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Abstract: Cornelia de Lange Syndrome (CdLS) encompasses a broad spectrum of phenotypes
characterized by distinctive craniofacial abnormalities, limb malformations, growth retardation, and
intellectual disability. CdLS spectrum disorders are referred to as cohesinopathies, with ~70% of
patients having a mutation in a gene encoding a core cohesin protein (SMC1A, SMC3, or RAD21) or
a cohesin regulatory protein (NIPBL or HDACS). Notably, the regulatory function of HDACS8 in cohe-
sin biology has only recently been discovered. This Zn?*-dependent hydrolase catalyzes the deace-
tylation of SMC3, a necessary step for cohesin recycling during the cell cycle. To date, 23 different
missense mutants in the gene encoding HDACB8 have been identified in children with developmen-
tal features that overlap those of CdLS. Enzymological, biophysical, and structural studies of CdLS
HDACS protein mutants have yielded critical insight on compromised catalysis in vitro. Most CdLS
HDACS8 mutations trigger structural changes that directly or indirectly impact substrate binding
and catalysis. Additionally, several mutations significantly compromise protein thermostability.
Intriguingly, catalytic activity in many HDAC8 mutants can be partially or fully restored by an N-
acylthiourea activator, suggesting a plausible strategy for the chemical rescue of compromised
HDACS catalysis in vivo.
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Introduction

Cornelia de Lange Syndrome (CdLS) is a clinically
variable disorder of multiple congenital anomalies
consisting of distinctive facial abnormalities, limb
defects, growth retardation, and intellectual disabili-
ty, often accompanied by cardiovascular and central
nervous system complications.'™ The overall preva-
lence of CdLS is estimated to be 1.6-2.2/100,000
births, but this may be an underestimate since mild

cases are difficult to recognize.® Facial features
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Figure 1. Cohesin. The cohesin complex consists of four
main protein components that encircle sister chromatids dur-
ing cell division: Structural Maintenance of Chromosomes
proteins SMC1A and SMC3, Radiation-Sensitive Mutant 21
protein RAD21, and Stromal Antigen protein(s) STAG1 or
STAG2. ESCO1 and ESCO2 catalyze the acetylation of tan-
dem lysine residues K105 and K106 in SMC3, and HDAC8

catalyzes the deacetylation of these lysine residues to ensure
efficient cohesin recycling.

characteristic of CdLS are especially prominent in
children, and computerized facial recognition
approaches have been developed to aid diagnosis.®”

CdLS spectrum disorders have also been
referred to as cohesinopathies, since most cases
result from genetic defects in cohesin structural or
regulatory proteins. Cohesin is a highly-regulated,
multiprotein assembly that ensures cohesion of sis-
ter chromatids during the cell cycle, and consists of
four core protein components: SMC1A and SMC3
each consist of a long antiparallel coiled-coil with a
hinge domain at one end and an ATPase domain at
the other end (SMC1A and SMC3 associate through
their hinge domains); RAD21, which binds to the
ATPase domains of SMC1A and SMC3; and STAG
proteins that associate with RAD21 (Fig. 1).%° The
quaternary structure of cohesin is analogous to a
hinged bracelet, in which SMC1A and SMC3 corre-
spond to the two halves of the bracelet and RAD21
corresponds to the clasp that locks the bracelet
closed. In view of this ring-like quaternary struc-
ture, one accepted model is that cohesin encircles
and topologically entraps sister chromatids.®'2
Human developmental disorders that include and
overlap with CdLS have been found to be caused by
mutations in genes encoding cohesin structural pro-
teins SMC1A, SMC3, and RAD21, as well as the reg-
ulatory proteins NIPBL and the zinc-dependent
deacetylase HDACS8.*

