhibitor structure into a metal-binding moiety, a linker, and
a capping group (Figure 1), the majority of the inhibitor
design so far has focused on the metal-binding and capping
groups. In contrast, the role of the linker, which is generally
analogous to the carbon chain in the lysine substrate, is less
well understood. This is surprising because the X-ray
structure of the HDAC-like bacterial homologue (HDLP) in
complex with the HDAC inhibitor trichostatin (TSA, Figure
1) shows the interaction of a methyl group of the TSA linker
with two Phe in the 11 A channel (aligned with F150 and
F205 in HDAC]1)."'® Furthermore, the experimentally observed
potencies of MS-275 (1, Figure 1) and related HDAC
inhibitors*® show that structural variations in the linker moiety
from straight chains to substituted arenes are possible. In
addition, 1 demonstrates a modest selectivity for class I
HDAC proteins,*® which may result, in part, from the
discrimination of the aromatic linker among the 11 A
channels of the HDAC isoforms. Because of the absence of
structural information, the role of the 11 A channel in
substrate/inhibitor binding and its interaction with the linker
group of inhibitors is unclear.

Structural insights into the substrate- or inhibitor-binding
region of the active site would be useful in facilitating the
design of HDACI1-selective inhibitors. Unfortunately, no
structure of human HDAC1 has been reported. A homology
model of human HDACI1 based on the crystal structure of
HDLP has been proposed to aid in drug design.'®>”3° The
model shows a high degree of structural similarity compared
to the one crystallized human protein HDACS;**** the amino
acids involved in catalysis are located at the bottom of a
roughly II-A—deep, narrow channel made up of seven

loops.*” "3 The walls of the channel are covered with
hydrophobic and aromatic residues (H28, P29, G149, F150,
F205, and L271 in the HDACI1 sequence, Figure 2A) that
likely interact with the substrate or the inhibitor. Interestingly,
the phenyl groups of F150 and F205 (in HDAC1) face each
other and are parallel to each other, forming the most slender
portion (7.5 10\) of the channel. Because the channel exit is
composed of loop regions, it has been hypothesized that this
region is flexible.’’ *° Consistent with this hypothesis,
molecular dynamics (MD) simulations of the HDAC1 homol-
ogy model in complex with the small-molecule inhibitor TSA
(Figure 1) indicate a high degree of molecular motion near
the entry point of the channel (F205 in HDACI, for example).
Density functional theory and QM/MM studies of the HDAC1
homologue HDLP indicate that channel residues H21 and
E92 (H28 and D99 in HDACI) stabilize the transition state
of the deacetylase reaction through an extended hydrogen-
bonding network despite their considerable distance from the
catalytic site.'” Consistent with the hypothesis that channel
residues promote HDAC function, the amino acids in the
channel are well conserved among the class I, II, and IV
human HDAC proteins (Figure 2B).*' The computational
predictions suggest that some channel residues maintain
considerable flexibility whereas others influence HDACI1
activity. Because residues in the channel interact with HDAC
inhibitor drugs, particularly in the linker region, understand-
ing the role of these residues in HDACI activity has the
potential to aid in the design of selective inhibitors.?’~°

Mutagenesis studies were employed in probing the influ-
ence of residues in the 11 A channel of HDAC1 on catalytic
activity and associations. Specifically, an alanine scan of eight
channel residues resulted in a 62—91% reduction in deacety-
lase activity, which revealed their importance in maintaining
catalytic function. Because F150 and F205 were previously
shown to create the narrowest region of the catalytic site,
they were mutated to all other natural amino acids, which
revealed that Phe at positions 150 and 205 is uniquely
required for full catalytic activity. Finally, MD simulations
indicate that the F150A mutation results in a disrupted
substrate interaction surface, which was corroborated by a
kinetics analysis. In total, the results suggest that the residues
in the channel are critical in HDACI1 catalytic activity because
they promote tight binding to the acetyllysine substrate.
Significantly, the data identify specific residues in HDAC1
that create a unique inhibitor interaction surface, which
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Figure 3. Channel residues of HDACI influence enzymatic activity
but not protein association. (A) HDACI1 wild-type or alanine mutants
were expressed as FLAG-tagged fusion proteins and were immuno-
precipitated with anti-FLAG-agarose resin. The immunoprecipitated
protein was used in fluorescence HDAC assays (histogram) in which
the mean percent activity of five independent trials compared with that
of the wild-type protein (100%) with standard error is shown. The
immunoprecipitated proteins were also separated by SDS-PAGE and
were probed with anti-FLAG (gel image) to ensure that equivalent
protein quantities were used. We also confirmed the inactivity of F150A,
F205A, and L271A by using a full-length hyperacetylated histone
substrate (data not shown). (B) Immunoprecipitated proteins in part A
were further probed with anti-mSin3A, anti-RbAp48, and anti-FLAG
so that we could assess protein association.

provides the needed guidance for the future creation of
HDACI-selective inhibitors.

