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Abstract 

 Cornelia de Lange Syndrome (CdLS) and associated spectrum disorders are 

characterized by one or more congenital anomalies including distinctive facial features, upper 

limb abnormalities, intellectual disability, and other symptoms. The molecular genetic basis of 

CdLS is linked to defects in cohesin, a protein complex that functions in sister chromatid 

cohesion, chromatin organization, and transcriptional regulation. Histone deacetylase 8 

(HDAC8) plays an important role in cohesin function by catalyzing the deacetylation of SMC3, 

which is required for efficient recycling of the cohesin complex. Missense mutations in HDAC8 

have been identified in children diagnosed with CdLS spectrum disorders, and here we outline 

structure-function relationships for four of these mutations. Specifically, we report the 1.50 Å-

resolution structure of the I45T HDAC8–suberoylanilide hydroxamic acid complex, the 1.84 Å-

resolution structure of E66D/Y306F HDAC8 complexed with a peptide assay substrate, and the 

2.40 Å-resolution structure of G320R HDAC8 complexed with the inhibitor M344. Additionally, 

we present a computationally generated model of D176G HDAC8. These structures illuminate 

new structure-function relationships for HDAC8 and highlight the importance of long-range 

interactions in the protein scaffold that can influence catalytic function. 
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Highlights 

• Missense mutations in HDAC8 can cause Cornelia de Lange Syndrome 

• HDAC8 mutations I45T, E66D, D176G, and G320R HDAC8 result in loss of function 

• Crystallographic and computational approaches yield models of these mutants 

• Structural analysis reveals a molecular basis for compromised catalysis 
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1. Introduction 

First described more than a century ago (Brachmann, 1916; De Lange, 1933, 1938), 

Cornelia de Lange Syndrome (CdLS) and associated spectrum disorders are characterized by 

one or more congenital anomalies including distinctive facial features, but also including upper 

limb abnormalities, compromised organ function, intellectual disability, and other symptoms 

(Kline et al., 2018; Deardorff et al., 2020). The CdLS phenotype is often recognizable at birth 

due to distinctive craniofacial dysmorphism that can be diagnosed through computational 

analysis (Loos et al., 2003; Rohatgi et al., 2010; Dowsett et al., 2018; Gurovich et al., 2019). 

However, such features can vary widely, and not all children diagnosed with CdLS present with 

the classic phenotype (Kline et al., 2018).  

The majority of children diagnosed with CdLS spectrum disorders have defects in genes 

encoding cohesin proteins or proteins that enable proper cohesin function. The molecular 

etiology of CdLS is thus rooted in dysfunction of the cohesin complex that encircles sister 

chromatids during cell division, regulates chromatin function, and regulates transcription (Boyle 

et al., 2015; Hons et al., 2016; Izumi et al., 2016; Kline et al., 2018; Sarogni et al., 2019; Shi et 

al., 2020). Gene identification efforts have revealed that the majority of CdLS patients carry a 

mutation in genes encoding the cohesin structural proteins SMC1A, SMC3, and RAD21, as well 

as the regulatory proteins NIPBL and the deacetylase HDAC8 (Deardorff et al., 2012; Kaiser et 

al., 2014; Feng et al., 2014; Parenti et al., 2016; Yuan et al., 2019).  

Current models for the function of HDAC8 implicate it in cohesin recycling. Cohesin is 

thought to encircle sister chromatids (Gruber et al., 2003), with core proteins SMC1A and SMC3 

linked at one end by a “hinge”, much like the two half-rings of a bracelet, and with RAD21 

serving as the “clasp” of the bracelet (Figure 1A) (Deardorff et al., 2016). 
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Figure 1. (A) Cohesin structural proteins SMC1A and SMC3 associate through their hinge domains and 
encircle sister chromatids during cell division; RAD21 associates with the ATPase domains of SMC1A 
and SMC3, and STAG1 or STAG2 binds to RAD21 to stabilize cohesin closure. ESCO1 and ESCO2 are 
responsible for acetylation of K105 and K106 in the ATPase domain of SMC3, and HDAC8 is responsible 
for SMC3 deacetylation. Reproduced from Deardorff et al., 2016. (B) The I45T, E66D, D176G, and 
G320R mutations in HDAC8 have been identified in children diagnosed with Cornelia de Lange 
Syndrome (CdLS) spectrum disorders. These residues are mapped onto the structure of Y306F HDAC8 
complexed with the assay substrate Ac-RHKAcKAc-AMC (Ac = acetyl, Kac = acetyllysine, AMC = 
aminomethylcoumarin) (PDB 2V5W). Color code: HDAC8, yellow, CdLS mutations, red; Zn

2+
, small gray 

sphere; K
+
 ions, large orange spheres; substrate, stick figure with C = gray, N = blue, O = red. 

 

The human cohesin protein SMC3 is acetylated at K105 and K106 following DNA 

replication during S phase, which locks sister chromatids together. Following cohesin removal 

and sister chromatid separation, deacetylation of K105 and K106 is thought to enable cohesin 

recycling. The discovery of HDAC8 mutations in children diagnosed with CdLS served to clarify 

the role of HDAC8 as the SMC3 deacetylase that enables cohesin recycling (Deardorff et al., 

2012; Kaiser et al., 2014).  