Although NIPBL and HDACS8 are not core com-
ponents of the cohesin complex, these proteins play
critical roles in regulating cohesin function. NIPBL
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is responsible for loading chromatin into the ring-
like cohesin complex during G1 phase.>!° Subse-
quently, cohesion of sister chromatids is established
during S phase upon acetylation of SMC3 at tandem
lysine residues K105 and K106, catalyzed by the N-
acetyltransferases ESCO1 and ESCO02.13716 Recent
evidence suggests that acetylation blocks activity at
one of the ATPase sites in cohesin that otherwise
would facilitate ring opening,'”® and the accessory
protein Pds5 prevents SMC3 deacetylation.'® It is
believed that one role of SMC3 acetylation is to pre-
vent RAD21 dissociation, hence locking sister chro-
matids within the cohesin ring.2® Dissociation of the
cohesin complex is initiated during prophase and
completed during anaphase, mediated in part by the
cysteine  protease  separase  which  cleaves
RAD21.2152! Cohesin ring opening is a key step in
the separation of sister chromatids in cell division.
HDACS plays a key role in cohesin function by
catalyzing the deacetylation of K105 and K106 of
SMC3. In addition to playing roles in regulating dis-
sociation of the cohesin complex, this deacetylation
is essential for cohesin recycling for the next cell
cycle.?2 The specific reaction catalyzed is the hydro-
lysis of the side chain of trans-N6-acetyl-L-lysine to
yield products L-lysine and acetate. In recent years,
a number of children with clinical features resem-
bling those of CdLS have been found to have loss-of-
function missense or nonsense mutations in the
gene encoding HDAC8 (the gene is designated
“HDAC8”).2225 To date, 23 different missense

Figure 2. CdLS HDAC8 mutations. A total of 23 different
missense mutants have been identified to date in children
diagnosed with Cornelia de Lange Syndrome spectrum disor-
ders. Mutations (red) are mapped onto the crystal structure
of the Y306F HDACB8-substrate complex (PDB 2V5W). The
active site Zn?" ion is a dark blue sphere, and 2 K" ions that
regulate HDACS activity are orange spheres. The bound sub-
strate is a stick-figure color-coded as follows: C = gray,

N = blue, O = red.
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Figure 3. Proposed mechanism of HDACS8. The Zn?" ion and Y306 orient and activate the substrate carbonyl for nucleophilic
attack by a Zn?"-bound water molecule, assisted by general base H143. The tetrahedral intermediate and its flanking transition
states are stabilized by Zn?* and hydrogen bond interactions with H142, H143, and Y306; H142 remains protonated throughout
catalysis and serves as an electrostatic catalyst. H143 subsequently serves as a general acid catalyst to protonate the leaving
amino group to enable the collapse of the tetrahedral intermediate. Reprinted with permission from ref. 40. Copyright 2016,

American Chemical Society.

mutations in HDACS8 have been reported that yield
mutant enzymes exhibiting partial or complete loss
of catalytic activity (Fig. 2).22725 Ten of these mutant
enzymes have been characterized at the molecular
level in terms of their three-dimensional structure,
thermostability, and catalytic activity.?®?’ These
studies have provided a critical first view of HDACS8
dysfunction in human disease.

Here, we review the structure and catalytic
mechanism of HDACS, followed by a discussion of
representative mutants to illustrate the range of
functional consequences resulting from various
mutations. We conclude with discussion of a small
molecule activator capable of rescuing -catalytic
activity in most CdLS HDAC8 mutants studied to
date.

Structure and Catalytic Mechanism of HDACS8

The X-ray crystal structure of HDAC8 was first
reported independently by Somoza et al.?® and Van-
nini and colleagues?® in 2004, revealing an 8-
stranded «/B fold as illustrated in Figure 2. Surpris-
ingly, this fold had first been observed in the crystal
structure of the binuclear manganese metalloenzyme
arginase, reported 8 years prior by Kanyo and

Deardorff et al.

colleagues.?°32 Arginase catalyzes the hydrolysis of
the guanidinium side chain of L-arginine to form
products L-ornithine and urea. Although the amino
acid sequences of arginases and HDACs
diverged significantly (human arginase I and
HDACS8 share approximately 12% sequence identi-
ty), the conservation of a common fold as well as a
metal binding site (the Zn?" site of HDACS corre-
sponds to the Mn3" site of arginase) suggests diver-
gence from a common metalloenzyme ancestor.3?-3*
This structural relationship was anticipated based
on the structure determination of a bacterial his-
tone deacetylase-like protein in 1999 by Finnin
et al., which similarly exhibited the arginase fold
despite  insignificant acid sequence
identity.?®