Results

Residues in the 11 A Channel Are Critical for Deacetylase
Activity. A homology model of HDAC1*" % was used to
identify nine amino acids that are likely to reside in the 11 A
channel of HDACI1: H28, P29, E98, D99,G149, F150, Y204,
F205, and L.271 (Figure 2A). These amino acids are not expected
to promote catalysis directly because they reside near the
solvent-exposed surface of the active-site channel. However,
because of their proximity to the active site, the nine residues
could potentially influence substrate binding and the orientation
of the catalytic amino acids.

An alanine scan was used to determine the contribution to
enzymatic activity of the nine residues that line the 11 A
channel. In particular, HDAC1 mutants were created in which
each amino acid was individually mutated to alanine. In addition,
a catalytically inactive H141A mutant was included for com-
parison.*” Wild-type and mutant proteins were expressed in
Jurkat cells as FLAG-tagged fusion proteins, were immuno-
precipitated with a-FLAG agarose, and were tested for catalytic
activity by an in vitro fluorescence assay (Figure 3A). Channel
residue mutants of HDACI significantly influenced HDAC
catalytic activity (Table S1). In particular, the G149A, F150A,
and L.271A mutants demonstrated 8.7—11.3% activity compared
with the wild type, which is comparable to the no-protein
negative control (7.4%). Not surprisingly, these amino acids
are highly conserved among the class I, II, and IV HDAC
proteins (Figure 2B) and demonstrate 75% (L271) and 100%
(G149 and F150) similarity. The homology model of HDAC1
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predicts that G149, F150, and L.271 are more buried in the 11
A channel and are closer to the catalytic active site, which is
consistent with their role in maintaining catalytic activity.>”*

Mutations of several amino acids reduced the deacetylase
activity to levels comparable to those of the H141A mutant
(19.5%). In particular, the H28A, P29A, D99A, and F205A
mutants displayed 17.6—20.5% activity compared with the wild
type. Similar to G149, F150, and L271, these residues are also
highly conserved among the human HDAC proteins, with
percent similarities ranging from 75 (H28 and F205) to 91%
(D99). In this case, the HDAC homology model predicts that
H28, P29, D99, and F205 are positioned toward the solvent-
exposed region of the 11 A channel and are farther from the
catalytic active site than G149, F150, and L.271.37° Consistent
with these findings, a mutation of D101 in HDACS (aligned
with D99 in HDAC1) also resulted in a loss of enzymatic
activity, which suggests structural similarities in the active sites
of the HDAC isoforms.>* The combined activity data suggest
that H28, P29, D99, G149, F150, F205, and L271 promote the
activity of HDACI, and the data confirm the location of these
residues in the HDACI active site.

The alanine mutations of two residues in the solvent-exposed
region of the channel maintained significant levels of deacetylase
activity. Compared with the wild type, Y204A demonstrated
38.2% activity. On the basis of the HDACI homology model,*’*
Y204 is expected to reside at the entrance of the 11 A channel,
which suggests that this solvent-exposed region of the protein
can more flexibly accommodate mutation. In fact, among the
class I, II, and IV HDAC proteins, position 204 is occupied by
Phe in 75% of the families; only HDAC1 and HDAC?2 contain
a Tyr at that position. Only one mutant maintained deacetylase
activity that was comparable to that of the wild type HDACL.
Specifically, E98A displayed 118% of wild-type activity. Not
surprisingly, E98A is not well conserved across the class I, II,
and IV HDAC proteins, and it shows only 25% sequence
similarity. Like Y204, E98 is expected to sit at the entrance to
the channel in the solvent-exposed region on the basis of the
homology model of HDAC1.*’*? Therefore, among the residues
in the 11 A channel, only those likely to be most solvent-
exposed can accommodate mutation. This conclusion is in
agreement with observations from MD simulations that indicate
a high degree of flexibility of the residues at the channel exit.*”*

Mutation of Channel Residues Does Not Influence Pro-
tein Associations. HDACI interacts with various associated
proteins and displays higher deacetylase activity when coex-
pressed with associated proteins,>®** which suggests that protein
associations and enzymatic activity are linked. Consistent with
this observation, the mutation of several amino acids in the
catalytic active site or the C-terminus of HDACI1 was previously
shown to reduce protein associations and enzymatic activity.**>**
In contrast, the HDAC1 H141A mutant maintains interaction
with RbAp48 and mSin3A proteins despite its reduced deacety-
lase activity.*?

The nine alanine mutants were immunoprecipitated as
described, separated by SDS-PAGE, and probed with antibodies
specific to mSin3A and RbAp48 so that we could determine
the influence of channel residues on protein interactions. As
shown in Figure 3B, the alanine mutants were capable of
coimmunoprecipitating mSin3A and RbAp48. All mutants
recovered similar amounts of RbAp48 after immunoprecipita-
tion, independent of catalytic activity; HDAC1 mutants main-
taining enzymatic activity (E98A and Y204A) displayed similar
RbAp48 binding compared to inactive mutants (G149A, F150A,
and L271A). As with RbAp48, all mutants also coimmunopre-
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Figure 4. HDACI F150 uniquely promotes catalytic activity. HDACI1
wild type or mutants were expressed as FLAG-tagged fusion proteins
and were immunoprecipitated with anti-FLAG-agarose resin. Immu-
noprecipitated proteins were used in fluorescence HDAC assays where
the data represent the mean percent activity of three independent trials
compared with that of the wild-type protein (100%). Standard error is
shown. The immunoprecipitated proteins were also separated by SDS-
PAGE and were probed with anti-FLAG (gel image) to ensure that
equivalent protein quantities were used.