In previous studies, we have described structure-function studies of several CdLS 

HDAC8 mutations (Decroos et al., 2014; Decroos et al., 2015). Consistent with loss of HDAC8 

function in cohesin recycling, deacetylase activity and/or thermostability is compromised in most 

CdLS HDAC8 mutants studied. In these studies, we have also identified that several mutations 

exhibiting diminished catalytic activity can be rescued by the small molecule activator N-
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(phenylcarbamothioyl)-benzamide. However, only mutations with modestly diminished reaction 

kinetics respond to this molecular activator.  

Here, we report the X-ray crystal structures of two newly identified CdLS HDAC8 

mutations, I45T and E66D. Specifically, we report the 1.50 Å-resolution structure of the complex 

between I45T HDAC8 and the inhibitor suberoylanilide hydroxamic acid (SAHA), and the 1.84 

Å-resolution structure of the complex between E66D/Y306F HDAC8 and the assay substrate 

Ac-RHKAcKAc-AMC (Ac = acetyl, Kac = acetyllysine, AMC = aminomethylcoumarin). Additionally, 

we report the 2.40 Å-resolution structure of G320R HDAC8 (Kaiser et al., 2014) complexed with 

the hydroxamic acid-based inhibitor M344. Lastly, we present a model of the novel mutation 

D176G HDAC8 based on the recently reported structure of D176A HDAC8 (Gantt et al., 2016). 

The locations of I45T, E66D, D176G, and G320R in the HDAC8 structure are shown in Figure 

1B. These studies extend our understanding of the molecular etiology of CdLS spectrum 

disorders as manifest in site-specific mutants of HDAC8 identified in the clinic.  

2. Results 

2.1. Catalytic activity of CdLS HDAC8 mutants  

For recombinant wild-type HDAC8, the catalytic efficiency kcat/KM = 2200 ± 400 M-1s-1. In 

comparison, however, CdLS HDAC8 mutants I45T, E66D, and G320R exhibit catalytic 

efficiencies that are reduced to 15–20% of that measured for the wild-type enzyme (Table 1). 

We were unable to express D176G HDAC8, so we used the previously determined steady-state 

kinetic parameters of D176A HDAC8 as reasonable surrogates (Gantt et al., 2016). This mutant 

exhibits a 2800-fold reduction in catalytic efficiency. The deleterious effect of mutations is 

predominantly manifest in kcat, which exhibits approximately 10–20-fold reductions, or in the 

case of D176A HDAC8, a 5400-fold reduction in kcat. Increases in KM for all mutants except 

D176A HDAC8 range only 2–5-fold compared with the wild-type enzyme; for D176A HDAC8, KM 

decreases two-fold. Presuming that KM represents the dissociation constant of the enzyme-
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substrate complex (Gantt et al., 2006), the minor effect of each mutation on KM suggests that 

substrate binding is not substantially perturbed by any of the CdLS HDAC8 mutations studied.  

 

Table 1. Steady-State Kinetics of CdLS HDAC8 Mutants  

Mutant kcat (s
-1) KM (µM) kcat/KM (M-1s-1) 

wild-type 0.59 ± 0.07 300 ± 100 2100 

I45T 0.028 ± 0.003 900 ± 200 33 

E66D 0.047 ± 0.004 1400 ± 200 34 

D176G* 

D176A* 

–– 

0.00011 ± 0.00007 

–– 

150 ± 20 

–– 

0.75 

G320R 0.026 ± 0.002 600 ± 100 42 

*We were unable to express D176G HDAC8, so the previously reported kinetic parameters for 
D176A HDAC8 are listed as reasonable surrogates (Gantt et al., 2016). 

   

2.2. Structure of the I45T HDAC8–SAHA complex 

 The I45T HDAC8 mutant was identified by three of us (M.A.D., I.D.K., S.E.R.) in a boy 

with small stature, mild intellectual disability, and mild facial features consistent with CdLS. The 

I45T mutation was inherited from his mother who had small stature, but was otherwise 

unaffected. The Cα atom of I45 is 22 Å away from the active site Zn2+ ion.  

The I45T HDAC8–SAHA complex crystallizes in monoclinic space group P21 and 

contains two monomers in the asymmetric unit; crystals diffract to 1.50 Å resolution. There are 

no major conformational differences between I45T HDAC8 and the wild-type enzyme (PDB 

1T69) (Somoza et al., 2004), and the root-mean-square deviation (rmsd) is 0.35 Å for 307 Cα 

atoms. The ionized hydroxamate group of SAHA chelates the catalytic Zn2+ ion through the N–

O– and C=O groups with bidentate coordination geometry (Figure 2). Additionally, the 
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hydroxamate C=O group accepts a hydrogen bond from Y306, the Zn2+-bound hydroxamate N–

O– group accepts a hydrogen bond from H142, and the hydroxamate NH group donates a 

hydrogen bond to H143. Finally, the benzamide capping group makes two water-mediated 

hydrogen bonds with D101 and H180. This array of enzyme-inhibitor interactions is identical in 

both monomers in the asymmetric unit. 

 

Figure 2. Polder omit map of SAHA bound in the active site of I45T HDAC8 (PDB 7JVU; monomer A, 
contoured at 4.0 σ). Atoms are color-coded as follows: C = yellow (monomer A), light gray (monomer B), 
gray (SAHA, monomer A), or dark gray (SAHA, monomer B), N = blue, O = red, S = light yellow, Zn

2+
 = 

gray sphere, and solvent = small red spheres. Metal coordination and hydrogen bond interactions are 
indicated by solid and dashed black lines, respectively. 