A summary of the catalytic mechanism of
HDACS is found in Figure 3. In the structure of
native unliganded HDACS, the Zn2" coordination
polyhedron adopts 5-coordinate square pyramidal
geometry and includes two solvent molecules,?%3”
one of which must be displaced by the side chain
carbonyl of acetyllysine (Fig. 4). In comparison, the
crystal structure of the unliganded form of the relat-
ed isozyme HDACG6 (catalytic domain 2) reveals only

have

amino
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Figure 4. Zn?"* coordination polyhedron in HDACS8. The
active site Zn?* ion of HDACS is coordinated with square
pyramidal geometry: D178, D267, and two solvent molecules
occupy equatorial positions, and H180 occupies the apical
position, as observed in the unliganded active site of D101L
HDACS8 (PDB 3EWS8). Atoms are color coded as follows: C=
light green, N = blue, O = red, Zn®" = gray sphere, water
molecules = red spheres. Metal coordination and hydrogen
bond interactions are shown as solid black and dotted red
lines, respectively. Coordinates of the Y306F HDACS-
substrate complex are superimposed (PDB 2V5W), with
atoms color coded similarly except that C = light blue,

Zn?" = cyan sphere, and water = pink sphere. Note that the
substrate carbony! displaces one of the Zn?*-bound solvent
molecules and accepts a hydrogen bond from Y306.
Reprinted with permission from ref 36. Copyright 2008, Amer-
ican Chemical Society.

a single solvent molecule coordinated to Zn%?" in an
incomplete square pyramidal coordination polyhe-
dron, with a vacant coordination site ready to
accommodate the substrate carbonyl.®® These obser-
vations suggest that the Zn?'-bound solvent mole-
cule closest to Y306 in HDACS is coordinated more
weakly so as to enable its displacement by the sub-
strate carbonyl.

Upon substrate binding, the scissile carbonyl
coordinates to the Zn?* ion and accepts a hydrogen
bond from Y306, as revealed in crystal structures of
H143A HDACS8 and Y306F HDACS8 complexed with
an intact peptide substrate (the H143A and Y306F
mutations sufficiently inactivate the enzyme to
enable crystallization with an wunreacted sub-
strate).?53% These interactions orient and polarize
the carbonyl for nucleophilic attack by a Zn?*-bound
water molecule, assisted by general base H143.%°
This is the rate-determining step of catalysis based
on the rate acceleration observed for a substrate
containing an activated trifluoroacetyllysine sub-
strate.!’ When Zn2?' is substituted with Co®?* or
Fe?", the Ky values vary significantly, indicating a
significant substrate-metal coordination interaction
in the precatalytic enzyme-substrate complex.*2

By analogy to intermolecular interactions
observed in transition state analogue complexes
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with the related isozyme HDACS6,%® the tetrahedral
intermediate and its flanking transition states in
the HDACS8 mechanism are stabilized by Zn?" coor-
dination and hydrogen bond interactions with Y306,
H142, and H143. Furthermore, H142 plays an
important role as an electrostatic catalyst and must
remain protonated for maximal catalytic activity.%*?
H142 donates a hydrogen bond to D176, which in
turn coordinates to a monovalent cation; K* binds
with higher affinity than Na*' and is likely to be the
predominant metal ion bound in vivo. Monovalent
cation coordination by D176 inhibits catalysis by
depressing the pKa of H142, which results in the
neutral imidazole form of the histidine side chain
(when in the neutral state, H142 is unable to pro-
vide electrostatic stabilization of the transition
state).?® A second monovalent cation site is located
more than 20 A away from the Zn?>" and activates
catalysis, presumably by stabilizing the active
enzyme conformation.*®

The crystal structures of H143A HDACS8 and
Y306F HDACS8 complexed with intact peptide sub-
strates®®3® show that H143 is closer to the amino
leaving group that must be protonated to facilitate
the collapse of the tetrahedral intermediate. There-
fore, H143 serves as a single general base-general
acid in the HDACS8 mechanism.*® By analogy with
the crystal structure of the HDACG6-acetate com-
plex,® the acetate coproduct of HDACS is initially
coordinated to Zn?" with bidentate coordination
geometry, making hydrogen bonds with Y306, H142,
and H143. Acetate may subsequently exit the active
site through an internal channel,** so acetate
release does not necessarily require release of the
deacetylated protein substrate.