cipitated mSin3A. In this case, where the binding between the
H141A mutant and mSin3A was slightly reduced compared to
that of wild type HDAC1, H28A, G149A, and F205A also
demonstrated modestly reduced association. The remaining
mutants coimmunoprecipitated quantities of mSin3A that were
comparable to those of the wild-type protein. The fact that all
mutants were capable of coimmunoprecipitating RbAp48 and
mSin3A reinforces the similarities with the H141A catalytic-
site mutant. Significantly, the protein association data suggest
that the global HDACT structure is not fundamentally disrupted
upon channel-residue mutation.

F150 Is Strictly Required to Maintain HDAC1 Activity.
According to structural data of human HDACS,***° the ther-
mophilic bacterium homolog HDLP,'® and the HDAC1 homol-
ogy model,”’*° two phenylalanine residues that reside in the
11 A channel of HDAC1 (F150 and F205) make up the most
slender region of the active site channel. In particular, the phenyl
side chains of F150 and F205 face each other and are parallel
to each other at a distance of 7.5 A.'® When bound to the HDAC
inhibitors TSA or SAHA (Figure 1), F150 and F205 sandwich
the small molecules in their linker regions (Figure 1), which
likely creates favorable hydrophobic contacts. Therefore, the
structural data suggest that F150 and F205 are involved in the
binding of the acetyllysine substrate via hydrophobic interac-
tions. According to this hypothesis, a substitution of similar
hydrophobic or aromatic side chains might maintain the catalytic
activity of F150 and F205 mutants. To characterize the
functional significance of F150 and F205 in HDAC1 more
thoroughly, we first explored the catalytic activity of additional
F150 mutants. F150 in HDAC1 was mutated into all other
possible natural amino acids, and the resulting mutant proteins
were expressed as FLAG-tagged fusion proteins, were immu-
noprecipitated, and were tested for deacetylase activity by an
in vitro fluorescence assay (Figure 4). The substitution of F150
for any other amino acid significantly compromised the deacety-
lase activity (Table S2). In particular, the mutation of F150 to
amino acids with a hydrophobic side chains (G, A, P, V, L, I,
and M) resulted in activities similar to those of H141A, which
indicates that hydrophobicity alone cannot account for the
influence of F150 on catalytic activity. Moreover, the substitu-
tion of F150 for other aromatic amino acids (H, W, and Y)
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Figure 5. HDACI1 F205 activity is partially substituted by tyrosine.
HDACI wild type or mutants were expressed as FLAG-tagged fusion
proteins and were immunoprecipitated with anti-FLAG-agarose resin.
Immunoprecipitated proteins were used in fluorescence HDAC assays
where the data represent the mean percent activity of three independent
trials compared with that of the wild-type protein (100%). Standard
error is shown. The immunoprecipitated proteins were also separated
by SDS-PAGE and were probed with anti-FLAG (gel image) to ensure
that equivalent protein quantities were used.

also reduced the enzymatic activity, which indicates that
aromatic interactions alone are not sufficient to maintain catalytic
activity. Collectively, the data suggest that F150 is uniquely
required in maintaining HDAC1 enzymatic activity via proper
hydrophobic and aromatic interactions in the channel.

Tyrosine Partially Substitutes for F205. Because structural
evidence suggests that F150 and F205 cooperate to form the
tightest portion of the substrate-binding channel, the influence
of F205 mutations on catalytic activity was also explored. As
described for the F150 position, F205 in HDAC1 was mutated
into all other natural amino acids, and the resulting mutant
proteins were expressed as FLAG-tagged fusion proteins, were
immunoprecipitated, and were tested for deacetylase activity
(Figure 5). Similar to the F150 mutational analysis, the
substitution of F205 with acidic, basic, or hydrophobic amino
acids resulted in enzymatic activity comparable to that of the
H141A mutant (Table S3). In this case, however, three mutants
displayed catalytic activity that was statistically greater than that
of the H141A mutant. The F205Y mutant showed 56% activity
compared to the wild type. Because Tyr is structurally most
similar to Phe among the natural amino acids, this is the most
conservative possible mutation. The presence of phenolic
alcohol, however, results in a significant reduction in catalytic
activity compared to the wild type. The F205W mutant also
demonstrated 31% of the wild-type activity. In this case, the
indole side chain of Trp may partially substitute for Phe as a
result of its aromatic character. In contrast, the F205H mutant
demonstrated activity that was comparable to H141A despite
its aromatic character. As in the F150 series, the presence of
an aromatic side chain alone at position 205 is not sufficient to
maintain catalytic activity. Surprisingly, the F205R mutant
maintained 27% of the wild-type activity, which is slightly
greater than the activity of HI41A (19%).