 

While the SAHA hydroxamate metal coordination and hydrogen bond interactions are 

identical with those observed in the wild-type enzyme complex (PDB 1T69) (Somoza et al., 

2004), hydrogen bond interactions of the benzamide capping group differ because the capping 

group amide is flipped. However, the lower resolution of the wild-type complex and the lack of 

well-defined electron density for D101 might suggest that the capping group is not definitively 

modeled in the wild-type HDAC8–SAHA complex (PDB 1T69) (Somoza et al., 2004). When the 

structure of the I45T HDAC8–SAHA complex reported herein is compared to the structures of 

the C153F HDAC8–SAHA complex (PDB 4QA0) and the I243N HDAC8–SAHA complex (PDB 

4QA2) (Decroos et al., 2014), there are no differences in inhibitor binding.  
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Since the Cα atom of residue 45 is rather distant from the catalytic Zn2+ ion, the I45T 

mutation is not expected to influence the binding conformation of the inhibitor. Slight structural 

differences are observed in the vicinity of the I45T substitution in the structure of the I45T 

HDAC8–SAHA complex. Moreover, there are slight differences between the two monomers in 

the asymmetric unit. In monomer A, T45 exists in two alternative conformations (Figure 3A). In 

one conformation, the hydroxyl group of T45 forms hydrogen bonds with the backbone carbonyl 

of V41 as well as T316. In the alternative conformation, the hydroxyl group of T45 forms a 

hydrogen bond with the backbone carbonyl of H42 in addition to H51. Notably, the side chain of 

H51 adopts two alternative conformations and only forms a hydrogen bond with T45 when 

oriented inward. In monomer B, H51 only adopts an outward conformation and does not 

hydrogen bond with T45. All other interactions remain consistent between monomers (Figure 

3B). In the wild-type enzyme, the nonpolar I45 residue is incapable of forming hydrogen bonds, 

so the introduction of the polar T45 side chain leads to the formation of new hydrogen bond 

interactions. Superposition of I45T HDAC8 with the wild-type enzyme shows that no other major 

conformational changes are triggered by the I45T substitution (Figure 3C).  
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Figure 3. (A) Polder omit map of T45 in the I45T HDAC8–SAHA complex (PDB 7JVU; monomer A, 
contoured at 3.5 σ). Atoms are color-coded as follows: C = yellow, N = blue, O = red. Hydrogen bond 
interactions are indicated by dashed black lines, respectively. (B) Superposition of the I45T HDAC8–
SAHA complex shown in (A) with monomer B in the same structure (color-coded with C = orange). (C) 
Superposition of the I45T HDAC8–SAHA complex shown in (A) with the wild-type HDAC8–SAHA 
complex (PDB 1T69). Atoms are color-coded as follows: C = yellow (I45T HDAC8) or gray (wild-type 
HDAC8), N = blue, O = red. 

 

 



 11 

2.3. Structure of the E66D/Y306F HDAC8–Ac-RHKAcKAc-AMC complex  

The E66D HDAC8 mutant was identified in a girl with autism spectrum, mixed 

expressive language disorder, normal stature, telecanthus, and other facial features consistent 

with the HDAC8 clinical phenotype. The Cα atom of E66 is 25 Å away from the active site Zn2+ 

ion.  

The E66D/Y306F HDAC8–Ac-RHKAcKAc-AMC complex crystallizes in orthorhombic 

space group P212121 and contains two monomers in the asymmetric unit; crystals diffract to 1.84 

Å resolution. There are no major conformational differences between the structures of the 

E66D/Y306F HDAC8–Ac-RHKAcKAc-AMC complex and the previously reported Y306F HDAC8–

Ac-RHKAcKAc-AMC complex (PDB 2V5W) (Vannini et al., 2007), and the rmsd is 0.16 Å for 317 

Cα atoms. The amide carbonyl group of the scissile acetyllysine residue coordinates to the 

catalytic Zn2+ ion and appears poised for nucleophilic attack by a Zn2+-bound water molecule 

(Figure 4). Because the activation of the scissile carbonyl requires both coordination to Zn2+ and 

hydrogen bonding to Y306, nucleophilic attack cannot occur in the Y306F mutant due to 

insufficient polarization of the carbonyl group. This allows for the crystallographic isolation of an 

unreacted substrate bound in the enzyme active site. There is no change in the binding 

conformation of the substrate to Y306F HDAC8 and E66D/Y306F HDAC8, consistent with the 

relatively invariant KM values measured for wild-type and E66D HDAC8 enzymes (Table 1).  
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Figure 4. (A) Polder omit map of the substrate in the E66D/Y306F HDAC8–Ac-RHKAcKAc-AMC complex 
(PDB 7JVV; monomer A, contoured at 5.0 σ). Atoms are color-coded as follows: C = yellow (monomer A), 
light gray (monomer B), or gray (substrate), N = blue, O = red, Zn

2+
 = gray sphere, and solvent = small 

red spheres. Metal coordination and hydrogen bond interactions are indicated by solid and dashed black 
lines, respectively. (B) Superposition of the E66D/Y306F HDAC8–Ac-RHKAcKAc-AMC complex shown in 
(A) with the structure of the Y306F HDAC8–Ac-RHKAcKAc-AMC complex (PDB 2V5W).   