The chemical requirements for the acceleration
of amide hydrolysis are similar regardless of wheth-
er the scissile amide linkage is in the protein main
chain or a side chain, so it is perhaps not surprising
that the catalytic mechanism of HDACS illustrated
in Figure 3 is reminiscent of mechanisms first pro-
posed for the Zn?"-dependent peptidases thermoly-
sin and carboxypeptidase A.*%6 Specifically, a Zn2"-
bound solvent molecule serves as a catalytic nucleo-
phile, and a glutamate (E241 in thermolysin and
E270 in carboxypeptidase A) serves as a single gen-
eral base-general acid. However, while the carbonyl
of the scissile peptide linkage is proposed to coordi-
nate to Zn2' in the precatalytic enzyme-substrate
complex with thermolysin,?® a non-zinc binding site
is proposed for the precatalytic enzyme-substrate
complex with carboxypeptidase A; metal coordina-
tion is believed to occur as the transition state for
nucleophilic attack is approached.*® This is consis-
tent with the relative invariance of Ky; when the
active site Zn2" ion is substituted by other transi-
tion metal ions.*” Possibly, the degree of C=0—
Zn?"  coordination in the precatalytic enzyme-

Structural Aspects of HDAC8 Mechanism



substrate complex varies depending on the specific
enzyme-substrate pair. Regardless, strong inner-
sphere Zn?" coordination is a hallmark of transition
state stabilization by a zinc hydrolase.

Clinical Features Resulting from Mutations in
HDACS8

In several international efforts over the past few
years to understand the effects of HDAC8 muta-
tions, approximately 60 individuals have been
reported, comprising approximately 4% of patients
having a CdLS-like presentation.?22®
Although the facial features of these patients cer-
tainly overlap with those of patients with typical
CdLS caused by NIPBL mutations, there are some
notable and qualitatively different features in indi-
viduals with HDAC8 mutations. The most distinct
differences likely derive from abnormal skull forma-
tion, also observed in the Hdac8 mouse knockout,
which demonstrates extreme growth failure and
markedly delayed closure of skull sutures.*® Many
individuals with HDAC8 mutations exhibit delayed
closure of the anterior fontanelle to result in hyper-
telorism, telecanthus and/or forehead nevus flam-
Furthermore, additional
features, including hooding of eyelids and dental
anomalies, are distinctive in the HDAC8 patient
cohort. These findings, in combination with a more
well-formed philtrum and upper lip, suggest that
the face may be useful in defining a clinically recog-
nizable subgroup of individuals. In addition to the
features above, there are also quantitative differ-
ences between individuals with HDAC8 mutations
and individuals with other causes of a CdLS-like
phenotype. Specifically, subjects with HDAC8 muta-
tions have fewer structural anomalies and less
growth retardation. These individuals also display a
happy, cheerful demeanor.?® In addition to a CdLS-
like phenotype, the identification of HDAC8 muta-
tions by genomic testing in a number of individuals
without a prior diagnosis of CdLS reinforces that
this phenotype differs from typical CdLS and may
ultimately have wider ranging features than those
described for patients reported to date.

clinical

meus. several facial

Can Clinical Severity Be Correlated with

Functional Effects of HDAC8 Mutations?

Of the nearly 60 patients reported to date, nearly
half have HDAC8 mutations that are genetic loss of
function (i.e. chromosomal microdeletions, nonsense,
splice site or frameshift mutations). In contrast, 32
individuals with 23 unique missense mutations have
been reported. Enzymatic assays of all missense
mutations demonstrate reduced or absent activity,
providing important insight regarding the biological
function of HDACS8 catalysis and human develop-

mental disorders.2227

Deardorff et al.

However, understanding genotype-phenotype
correlations for HDAC8 mutations presents several
challenges. Specifically, these include the relatively
small numbers of patients as well as the X-linked
nature of the HDACS8 gene. Located on the long arm
of the X chromosome at Xq13.1, HDACS8 is among
the majority of genes on the X-chromosome subject
to inactivation in females. This results in only one
allele of HDACS, either mutant or wild-type, being
expressed in most cells of the body. Furthermore,
expression of a specific allele in a specific cell type is
largely random, leading to a nonuniform effect of a
mutation in females that is largely ameliorated by
the expression of the normal allele.