F150/F205 Double Mutants Are Inactive. Because the
phenyl side chains of F150 and F205 face each other and are
parallel to each other at a distance of 7.5 A and because they
sandwich small-molecule inhibitors,'® they likely collaborate
to promote HDACT catalytic activity. A single mutation in either
F150 or F205 may disrupt the optimal substrate-binding surface,
which results in the observed inactivity. Therefore, we wondered
if a mutation of both F150 and F205 to structurally compli-
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Figure 6. F150 and F205 double mutants are inactive. HDAC1 wild
type or mutants were expressed as FLAG-tagged fusion proteins and
were immunoprecipitated with anti-FLAG-agarose resin. Immunopre-
cipitated proteins were used in fluorescence HDAC assays where the
data represent the mean percent activity of three independent trials
compared with that of the wild-type protein (100%). Standard error is
shown. The immunoprecipitated proteins were also separated by SDS-
PAGE and were probed with anti-FLAG (gel image) to ensure that
equivalent protein quantities were used.

mentary residues would mimic the natural substrate interaction
surface to restore activity. For example, the substitution of F150
and F205 for complimentary hydrophobic (V) or aromatic
residues (Y or H) might provide a substrate-binding surface that
promotes activity. To explore the existence of compensating
interactions by F150 and F205, we created the F150V—F205V,
F150Y—F205Y, and F150H—F205H double mutants, and the
resulting mutant proteins were expressed as FLAG-tagged fusion
proteins, were immunoprecipitated, and were tested for deacety-
lase activity (Figure 6). Even though F205Y showed 56%
activity compared with the wild type (Figure 5), the F150Y —F205Y
double mutant displayed activity that was comparable to that
of the negative control (Table S4). Similarly, the substitution
with aromatic residue His (F150H—F205H) also resulted in
inactivity. Consistent with the single-point mutants, the presence
of aromatic side chains is not sufficient to promote activity. In
addition, double substitution with the hydrophobic residue Val
did not promote activity. In total, the data are consistent with
the unique requirement for Phe at positions 150 and 205, which
create the narrowest regions of the 11 A channel of HDACI.

Computational Analysis of Alanine Mutants Reveals a
Disrupted Substrate Interaction Surface. The mutagenesis
data suggest that residues in the 11 A channel contribute to the
HDACT catalytic function and, in the case of F150 and F205,
the conserved residues uniquely promote catalytic activity. The
structural origin of these observations is less clear. To gain
insight into the structural role of channel residues in promoting
HDACT1 activity, we computationally studied several mutant
HDACI1 proteins. Simple models of the in silico mutated
structures were generated by energy minimization, and the effect
of the mutation was analyzed through a comparison to the
similarly minimized structure of the wild-type HDAC1 homol-
ogy model.*”* No significant changes were noticeable after
minimization for H28A, P29A, D99A, G149A, F205A, and
L271A. In the case of the F150A mutant, however, the absence
of the phenyl side chain in the wall of the 11 A channel allows
neighboring residues to move toward the previously occupied
position. The movement of the thioether side chain of M30
toward F205 is the most noticeable effect in this stage of the
computations (Figure 7A). A concomitant shift of the phenyl
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side chain of F205 can also be inferred from Figure 7A.
However, geometry optimization does not properly sample the
conformational space, and protein reorganization must be
analyzed by the use of a dynamic approach that evaluates
positions averaged over time. Therefore, definitive conclusions
cannot be derived from the analysis of the minimized structures.
Rather, these structures are the basis for the selection of
promising mutations for further MD studies.

Following the results of the geometry optimizations, the
F150A mutant and the wild-type HDAC1 model were analyzed
during 2 ns MD simulations. The structures are sufficiently
equilibrated and stable under NTP conditions (see rmsd plots,
Figure S1) with no change in the geometry of the catalytic active
site in either the mutant or the wild-type structure (Figure S2).

The role of F150 and F205 in the catalytic activity of HDAC
proteins has been largely discussed in relation to substrate
binding.'®*%** X-ray determinations show that the side chains
of the residues are assembled in a parallel orientation, which
leads us to assign a special role to these residues in establishing
s—m stacking interactions with inhibitors.'®*° Recent studies
have compared the activities of inhibitors bearing aromatic or
aliphatic portions that are in a position that is suitable to
accommodate between F150 and F205.** The similar activities
of aromatic and aliphatic structures as well as the relatively large
distance between the rings suggested that hydrophobic interac-
tions of ligands with either one or both residues occurred rather
than sr-stacking interactions. Molecular dynamics simulations
of the wild-type enzyme without a bound ligand show that both
residues flip during the 2 ns simulation and adopt different
orientations relative to each other (Figure 7B). This flipping is
more significant for F205 probably because of its closeness to
the channel entrance. As a way of quantifying this effect, we
have plotted the dihedral angle that is defined by the phenyl
rings of F150 and F205 (measured as F150C3—F150Cy—F205CE2,
Figure 7C). The angle varies between 0 and 150°, with a mean
value of 7°. The preference for the parallel orientation is in
agreement with what is observed in the X-ray structure'®%#+
but is a result of time averaging. Thus it is of interest to analyze
the relative importance of both residues in inhibitor binding.