 

Subtle structural differences are observed in the vicinity of the E66D substitution (Figure 

5). In monomer A, the backbone carbonyl of D66 accepts a hydrogen bond from T69 while the 

backbone NH group accepts a hydrogen bond from S63 in both the wild-type and mutant 

enzymes. Additionally, a water-mediated hydrogen bond is formed with nearby residue R164. 

Electron density interpreted as glycerol is observed near D66, and one of the glycerol hydroxyl 

groups donates a hydrogen bond to the carboxylate group of D66. In monomer B, this electron 

density is also interpreted as glycerol. Notably, adjacent residue E65 undergoes a 

conformational change to an outward orientation in both monomers. Even so, E65 adopts an 
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outward conformation in several other HDAC8 structures, such as D176A/Y306F HDAC8 (PDB 

5DC7), H142A/Y306F HDAC8 (PDB 5DC8), and H334R/Y306F HDAC8 (PDB 4QA7) (Decroos 

et al., 2014; Gantt et al., 2016). 

 

Figure 5. (A) Polder omit map of D66 in the E66D/Y306F HDAC8–RHKACKAC-AMC complex (PDB 7JVV; 
monomer A, contoured at 3.0 σ). Atoms are color-coded as follows: C = yellow (monomer A) or light gray 
(monomer B), N = blue, O = red, and solvent = small red spheres; GOL = glycerol. Hydrogen bond 
interactions are indicated by dashed black lines. (B) Superposition of the E66D/Y306F HDAC8–Ac-
RHKAcKAc-AMC complex shown in (A) with the structure of the Y306F HDAC8–Ac-RHKAcKAc-AMC 
complex (PDB 2V5W). Atoms are color-coded as follows: C = yellow (E66D/Y306F HDAC8) or gray (wild-
type HDAC8), N = blue, O = red. 

 

Interestingly, the structure of another CdLS-related mutant, G117E HDAC8 (PDB 5D1B), 

reveals that the E117 side chain can form a hydrogen bond with E66 (Decroos et al., 2015). The 

G117E substitution is located in helix B4, 21 Å away from the catalytic Zn2+ ion, and this 

mutant exhibits 5% residual activity relative to the wild-type enzyme. Conformational changes 

resulting from the G117E mutation are evident in the nearby loop connecting β-strand 2 to helix 
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B1, which contains E66, and these conformational changes appear to be transmitted through to 

the L1 loop so as to slightly constrict the active site.  

It is interesting that mutations in the E66-G117 region of HDAC8 appear to be 

consistently associated with CdLS. Both the E66D and G117E mutants are characterized by 

subtle structural changes in the loop containing E66 that can propagate through the protein 

scaffolding to the L1 loop flanking the active site cleft. However, there is no clear link between 

these structural changes and the 10–20-fold loss of catalytic activity in either mutant. 

2.4. Structure of the G320R HDAC8–M344 complex  

The G320R HDAC8 mutant was first reported in a child diagnosed with CdLS by 

Deardorff and colleagues (Deardorff et al., 2012) and subsequently observed in an additional 

child (Parenti et al., 2016). The Cα atom of G320 is 22 Å away from the active site Zn2+ ion.  

The G320R HDAC8–M344 complex crystallizes in monoclinic space group P21 and 

contains two monomers in the asymmetric unit; crystals diffract to 2.4 Å resolution. There are no 

major conformational differences between this complex and the corresponding complex with the 

wild-type enzyme (the rmsd for 301 Cα atoms is 0.35 Å). As observed for the binding of SAHA 

to I45T HDAC8, the hydroxamate group of M344 coordinates to the catalytic Zn2+ ion with 

bidentate geometry and makes a similar array of hydrogen bond interactions with active site 

residues (Figure 6). No major conformational differences are observed between monomer A 

and monomer B in the asymmetric unit, but local structural differences are observed near the 

G320R mutation. 
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Figure 6. Polder omit map of the inhibitor M344 in the G320R HDAC8–M344 complex (PDB 7JVW; 
monomer A, contoured at 3.5 σ). Atoms are color-coded as follows: C = yellow (monomer A), light gray 
(monomer B), gray (inhibitor), or dark gray (inhibitor bound to monomer B), N = blue, O = red, Zn

2+
 = gray 

sphere, and solvent = small red spheres. Metal coordination and hydrogen bond interactions are indicated 
by solid and dashed black lines, respectively.  

 

In both monomers, the side chain of R320 is oriented towards solution and donates two 

poorly-oriented hydrogen bonds to the backbone carbonyl of K325 (Figure 7). These hydrogen 

bonds cause the loop containing K325 to shift by approximately 1 Å. Additionally, R320 forms 

hydrogen bonds with two water molecules in monomer A, but these water molecules are not 

observed in monomer B.  
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Figure 7. (A) Polder omit map of R320 in the G320R HDAC8–M344 complex (PDB 7JVW; monomer A, 
contoured at 3.5 σ). Atoms are color-coded as follows: C = yellow, N = blue, O = red, and solvent = small 
red spheres. Hydrogen bond interactions are indicated by dashed black lines. (B) Superposition of the 
G320R HDAC8–M344 complex shown in (A) with the wild-type HDAC8–M344 complex (PDB 1T67). 
Atoms are color-coded as follows: C = yellow (G320R HDAC8) or gray (wild-type HDAC8), N = blue, O = 
red. 