Random X-inactivation accordingly leads to limi-
tations in the correlation of clinical severity and
molecular activity in females, who represent approx-
imately two-thirds of reported patients. However,
some correlations can be observed. In the 43 females
reported to date, just over half (22) have missense
mutations and the remainder are presumed to have
complete loss-of-function mutations (microdeletion,
nonsense and frameshift mutations). This is in con-
trast to males, where the moderating effect of X-
inactivation is not a factor: in the 12 male probands
reported to date, 10 have missense mutations, one
has a clear loss of function microdeletion, and one
has a functionally uncharacterized +5 splice site
mutation that is presumed to be a weak loss of func-
tion mutation. Since loss of function mutations are
more prevalent in females, in whom the mutant
allele is only partially expressed, this suggests that
the severe clinical phenotype of patients is due to
the net enzymatic activity of HDACS in a given tis-
sue. Since intellectual disability is a large compo-
nent of this diagnosis, we suspect that females with
unfavorable lyonization in the brain would display a
more affected phenotype. However, additional inves-
tigation is required to test this model.

While the direct correlation of clinical severity
with catalytic activity or thermostability of CdLS
HDACS8 misssense mutants is challenging, a weak
correlation is observed for males: few individuals
have HDAC8 mutants exhibiting less than 25%
enzymatic activity, presumably because HDACS8 dys-
function increases fetal lethality in males; males
with milder phenotypes typically have HDACS
mutants exhibiting more than 75% enzymatic
activity,2223.26:27

Impact of HDAC8 Mutations on Structure and
Catalysis

To date, the structures of 8 HDAC8 missense
mutants have been studied using X-ray crystallogra-
phy (P91L, G117E, C153F, A188T, D233G, 1243N,
T311M, and H334R), and two additional mutants
(H180R and G304R) have been studied using molec-

ular modeling and molecular dynamics (MD)
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Figure 5. H180R HDACS. (a) MD simulation of H180R HDACS8 (superimposed 1-ns snapshots from a 10-ns simulation). For ref-
erence, a tetrapeptide substrate (blue) as bound to H143A HDACS8 (PDB 3EWF) is superimposed to indicate the location of the
active site. Zn?" is a magenta sphere, R180 is red, and Y306 is yellow. The R180 side chain partially overlaps with the scissile
acetyllysine side chain of the substrate, indicating that the mutant side chain sterically blocks substrate binding. (b) In a 10-ns
MD simulation of H180R HDACS, Y306 fluctuates away from the “in” conformation required for catalysis; in a 10-ns simulation
of wild-type HDACS8, Y306 remains in its catalytically competent conformation. Reprinted with permission from ref. 27. Copy-

right 2015, American Chemical Society.

simulations.2%2” In general, the impact on catalytic
function is most severe for amino acid substitutions
that are closest to the active site. Here, we review
the structural and functional consequences of six
selected mutants, ranging from the active site muta-
tion H180R to the peripheral loop mutation H334R,
to illustrate the structural basis of HDACS8 dysfunc-
tion in CdLS spectrum disorders.

H180R HDACS8

The imidazole group of HI180 coordinates to the
active site Zn?" ion; the H180R substitution is the
only CdLS missense mutation characterized to date
that involves a known catalytic residue.??2° Substi-
tution of the larger, positively charged side chain of
arginine for that of histidine at this position

Y306 O---Zn Distance (A)

destabilizes Zn®" binding through the deletion of a
metal ligand and results in the complete loss of cata-
lytic activity. Notably, this amino acid substitution
also causes a substantial decrease in thermostability
(AT = —5.8°C).%"

Since H180R HDACS did not yield suitable crys-
tals for structure determination, molecular modeling
and MD simulations were used to acquire functional
insight on the H180R substitution. MD simulations
revealed that the R180 side chain not only destabil-
izes the Zn?" binding site, but it also occupies the
acetyllysine binding groove regardless of whether
Zn?" is coordinated by the remaining protein ligands
D178 and D267 [Fig. 5(A)1.2” Specifically, the guani-
dinium group of R180 resides at the approximate
location of the substrate acetyllysine Ca atom,

—G304R
—Wild-Type

Time (ns)