The evolution of the FIS0A mutant during the 2 ns MD
simulation provides more reliable conclusions on the cooperative
interactions of both residues. The mutation triggers a significant
movement of the loop that contains F205, whose flexibility
appears to be constrained in the wild-type enzyme through
cooperative interactions with F150 (Figure 7D). The loop opens
away from the channel, which causes a distortion that is large
enough, after a 2 ns MD run, to impair substrate binding (Figure
7E). The movement can be quantified by the distance between
F205 and A150, which increases almost 10 A, measured from
Cp of F205 to Ca. of A150 (Figure 7D). The F150A mutation
also adds flexibility to the loop that contains M30, which
supports the preliminary observation that was based on the
analysis of the minimized structures. It is interesting to note
that this loop is involved in the definition of the 14 A internal
cavity (see Figure 7F), which has been hypothesized to help
the catalytic pathway by promoting the release of the acetate
byproduct.*® Thus the data are consistent with the hypothesis
that the FI50A mutation leads to an altered channel shape
resulting in a disrupted binding to the acetyllysine substrate and
a loss of catalytic activity. Similar results were found in 2 ns
MD simulations of G149A and L271A, both of which resulted
in a movement of F150, which will lead to a similar loss of
hydrophobic interactions with the linker region, as described
above (Figure S7 and S8).
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Figure 7. Molecular modeling and 2 ns dynamics simulations of the wild-type and the F150A mutant. (A) Surface representation of the F150A
mutant protein before optimization. The structure is superimposed with the stick representation of the optimized structure, which shows the shifting
of M30 toward the 11 A channel. (B) Superposition of six snapshots (different colors) from the 2 ns MD runs of the wild-type homology model
showing the flipping of F150 and F205 over time. (C) Dihedral angle defined by F1505150Cy—F205Cy—F205CE2 as a function of time. (D)
Superposition of six snapshots (different colors) taken from the 2 ns MD runs of the F150A mutant showing the increased flexibility of the F205-
containing loop. The distances between the residues (shown in yellow) are measured from A150Ca to F205Cy for the first snapshot (blue) and the
last snapshot (red). (E) Superposition of the last snapshot of the wild-type and the F150A mutant after 2 ns of MD simulation. A surface representation
is displayed for the F150A structure to help locate the 11 A channel. The stick representation is shown in red for F150A and in yellow for the
wild-type structure. (F) Surface representation of the 11 A channel and the 14 A internal cavity of F150A. The loop containing M30 and the stick

representations of M30 and R34 are shown for several snapshots.

Kinetics Analysis of HDAC1 F150A. The computational
analysis predicts that the FIS0A mutation leads to altered
substrate binding, which results in a loss of enzymatic activity.
To test the computational analysis experimentally, we performed
steady-state kinetics measurements with the HDACI1 wild-type
and F105A mutant proteins. We rationalized that the K, values
of the F150A mutant and wild-type proteins would be signifi-
cantly different if the F150A mutant displayed reduced substrate
binding compared with the wild-type protein. Immunoprecipi-
tated HDAC1 from Jurkat cells was used for the kinetics
analysis, as previously reported,* because recombinant HDACI
is inactive when it is expressed in bacteria or yeast.*® Whereas
immunoprecipitated HDACI exists in multiple complexes in
vivo, the wild-type and F150A mutant proteins associate with
similar complexes (Figures 3B and S5), which allows us to
compare their activities.

We tested immunoprecipitated wild-type and F150A mutant
proteins by using the in vitro fluorescence assay with varying
concentrations of substrate over time, and the K, values were

calculated. Wild-type HDAC1 displayed a K, value of 88 uM,
which is similar to previous kinetics measurements that used a
different peptide substrate.*>*” The F150A mutant displayed a
K, value of 66 uM, which indicates that the mutant binds
slightly better to the substrate than the wild-type protein does
(Table 1). The kinetics data are not consistent with the
computational prediction that the F150A mutant demonstrates
reduced enzymatic activity as a result of a loss of substrate
binding.

In contrast with the K, values, the F150A mutant demon-
strated a significantly reduced V.« value compared with that
of the wild-type protein. Therefore, the primary effect on the
F150A mutant activity is a significantly slower rate, with a Vpux
value that is roughly 12 times lower than that of the wild-type
protein (Table 1). The kinetics assessment is consistent with
earlier data that indicate that the FIS0A mutant displays only
11% of the wild-type activity (Figures 3A and S3). In total, the
kinetics data indicate that the loss of the deacetylase efficiency
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Table 1. Kinetics Study of the HDAC1 Wild Type and F150A Mutant”

HDACI1 Vinax (UM/s) Km (uM)
wild type 6.5+ 0.6 88+ 3
F150A 0.52 +£0.03 66 £ 2

“ Calculated from at least three independent trials with standard error
shown. Protein expression was confirmed by Western blot (data not shown).

of the F150A mutant is primarily due to the slower rate of
reaction not reduced substrate binding.