 

2.5. Structural model of D176G HDAC8 

 The D176G mutation in HDAC8 was identified as a de novo variant in a girl unsuspected 

of having CdLS prior to exome sequencing (Yuan et al., 2019). We were unable to express 

D176G HDAC8 for structural study, so we used computational methods to construct a protein 

model (Figure 8). The energy-minimized model of D176G HDAC8 reveals no major 

conformational changes in comparison with the experimentally determined structure of 

D176A/Y306F HDAC8 (the rmsd for 352 Cα atoms is 0.34 Å). Of note, D176 coordinates to one 

of the monovalent cations (K+) in the HDAC8 active site; deletion of the carboxylate side chain 
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of this residue leads to K+ dissociation (Gantt et al., 2016). Additionally, D176 accepts a 

hydrogen bond from one of the catalytic histidine residues, H142, and stabilizes the positively 

charged imidazolium cation. The H142 imidazolium group is thought to be an obligatory 

electrostatic catalyst, stabilizing the anionic transition state resulting from nucleophilic attack at 

the scissile carbonyl group of acetyllysine (Gantt et al., 2010, 2016). The loss of the D176–H142 

hydrogen bond in either D176A or D176G HDAC8 would lower the pKa of H142, which would 

facilitate proton dissociation to yield the neutral imidazole form. Since the neutral imidazole 

cannot stabilize the anionic transition state as effectively as the imidazolium cation, significant 

reductions in kcat and kcat/KM result (Table 1).  

 

Figure 8. Superposition of the computationally-derived model of D176G HDAC8 and the experimentally-
determined structure of D176A/Y306F HDAC8 complexed with an assay substrate (PDB 5DC7). Atoms 
are color-coded as follows: C = yellow (D176G HDAC8) or gray (D176A HDAC8), N = blue, O = red, Zn

2+
 

= gray sphere. 

 

3. Discussion 

 In general, disease-linked mutations are randomly distributed throughout the HDAC8 

protein structure in positions that otherwise might be unlikely targets for in vitro mutagenesis 

(Deardorff et al., 2016). Thus, in addition to providing insight regarding the molecular basis of a 

congenital birth defect, the study of HDAC8 mutants identified in children diagnosed with CdLS 

spectrum disorders provides a unique perspective on long-range effects within the protein 

scaffold that can influence catalysis.  
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The I45T and G320R mutations are relatively close to each other (Cα–Cα separation = 9 

Å) and are located in a region of the HDAC8 structure that is quite distant from the active site 

(Figure 1). This region of the HDAC8 structure has been explored only once before in the CdLS 

mutant H334R HDAC8, which exhibits near-normal catalytic activity (Decroos et al., 2014). 

Intriguingly, the I45T and G320R substitutions significantly influence catalysis, whereas the 

H334R substitution does not (Table 1). This difference is likely due to the fact that H334 is 

located on a solvent-exposed loop, whereas I45 and G320 are located on α-helices in the 

protein interior. Moreover, I45 is contained in a helix-loop-helix motif recently identified in NMR 

and molecular dynamics studies as a regulatory region that inhibits HDAC8 catalysis (Werbeck 

et al., 2020). Subtle structural changes in the helix-loop-helix motif lead to an inactive state of 

the enzyme, which is consistent with our enzymological measurements as well as the crystal 

structures of I45T HDAC8 and G320R HDAC8 (Figures 3C and 7B). Steady-state kinetic 

parameters measured for I45T HDAC8 and G320R HDAC8 reveal more than 20-fold reductions 

in kcat with only minor variations in KM (Table 1). The deleterious effects on catalysis resulting 

from mutations in this regulatory region do not result from disruption of the substrate binding 

mode, but instead result from transition state destabilization.  

E66 is located in a different region of the protein structure and is also located in an α-

helix (Figure 1). The E66D substitution causes a conformational change in adjacent solvent-

exposed residue E65, and subtle conformational changes are visible in the protein scaffold in 

the vicinity of D66 (Figure 5B). Steady-state kinetic parameters measured for E66D HDAC8 

indicate a 12-fold reduction in kcat and a 5-fold increase in KM, suggesting that both transition 

state stabilization and substrate binding are moderately compromised in this mutant (Table 1). 

Even so, the X-ray crystal structure of the E66D/Y306F HDAC8–substrate complex reveals that 

the substrate binding mode is nearly identical to that observed in the Y306F HDAC8–substrate 

complex (Figure 4B).  
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 Of the CdLS HDAC8 mutants presented here, D176 is closest to the active site and 

forms a hydrogen bond with H142. This hydrogen bond stabilizes the positively charged 

imidazolium form of H142, which serves a key role as an electrostatic catalyst (Gantt et al., 

2010, 2016). While we were unable to express D176G HDAC8, structure-function relationships 

determined for D176A HDAC8 (Gantt et al., 2016) are likely similar to what would be expected 

for D176G HDAC8. First, deletion of the negatively charged carboxylate side chain of D176 

results in the dissociation of the K+ ion to which it is coordinated. Additionally, the side chain of 

H142 rotates and shifts 1.4 Å to form a hydrogen bond with Y174. The consequences for 

catalysis are severe, in that D176A HDAC8 exhibits a 5400-fold reduction in kcat (Table 1). 