Figure 6. G304R HDACS. (a) MD simulation of G304R HDACS8 (superimposed 1-ns snapshots from a 10-ns simulation). For ref-
erence, a tetrapeptide substrate (blue) as bound to H143A HDACS8 (PDB 3EWF) is superimposed to indicate the location of the
active site. Zn?" is a magenta sphere, R180 is red, and Y306 is yellow. The R304 side chain partially overlaps with the scissile
acetyllysine side chain of the substrate, indicating that the mutant side chain sterically blocks substrate binding. (b) In a 10-ns
MD simulation of G304R HDACS, Y306 fluctuates away from the “in” conformation required for catalysis; in a 10-ns simulation
of wild-type HDACS8, Y306 remains in its catalytically competent conformation. Reprinted with permission from ref. 27. Copy-
right 2015, American Chemical Society.
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Figure 7. C153F HDACS. (a) Superimposition of the HDAC8 C153F-SAHA complex (C = yellow, N = blue, O =red, S = green,
Zn?* = yellow sphere, SAHA = tan) and the wild-type HDAC8-SAHA complex (PDB 1T69) (C = blue, Zn?>" = blue sphere,
SAHA = gray). Water molecules (red spheres) occupy the space previously occupied by the C153 side chain. The F153 side
chain sterically locks W141 in the “in” conformation. (b) The solvent-accessible surface of wild-type HDAC8 shows that the
W141 side chain, which is in equilibrium between the “in” and “out” conformations, serves as a gate for acetate release chan-
nels. When W141 is in the “out” conformation, the channels are open. (c) Corresponding view of C153F HDAC8 shows that
when W141 is locked in the “in” conformation by the F153 side chain, the acetate release channels are completely blocked.
Reprinted with permission from ref. 26. Copyright 2014, American Chemical Society.

sterically blocking substrate and inhibitor binding.
This is consistent with the observation that incuba-
tion with the inhibitor M344 does not enhance the
thermostability of H1I80R HDACS as it does for wild-
type HDACS8.%"

The steric bulk of R180 also pushes the side
chain of Y306 ~2 A away from the catalytically
required “in” conformation [Fig. 5(B)]. Thus, even if
a substrate were capable of binding to H180R
HDACS, the steric bulk of R180 would prevent Y306
from activating the scissile carbonyl of the substrate
acetyllysine residue for nucleophilic attack by Zn2"-
bound water.

G304R HDACS8

G304 is located ~4 A away from the active site Zn?"
ion and resides in the glycine-rich loop G3**?GGGY
that connects B-strand 8 to helix 1. Notably, this
loop contains the catalytically obligatory residue
Y306, so it is interesting to note that G302-G303 are
partially conserved and G304-G305 are strictly con-
served among HDACs and HDAC-related enzymes.

Deardorff et al.

Possibly, these glycine residues confer some degree of
flexibility so as to facilitate the transition of Y306
between “in” and “out” conformations in an induced-fit
substrate binding mechanism, as sometimes observed
in the crystal structures of the related deacetylase ace-
tylpolyamine amidohydrolase.*®>?° G304R HDACS is
completely inactive and exhibits a substantial decrease
in thermostability (AT, = —6.8°C).27

Since G304R HDACS did not yield suitable crys-
tals for structure determination, molecular modeling
and MD simulations were employed to gain func-
tional insight on the G304R substitution. MD simu-
lations of G304R HDACS8 showed that the R304 side
chain protrudes into the substrate binding site [Fig.
6(A)1.2" This mutation, too, triggers an approximate-
ly 2 A shift of Y306 away from its position in wild-
type HDACS8 [Fig. 6(B)]. Therefore, even if R304
were to move away to permit substrate binding, this
movement would also cause Y306 to shift further
away from its catalytically required “in” conforma-
tion. As a result, the G304R substitution appears to
disable HDAC8 by both the steric blockage of

PROTEIN SCIENCE ‘ VOL 26:1965-1976 191



Figure 8. 1243N HDACS. (a) Comparison of the 1243N HDAC8-SAHA complex (yellow, C = yellow, N = blue, O = red) with the
wild-type HDAC8-SAHA complex (blue; PDB 1T69). Selected residues are indicated. Helix H3 shifts by 0.3-1.6 A as a result of
the mutation. (b) Comparison of the 1243N/Y306F HDACS8-substrate complex (C = yellow (protein) or tan (substrate), N = blue,
O =red, Zn?* = yellow sphere) and the Y306F HDAC8-substrate complex (C = blue (protein) or gray (substrate), N = blue,

O =red, Zn?>" = blue sphere) (PDB 2V5W). Water molecules are indicated as red or orange spheres, respectively. Metal coordi-
nation and hydrogen bond interactions are shown as solid black and dashed black lines, respectively. The simulated annealing
omit map is contoured at 3.0c and shows a nearly fully ordered tetrapeptide substrate bound in the active site of 1243N/Y306F

HDACS. Reprinted with permission from ref. 26. Copyright 2014, American Chemical Society.

substrate binding and the disruption of the catalyti-
cally required Y306 conformation.