Discussion

Residues in the 11 A channel are well conserved among the
class I, II, and IV human HDAC proteins (Figure 2B), which
suggests that they may play a role in HDAC function. Molecular
dynamics simulations with the HDAC1 homology model
indicate some flexibility in the amino acids that comprise the
channel.*’° In addition, the docking of small molecules in the
HDAC active site suggests that the differences in the channel
residues might play a role in inhibitor binding affinities,*® which
can aid the design of isoform-selective HDAC inhibitors.
Unfortunately, no structural analysis of HDAC1 has been
reported to confirm the computational analysis.

To investigate the influence of residues on HDACI substrate
binding and activity, we explored the channel residues leading
to the active site of HDAC1 by alanine scan mutagenesis.*®
Alanine was a poor substitute for H28, P29, D99, G149, F150,
Y204, F205, and L.271, which resulted in a 62—91% reduction
in enzymatic activity compared with that of the wild-type
protein. Because F150 and F205 create the narrowest portion
of the 11 A channel, these two positions were explored more
thoroughly by mutagenesis. Phenylalanine was uniquely suited
to promote HDACT catalytic activity at both positions, which
indicates that these amino acids are critical in promoting
HDACT activity. Only one mutant, F205Y, maintained signifi-
cant enzymatic activity (56% compared with that of the wild-
type HDACI1). The unique requirement of F150 is also
consistent with kinetics studies, which showed that the F150A
mutant displayed a reduced V.« compared with the wild-type
protein. The negative influence of channel residue mutations
on catalytic activity indicates that the structure of the 11 A
channel is integral to the formation of an active HDAC] protein.

Understanding the structure and function of HDACI will
facilitate a characterization of HDACI1-mediated cancer forma-
tion and guidance for drug-design efforts. Unfortunately, a
structural characterization of HDAC1 has been challenging
because recombinant HDACI1 from bacteria is inactive, and
mammalian cell-expressed HDACI is contaminated with as-
sociated proteins.*® As an alternative, the mutagenesis studies
presented here provide valuable insight into a structural
characterization of HDACI. Specifically, the data confirm the
HDACI1 homology model’s prediction that H28, P29, D99,
G149, F150, Y204, F205, and L271 reside in the 11 A
channel.*’>° Combined with the previous mutagenesis,** the
results establish the identity of residues comprising the HDAC1
active site and channel regions.

One hypothesis that accounts for the influence of the 11 A
channel residue on HDACT activity is that mutagenesis reor-
ganizes active-site amino acids, which leads to diminished
activity. This hypothesis is supported by previous QM/MM
studies that suggest that two channel residues (H28 and D99 of
HDACT1) stabilize the transition state of the reaction despite
their distance from the active site.'” To probe this hypothesis,
we performed molecular modeling and dynamics simulations
to assess the influence of channel residues on the structure of
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the catalytic active site. The distances between the catalytic Zn>*
and nearby H178, D176, and D264 were similar in the F150A
mutant as compared with wild-type HDAC1 (Figure S2). In
addition, no change in the distances was observed over the 2
ns simulation in either the mutant or the wild-type structure
(Figure S2). The dynamics simulation suggests that the tight
hydrogen-bonding network that is expected in the HDACL active
site on the basis of the homology model is resilient to small
structural changes in the relatively distant 11 A channel.
Consistent with the computation, the channel residue mutants
maintained an interaction with associated proteins (Figure 2B),
which suggests that their global protein structures are not
significantly altered. The combined computational and experi-
mental evidence suggests that the channel-residue mutants
maintain a properly structured catalytic site despite the loss of
enzymatic activity.

A second possibility is that channel residues govern the
substrate binding, which can influence the HDACI1 enzymatic
activity. This hypothesis is consistent with crystallographic
evidence that shows that residues in the 11 A channel surround
bound small-molecule inhibitors, which likely contributes to
their binding affinities.*”** To probe the influence of residues
in the channel on HDACI structure and ligand binding, we
performed MD simulations. First, the motion in the channel
residues was determined with the wild-type protein. Wild-type
HDACI1 showed a significant flexibility in the channel residues,
particularly at the Y204 and F205 positions. Interestingly, the
phenyl ring at the F205 position rotated around the C1—C4 axis
of the phenyl ring during the 2 ns dynamics simulation. In the
static-picture X-ray structures and the HDACT structural model
based on them,'®**-734° the phenyl rings of F150 and F205
are found to be parallel and roughly 7.5 A apart. Therefore,
this arrangement is most likely due to a time averaging in the
structure rather than a long-range interaction between the phenyl
rings. Whereas Y204 and F205 displayed significant rotations
prior to ligand binding, this rotation is limited upon the binding
of an inhibitor in the channel, as was previously shown.*”*