Therefore, even if D176G HDAC8 were capable of being expressed and adopting a stable fold, 

as represented by our computationally derived model of D176G HDAC8 (Figure 8), structural 

changes resulting from the loss of the carboxylate side chain would significantly compromise 

catalysis.  

 Two K+ ions normally bind to HDAC8 (Figure 1B), and enzymological studies reveal that 

these K+ ions modulate catalytic activity (Gantt et al., 2010). Specifically, the binding of K+ to the 

more distant site 21 Å away from the catalytic Zn2+ ion activates catalysis – the enzyme is 

inactive in the absence of K+. This result indicates that K+ binding is necessary to stabilize the 

protein scaffolding in a catalytically competent conformation. In contrast, K+ binding to the D176 

site is inhibitory, decreasing catalytic activity by 11-fold. It is the inhibitory K+ ion that is lost in 

D176A HDAC8 and presumably D176G HDAC8 as well. Regardless, catalytic activity is 

significantly diminished in D176A HDAC8, so other structural changes resulting from the D176A 

substitution, such as the newly formed hydrogen bond between catalytic residue H142 and 

Y174 (Gantt et al., 2016), are likely responsible for compromised catalysis.   

 Genotype-phenotype relationships for HDAC8 are influenced by several factors, 

including catalytic activity, thermostability, and X-inactivation, so the influence of structure-
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function relationships for HDAC8 mutations on clinical phenotypes must be interpreted with 

caution. The structure-function relationships reported here, as well as those previously reported 

for other CdLS HDAC8 mutations (Decroos et al., 2014, 2015), indicate that the clinical 

phenotype of CdLS spectrum disorders can be associated with mutations that have only a 

modest effect on catalytic activity, although such mutations are often associated with reduced 

thermostability (Decroos et al., 2014, 2015). Since HDAC8 is encoded by an X-linked gene, 

differential expression of mutant and wild-type alleles in female patients can result in milder 

clinical presentations, whereas males bearing the single mutant allele are usually more 

seriously affected (Kaiser et al., 2014). Even so, a direct correlation of HDAC8 mutant catalytic 

activity with disease severity is not uniformly established. For example, consider P91L HDAC8, 

which exhibits 86% residual catalytic activity compared with wild-type HDAC8 (Decroos et al., 

2015). The male patient diagnosed with this mutation exhibits major upper limb abnormalities 

yet only mild intellectual deficits (Kaiser et al., 2014). In contrast, however, two males 

independently diagnosed with G320R HDAC8, which exhibits a 50-fold reduction in catalytic 

efficiency kcat/KM (Table 1), each present with a moderate disease phenotype (Deardorff et al., 

2012; Parenti et al., 2016). Accordingly, it is likely that the total cellular concentration of properly 

folded HDAC8 as well as its catalytic activity influence the severity of CdLS spectrum disorders.  

 In conclusion, the study of structure-function relationships in HDAC8 mutants identified 

in children diagnosed with CdLS spectrum disorders illuminates protein structural features both 

near and distant from the active site that might otherwise go unnoticed. While it is 

straightforward to establish the functional importance of a residue such as D176 that forms a 

hydrogen bond with a catalytically obligatory residues such as H142, it is not so straightforward 

to predict the functional influence of distant residues such as I45 or G320, each of which is 22 Å 

away from the active site Zn2+ ion. The recent identification of this distant region as a regulatory 

element in the HDAC8 structure reinforces the newly discovered functional importance of these 
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residues and their influence on catalysis (Werbeck et al., 2020). In view of the 62-fold reduction 

in catalytic efficiency measured for E66D HDAC8 (Table 1), the short α-helix containing this 

residue may be another such region that could serve a regulatory role in catalysis in vivo, e.g., 

by interacting with regulatory proteins. Future studies will continue to probe the intriguing 

structure-function relationships of CdLS HDAC8 mutants.    
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4. Materials and Methods 

4.1. General 

All reagents, including the inhibitors suberoylanilide hydroxamic acid (SAHA) and M344, 

were purchased from Sigma-Aldrich. The Fluor de Lys HDAC8 assay substrate RHKacKac-AMC 

(Kac = acetyllysine, AMC = aminomethylcoumarin) was purchased from Enzo Life Sciences. 

4.2. Expression and purification of HDAC8 mutants 

CdLS HDAC8 mutants I45T, D176G, and G320R were introduced into the HDAC8-6His-

pET20b construct previously described (Dowling et al., 2008) using standard protocols as 

outlined in the Quickchange site-directed mutagenesis kit (Agilent). The same method was used 

to introduce the E66D mutation into the Y306F HDAC8-6His-pET20b construct. Successful 

introduction of the mutations was confirmed by DNA sequencing. 

Except for D176G HDAC8, which we were unable to express, recombinant HDAC8 

mutants were expressed in BL21 (DE3) Gold Escherichia coli cells and purified according to 

previously published procedures with minor modifications (Dowling et al., 2008; Decroos et al., 

2014). Briefly, 50 mL cultures were grown overnight in Lysogeny Broth (LB) media 

supplemented with 100 µg/mL ampicillin at 37° C. These growths were used to inoculate six 1 L 

cultures in minimal media supplemented with 100 µg/mL ampicillin. Cells were grown at 37° C 

until the OD600 reached 0.5, after which the temperature was lowered to 18° C for 30 min. 