C153F HDACS8 and C153R HDACS8

C153 is located ~8 A from the active site Zn>" ion, and
C153F HDACS exhibits 2% residual activity with only
a modest decrease in thermostability
(AT, = —1.9°C).2® Being larger than the thiol side
chain of C153, the phenyl side chain of F153 must
adopt an alternative conformation to fit in its protein
environment, as revealed in the 2.24 A resolution
crystal structure of C153F HDACS [Fig. 7(A)].%% More-
over, the bulky F153 side chain sterically locks the
indole side chain of W141 in the “in” conformation, ori-
ented toward the active site. In wild-type HDACS,
W141 is in equilibrium between “in” and “out” confor-
mations; only when this side chain is in the “out” con-
formation is the proposed internal acetate release
channel* open to facilitate product release [Fig. 7(B),

1972 PROTEINSCIENCE.ORG

7(C)]. The permanent blockage of the product release
channel by W141 presumably accounts for the signifi-
cant loss of catalytic activity in C153F HDACS.

Recently, another HDAC8 missense mutation
has been reported at this position, C153R,?® but the
mutant enzyme has not yet been characterized.
Based on the observations with C153F HDACS, how-
ever, the bulky R153 side chain is similarly expected
to lock W141 in the “in” conformation, resulting in
blockage of the product release channel and loss of
catalytic activity. To date, C153 is the only residue
in HDACS8 to be characterized with multiple CdLS
mutations. The cysteine at this position is strictly
conserved across all metal-dependent deacetylases
that adopt the arginase-deacetylase fold.

1243N HDACS8
1243 is located on helix F, ~18 A away from the
active site Zn?" ion. The side chain of 1243 is buried

Structural Aspects of HDAC8 Mechanism



Figure 9. H334R HDACS. (a) Superposition of the H334R/Y306F HDACB8-substrate complex (yellow) and the Y306F HDAC8-
substrate complex (blue; PDB 2V5W). (b) Close-up view of local structural changes resulting from the H334R substitution;
hydrogen bond interactions are shown as dashed black lines. Atomic color codes are as follows: C = yellow, N = blue, O =red,
S = green, water molecule = red sphere. Reprinted with permission from ref. 26. Copyright 2014, American Chemical Society.

in a hydrophobic region between helix F, helix H3,
and B-strand 6. Intriguingly, 1243N HDACS exhibits
41% residual activity compared to wild-type HDACS,
indicating only a relatively modest loss of catalytic

26 However, this amino acid substitution

function.
causes the largest reduction in thermostability
observed to date for a CdLS HDAC8 mutant
(AT, = —9.5°C). The loss of stability is undoubtedly
due to the replacement of a nonpolar side chain with
a polar side chain in the hydrophobic interior of the
protein, as revealed in the 2.37 A resolution crystal
structure of this mutant [Fig. 8(A)]. Neighboring res-
idues move to accommodate the mutation, resulting
in a slight shift of helix H3. The 2.05 A resolution
crystal structure of 1243N/Y306F HDACS8 complexed
with an intact tetrapeptide substrate reveals less
pronounced structural changes in helix H3, and an
essentially identical enzyme-substrate binding mode
to that observed for substrate binding to Y306F
HDACS [Fig. 8(B)].