The molecular modeling and dynamics simulations were then
analyzed for the F150A mutant. Similar to that observed in the
wild-type protein, significant flexibility was observed in the
channel residues of the F105A mutant, particularly at Y204 and
F205 positions. In this case, the F205 position showed signifi-
cantly greater motion compared with the Y204 position and
oriented the phenyl side chain away from the channel. Because
the wild-type structure suggests an interaction between the
phenyl groups of F150 and F205, it is possible that the loss of
this interaction in the F150A mutant results in more flexible
movements of F205 away from the channel. Combined with
the fact that the thioether side chain of the M30 residue only
partially occupies the space that was left empty by the loss of
F150, the data suggest a relative enlargement of the 11 A
channel at its narrowest point. Interestingly, a similar result is
obtained from a 2 ns simulation of the F150Y mutant. Although
Phe and Tyr are structurally similar, the FI150Y mutant was
also inactive (Figure 4). The MD simulation (Figure S6) reveals
that the hydroxyl group of the tyrosine in the F150Y mutant
participates in a hydrogen bond with D99, which opens up the
channel for F205 to undergo a flip that is very similar to the
one observed in the MD simulations of the FIS0A mutant
(Figure 7D). Because residues in the 11 A channel are expected
to surround the substrate when they are bound,?”-* the widening
of the channel upon mutation likely influences substrate binding
by removing critical contacts with an inhibitor or a substrate.
The computational results are consistent with the observation
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that Phe is uniquely required at position 150 for enzymatic
activity (Figure 4) by suggesting that the phenyl side chain
creates an ideal substrate-binding surface.

To test the possibility that a loss of catalytic activity by the
F150A mutant is due to perturbed substrate binding, we
performed a kinetics assessment. Because the kinetic studies
indicate similar Ky, values for the F150A mutant and wild-type
HDACI (Table 1), the predominant dictator of F150A activity
is the reaction rate; the V.« value for the F150A mutant is
roughly 12 times less than that of the wild type. We conclude
from the kinetics analysis that the F150A mutant demonstrates
a decreased deacetylase activity that is primarily due to a relative
slowing of the reaction rate and not to reduced substrate binding.
Vmax mutants that display reduced activity as a result of a
decreased reaction rate are well characterized.**-° In these cases,
changes in the transition-state complex account for an altered
Vmax Wwithout a necessary influence on Ky, Therefore, the
kinetics data suggest that the loss of F150A mutant activity is
a result of altered substrate binding in the tight active site that
perturbs the transition-state complex and the rate of reaction.
Consistent with this model, the computational analysis indicates
that the active-site channel of the F150A mutant is relatively
enlarged and likely perturbs the tight binding of the substrate.
In addition, previous QM/MM studies showed that some of the
channel residues stabilize the transition state of the reaction
despite their distance from the active site.!” Finally, the mutation
of D101 of HDACS (aligned with D99 in HDACI1) resulted in
a loss of enzymatic activity that was likely due to an altered
substrate interaction surface,>® which suggests that active-site
residues sustain a similar role in other HDAC isoforms. In total,
the experimental and computational analyses suggest that the
residues in the 11 A channel are responsible for the proper
positioning of the substrate in the active site, which is necessary
in maintaining enzymatic activity.

By establishing the importance of channel residues in HDAC1
catalytic activity and substrate binding, the computational and
mutagenesis results have implications for the development of
new chemical tools. HDACI is a likely target for anticancer
drugs, which makes the isolation of inhibitors with selectivity
toward HDACI1 a valuable tool in the characterization of
HDAC1-mediated cancer. The mutagenesis results reinforce the
conclusion of previous computational studies that suggests that
amino acid differences in the channel residues could be exploited
to create isoform-selective HDAC inhibitors.”° In particular,
the incompatibility of Ala in the P29 and L271 positions of
HDACI, despite its presence in other HDAC isoforms (Figure
2B), implies that this region of the HDACT active site is distinct
from the other HDAC proteins. Several HDAC family members
display either Tyr or Trp at the corresponding F150 and F205
positions in HDAC1 (Figure 2B). Because Tyr or Trp did not
mimic F150 or F205 in the HDACI1 active site, these data
provide further evidence of distinct channel regions among the
HDAC isoforms. Importantly, the fact that the F150A mutant
displays a similar Ky, compared to the wild type suggests that
residues in the 11 A channel maintain flexibility and can
accommodate bulky inhibitors. Therefore, the mutagenesis
results raise the possibility of developing selective HDACI
inhibitors by targeting structural differences at the P29, F150,
F205, and L271 positions.

An interesting result of the mutagenesis is the fact that the
E98A mutant maintained 118% deacetylase activity, a slight
increase compared with that of the wild type (Figure 3A).
Consistent with this observation, the E98 position lacks clear
conservation among the HDAC family members (Figure 2B).
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Previous alanine scanning experiments with human growth
hormone (hGH) identified one residue (E174) that, when
mutated, enhanced binding to the hGH receptor, which suggests
that it acts as a gatekeeper to hinder ligand binding naturally.*®
In the case of kinases, the mutation of 1338 in the substrate-
binding region of v-Src kinase highlighted its role as a molecular
gate for substrate interactions.’’ On the basis of these previous
studies, it is interesting to speculate that the E98 position
represents a molecular gate that has the potential to impact
inhibitor binding. In this scenario, the identity of the corre-
sponding E98 position in the other HDAC proteins could be
exploited to develop isoform-selective HDAC inhibitors. Specif-
ically, charged or bulky groups at the corresponding E98
position in HDAC family members would suggest the creation
of inhibitors with electronically or sterically compatible moieties.
Therefore, a significant outcome of the combined experimental
and computational data is the conclusion that differences in the
charge and the shape of the 11 A channel should be exploited
in the creation of isoform-selective HDAC inhibitors.