Cultures were then induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG, final 

concentration 0.4 mM) and ZnCl2 (final concentration 100 µM), and grown overnight at 18° C. 

Cells were harvested and pelleted by centrifugation, then stored at -80° C until purification. 

Upon thawing, cells were resuspended in 90 mL of lysis buffer [50 mM Tris (pH 8.0), 500 

mM KCl, 5% w/v glycerol, 3 mM β-mercaptoethanol (BME)], supplemented with 115 µM 

phenylmethanesulfonyl fluoride (PMSF), and lysed on ice by sonication. Cell debris was pelleted 



 23 

by centrifugation, and the supernatant was loaded onto a TALON affinity column (Clontech labs) 

preequilibrated with lysis buffer. The column was then washed with the lysis buffer 

supplemented with 10 mM imidazole, and protein was eluted with lysis buffer supplemented with 

200 mM imidazole. Protein fractions were pooled, concentrated to approximately 10 mL, and 

further purified by size exclusion chromatography using a HiLoad 26/60 Superdex column (GE 

Healthcare Life Sciences) in size exclusion buffer [50 mM Tris (pH 8.0), 150 mM KCl, 5% w/v 

glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP)]. Purified protein was concentrated to 

approximately 10 mg/mL; concentrations were determined from the absorbance at 280 nm 

using the calculated extinction coefficient ε = 50,240 M-1cm-1 for the single-site mutants and ε = 

48,960 M-1cm-1 for the double-site mutants. 

4.3. Enzyme kinetics 

Steady-state kinetics were measured using the previously described Fluor-de-Lys assay 

(Dowling et al., 2008; Decroos et al., 2014, 2015). In this assay, the tetrapeptide substrate 

RHKacKac-AMC is deacetylated by HDAC8. After quenching the reaction at fixed timepoints, the 

Kac-AMC amide bond is cleaved using a protease developer solution to result in a measurable 

fluorescence shift (excitation wavelength = 360 nm, emission wavelength = 460 nm). 

HDAC8 (final concentration = 0.5 μM for wild-type enzyme and I45T, E66D, D176G, and 

G320R mutants) was incubated with substrate (final concentration ranged from 0–2 mM) in 

assay buffer [25 mM Tris (pH 8.2), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2] for 5 min (final 

volume = 50 μL). The reaction was quenched with 50 μL of Developer II solution containing 200 

μM of inhibitor M344. After 45 min, the 100 μL mixture was transferred to a 96-well plate and 

fluorescence was measured using a Tecan Infinite M1000Pro plate reader. 

 To calculate HDAC8 activity, measurements were converted into product formation 

using the Fluor-de-Lys standard curve according to the kit protocol. Data were analyzed using 

GraphPad Prism version 5.00 for MAC OS X (GraphPad software, La Jolla CA, 
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www.graphpad.com). Assays were performed in triplicate at 24.3 °C. Non-linear regression fits 

to the Michaelis-Menten equation were used to determine steady-state parameters. 

4.4. Crystallization 

 For cocrystallization of the I45T HDAC8–SAHA complex, a 0.6 µL drop of protein 

solution [5.0 mg/mL I45T HDAC8, 50 mM Tris (pH 8.0), 150 mM KCl, 30 mM glycylglycylglycine, 

5% glycerol (v/v), 1 mM TCEP, 2 mM SAHA, and 5% v/v dimethylsulfoxide (DMSO)] was added 

to a 0.6 µL drop of precipitant solution [0.1 M imidazole (pH 7.0), 15% polyethylene glycol (PEG) 

35,000, and 4 mM TCEP] and equilibrated against a 100 µL reservoir of precipitant solution at 

21˚C. Crystals formed within 1–2 days and were soaked in a cryoprotectant solution consisting 

of mother liquor supplemented with 25% ethylene glycol prior to flash-cooling in liquid nitrogen. 

For cocrystallization of the E66D/Y306F HDAC8–RHKAcKAc-AMC complex, a 0.7 µL drop 

of protein solution [5.0 mg/mL E66D/Y306F HDAC8, 50 mM Tris (pH 8.0), 150 mM KCl, 30 mM 

glycylglycylglycine, 5% glycerol (v/v), 1 mM TCEP, and 2 mM RHKAcKAc-AMC] was added to a 

0.7 µL drop of precipitant solution [0.1 M Tris (pH 8.0), 20% PEG 6,000, and 4 mM TCEP] and 

equilibrated against a 100 µL reservoir of precipitant solution at 21˚C. Crystals formed within 1–

2 days and were soaked in a cryoprotectant solution consisting of mother liquor supplemented 

with 25% ethylene glycol prior to flash-cooling in liquid nitrogen. 