Intriguingly, I1243N is located in an apparent
“hotspot” of 5 mutations that cluster in the vicinity
of helices F and G (Fig. 2). Other mutations found
in this region of tertiary structure include D237Y,
AK239/Y240N, T2801, and C287Y.**** Further stud-
ies of these mutants may yield new clues regarding
the influence of this region on HDACS function. It is
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interesting to note that the study of disease-linked
mutants sometimes provides
function insight for residues or regions of the
HDACS structure that might not otherwise be tar-
geted for rational mutagenesis studies, such as this
mutational hotspot.

novel structure-

H334R HDACS8

Of all HDAC8 mutants studied, H334 is most dis-
tant from the active site, ~25 A away from the cata-
lytic Zn?* ion. H334R HDACS retains nearly full
activity (91%) but exhibits significantly decreased
thermostability (AT, =—7.0°C) compared to the
wild-type enzyme.?® The 1.98 A resolution crystal
structure of H334R HDACS is generally similar to
that of wild-type HDACS, and the substrate binding
conformation is essentially identical in H334R/
Y306F HDACS8 and Y306F HDACS [Fig. 9(A)]. Even
so, interesting local structural changes are observed
in the vicinity of the mutation [Fig. 9(B)]. The bulki-
er R344 side chain causes the polypeptide backbone
to flip so that the R344 guanidinium group is orient-
ed toward solvent. Consequently, D333 flips away
from its solvent-oriented position to form hydrogen
bonds with S43, the backbone NH groups of E335
and F336, and an internal water molecule. Since the
catalytic activity of H334R HDACS8 is roughly
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Figure 10. Rescue of catalysis in CdLS HDAC8 mutants by
TM251. The activity level for wild-type HDACS in the absence
of activator is indicated by a dashed line. The catalytic activi-
ties of several mutants can be restored to wild-type levels in
dose-dependent fashion by TM251. All but the catalytically
dead mutants H180R and G304R exhibit at least some ten-
dency for activation. Reprinted with permission from ref. 27.
Copyright 2015, American Chemical Society.

comparable to that of the wild-type enzyme, the
compromised biological function of H334R HDACS8
in CdLS spectrum disorders may largely result from
its diminished thermostability.

Rescue of HDACS8 Catalysis in CdLS Spectrum
Mutants

It has been reported that N-acylthiourea derivatives
serve as selective activators of low-activity
HDACS8,°%%2 and it appears that activators such
as N-(phenylcarbamothioyl)benzamide (designated
“TM251”) are best suited for restoring catalytic
activity to compromised HDAC8 mutants such as
those identified in CdLS.262” The catalytic activity
of all but two of the ten CdLS HDAC8 mutants stud-
ied to date can be partially or fully activated by
TM251 in dose-dependent fashion, and the catalytic
activity of five CdLS HDAC8 mutants can be
restored to wild-type levels (Fig. 10). Only H180R
HDAC8 and G304R HDACS8 do not respond to
TM251, presumably due to the steric blockage of the
substrate binding site by the bulky arginine side
chain introduced by each mutation. Additionally
responsible for the obliteration of catalysis in H180R
HDACS is the loss of the catalytic Zn®" jon due to
the loss of metal ligand H180, as well as fluctuations
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of Y306 away from its catalytically required
conformation.?”

In the absence of the crystal structure of a com-
plex between HDACS8 and an N-acylthiourea activa-
tor, the precise mode of action on catalytic activity
remains undetermined. However, Srivastava and
colleagues® use enzymological measurements and
molecular modeling approaches to suggest that
TM251 binds near the active site of HDACS, poten-
tially stabilizing active site loops that are important
for the binding of substrates and inhibitors. Signifi-
cant conformational differences in loops flanking the
HDACS active site, particularly the L1 and L2 loops,
have been observed in several crystal structures of
HDACS-inhibitor complexes,?829:365455  gand  such
flexibility presumably accommodates the binding of
diverse substrates in the HDACS active site.

In HDAC8 mutants, it is possible that the flexi-
bility of active site loops is compromised through
compensatory structural changes that propagate
through the protein scaffolding. Even so, the binding
of small molecule activators such as TM251 may
help to stabilize these active site loops in a catalyti-
cally competent conformation. Hence, unless a CdLS
spectrum mutation completely eradicates chemical
functionality required for catalysis (e.g., a Zn2"
binding residue such as H180), or introduces a steric
blockage to the active site so as to prevent substrate
binding, catalysis may be partially or fully rescued
by small molecule activators. Accordingly,
pounds such as TM251 may ultimately be useful for
the clinical management of CdLS spectrum patients
diagnosed with HDAC8 mutations. Future studies in
our laboratories will continue to probe the molecular
basis of HDACS8 dysfunction with the ultimate goal
of exploring possible molecular approaches for the
treatment of Cornelia de Lange Syndrome spectrum
disorders.

com-
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