Because the homology model of HDACI in complex with
small-molecule inhibitors indicates that the linker region is
positioned near residues in the 11 A channel,’”* the results
suggest that a modification of the linker region may impart
isoform-selectivity. In fact, small molecules with aryl groups
in their linker regions, such as 1, display modest isoform
selectivity.*® Therefore, the results encourage additional char-
acterization of the role of the linker region of HDAC inhibitors
in isoform selectivity.

Experimental Procedures

Mammalian Expression and Immunoblotting of HDAC1
Mutants. We cloned HDAC1 mutants into pBJSHDACI1-F** by
using the Nofl and EcoRI sites (see Supporting Information for
primer sequences), and all mutagenesis was confirmed by DNA
sequencing. T-Ag Jurkat cells®® were grown in RPMI-1640 that
was supplemented with 10% FBS and 1% antibiotic—antimycotic
solution (GIBCO). pBJSHDAC1-F or mutant expression plasmids
(20 ug) were independently transiently transfected by electropo-
ration into 40 x 10° T-Ag Jurkat cells. Cells were harvested 48 h
post-transfection and were stored at —80 °C until the analysis. Cells
were lysed by incubation with JLB buffer (Tris, pH 8; 150 mM
NaCl; 10% glycerol; 0.5% Triton X-100) that was supplemented
with 1x protease inhibitor cocktail set V (Calbiochem). Expressed
wild-type and mutant FLAG-tagged HDACI proteins were immu-
noprecipitated from the lysates by the use of 10 uL of anti-FLAG
agarose beads (Sigma), were separated by 8% SDS-PAGE, and were
transferred to PVDF membrane (Immobilon). The membrane was
probed with the appropriate antibody: anti-FLAG (Sigma), anti-
RbAp48 (Upstate), or anti-mSin3A (Santa Cruz).

HDAC Activity Assay and Kinetics. A Fluor de Lys fluores-
cence activity assay (Biomol) was used to measure the activity of
wild-type and mutant HDAC1 proteins. In brief, wild-type or mutant
proteins from roughly 20 x 10° cells were immunoprecipitated as
described above (25 uL) and were incubated with 100 uM substrate
(25 uL) at 37 °C for 45 min with shaking (900 rpm), followed by
the addition of developer (50 uL). After 5 min of shaking (500
rpm), the fluorescence signal was measured by the use of a GENios
plus plate-reading fluorimeter (Tecan). The fluorescence signal for
each mutant was normalized to that of the wild-type protein, and
the standard error of at least three independent experiments is
shown.

To perform the kinetics assessment, we incubated immunopre-
cipitated wild-type protein from roughly 3 x 10° cells per reaction
(25 uL) with 50—600 uM of Fluor de Lys substrate, as described
above, for between 4 and 16 min (Figure S3). In the case of the
F150A mutant, 50—1000 4M substrate was incubated, as described
above, for between 15 and 60 min. In each case, we converted
fluorescence units (FU) to uM concentration by using the experi-
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mentally determined fluorescence of the deacetylated substrate
product (15.0 FU/uM). In addition, we normalized the FU signal
in each trial for protein expression by using Western blot analyses.
The data were fit to a Michaelis—Menten curve to determine V pax
and K,, (Figure S4).

Molecular Modeling and Dynamics Simulations. The homol-
ogy model of HDACT that was previously developed by some of
us®’7*° has been used to model and analyze the effect of the
mutations. H28A, P29A, D99A, G149A, FI50A, F205A, and
Y271A point mutations were generated by the use of PyMOL.>?
The resulting structures as well as the wild-type HDAC1 model
were studied using AMBER 8.>*

The LEaP module of AMBER 8 was used to assign the
protonation states and to maintain the overall neutrality of the
system. The nonbonded model was used for the Zn>* atom,>> and
standard AMBERO2 force-field parameters were assigned to the
HDAC proteins. The systems were then surrounded by a periodic
box of TIP3P water molecules, which extends approximately 10 A
from the protein surface. Conjugate-gradient energy minimization
was used to remove unfavorable contacts from the initial geometries
and to stabilize the systems after the mutations (2500 steps for the
water molecules, followed by 15 000 steps for the entire system).
On the basis of the analysis of the mutated structures, the F149A,
F150A and L271A mutants were selected for further analysis.

For the HDAC1 model and for the F150A, F150Y, G149A, and
L271A structures, 2 ns MD simulations were carried out using the
SANDER module of AMBER 8. We controlled the pressure (1
atm) and the temperature (300 K) of the system during the MD
simulations by utilizing Berendsen’s algorithms.*® Periodic bound-
ary conditions were applied to simulate a continuous system. Long-
range interactions were treated by the particle-mesh Ewald (PME)”’
method. A time step of 1.0 fs was used to integrate the equations
of motion, and the Shake® algorithm was used to constrain all
bonds that involved hydrogen atoms. A nonbonded pair-list cutoff
of 9.0 A was used and was updated every 25 time steps. We
analyzed all MD results by using the Ptraj module of AMBER 8
and visualized them by using PyMOL.>?
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