For cocrystallization of the G320R HDAC8–M344 complex, a 0.5 µL drop of protein 

solution [4.0 mg/mL G320R HDAC8, 50 mM Tris (pH 8.0), 150 mM KCl, 30 mM 

glycylglycylglycine, 5% glycerol (v/v), 1 mM TCEP, 2 mM M344, and 5% v/v DMSO] was added 

to a 0.5 µL drop of precipitant solution [0.1 M MES (pH 5.3), 3% PEG 1,500, and 4 mM TCEP] 

and equilibrated against a 100 µL reservoir of precipitant solution at 21˚C. Crystals formed 

within 1–2 days and were soaked in a cryoprotectant solution consisting of mother liquor 

supplemented with 25% ethylene glycol prior to flash-cooling in liquid nitrogen. 
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4.5. Data collection, structure determination, and refinement 

X-ray diffraction data were collected from crystals on Northeastern Collaborative Access 

Team beamline 24-ID-E at the Advanced Photon Source, Argonne National Laboratory, for the 

I45T HDAC8–SAHA and E66D/Y306F HDAC8–RHKAcKAc-AMC complexes. These data were 

indexed, integrated, and scaled using HKL2000 (Otwinowski and Minor, 1997). X-ray diffraction 

data for the G320R HDAC8–M344 complex were collected on beamline 14-1 at the Stanford 

Synchrotron Radiation Lightsource. These data were indexed and integrated using iMosflm 

(Battye et al., 2011) and scaled using Aimless (Evans et al., 2013) in the CCP4 program suite 

(Winn et al., 2011).  

For each crystal structure determination, the initial electron density map was phased by 

molecular replacement using PHASER (McCoy et al., 2007) and the structure of H143A HDAC8 

(PDB 3EWF) less ligand and solvent molecules as a search probe. Model building and 

refinement were performed with COOT and PHENIX, respectively (Emsley et al., 2010, Adams 

et al., 2010). Solvent molecules and ligands were modeled during the final stages of refinement. 

Structure validation was performed using MOLPROBITY (Chen et al., 2010). All data collection 

and refinement statistics are recorded in Table 2. 
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Table 2. Data Collection and Refinement Statistics for CdLS HDAC8 Mutants  

Mutant–
Ligand 

I45T HDAC8–SAHA 
E66D/Y306F HDAC8–

RHKAcKAc-AMC 
G320R HDAC8–M344 

Unit Cell 

Space group P21 P212121 P21 

a, b, c (Å) 53.3, 84.2, 94.3 82.0, 97.5, 104.3 53.0, 82.8, 94.5 

(˚) 90.0, 99.1, 90.0 90.0, 90.0, 90.0 90.0, 98.8, 90.0 

Data Collection 

Resolution (Å)
a 55.91–1.50 

(1.55–1.50) 
44.15–1.84 
(1.91–1.84) 

82.75–2.40 
(2.49–2.40) 

Total/unique no. of 
reflections 

733,202/130,929 367,452/70,664 115,696/30,670 

Rmerge
a,b

 0.074 (0.795) 0.111 (0.760) 0.148 (0.961) 
Rpim

a,c
 0.034 (0.389) 0.052 (0.355) 0.090 (0.571) 

CC1/2
a,d 

0.998 (0.757) 0.999 (0.759) 0.981 (0.578) 

I(I)
a 19.5 (2.3) 13.8 (2.3) 8.7 (1.7) 

Redundancy
a
 5.6 (5.1) 5.2 (5.1) 3.8 (3.8) 

Completeness (%)
a
 99.8 (99.9) 97.5 (99.4) 97.4 (96.0) 

Refinement 

No. of reflections 
used in 
refinement/test set 

130,893/12,993 70,607/6,933 30,556/2,981 

Rwork
a,e 

0.164 (0.241) 0.165 (0.238) 0.195 (0.283) 
Rfree

a,e 
0.185 (0.272) 0.197 (0.284) 0.254 (0.369) 

No. of 
nonhydrogen 
atoms: 

   

protein 5,698 5,667 5,416 
ligand 72 74 50 
solvent 635 453 145 

Average B-factors 
(Å

2
) 

   

protein 22 20 41 
ligand 27 23 45 
solvent 32 27 37 

Root-mean-square 
deviation from ideal 
geometry 

   

bonds (Å) 0.005 0.006 0.008 
angles (˚) 0.8 0.8 0.9 

Ramachandran plot 
(%)

f    

favored 98.48 97.92 95.23 

allowed 1.52 2.08 4.63 

outliers 0.00 0.00 0.14 
a
Values in parentheses refer to data in the highest shell. 

b
Rmerge = ∑hkl∑i|Ii,hkl − ⟨I⟩hkl|/∑hkl∑i Ii,hkl, where ⟨I⟩hkl is the 

average intensity calculated for reflection hkl from replicate measurements. 
c
Rp.i.m.= (∑hkl(1/(N-1))

1/2
∑i|Ii,hkl − 

⟨I⟩hkl|)/∑hkl∑i Ii,hkl, where ⟨I⟩hkl is the average intensity calculated for reflection hkl from replicate measurements and N 

is the number of reflections 
d
Pearson correlation coefficient between random half-datasets. 

e
Rwork = ∑||Fo| − |Fc||/∑|Fo| 

for reflections contained in the working set. |Fo| and |Fc| are the observed and calculated structure factor amplitudes, 
respectively. Rfree is calculated using the same expression for reflections contained in the test set held aside during 
refinement. 

f
Calculated with MolProbity. 
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4.5. Molecular modeling of D176G HDAC8 

 The MD simulation was run using GROMACS (GROningen MAchine for Chemical 

Simulation). The starting point for the MD simulation was the crystal structure of wild-type 

HDAC8 in complex with largazole (PDB accession code 3RQD). The coordinate file was 

stripped of all water and inhibitor atoms and the amino acid substitution D176G was made using 

PyMol. The K+ ion coordinated by D176 was removed. The second K+ ion and the catalytic Zn2+ 

ion were retained in the coordinate file, consistent with the deletion of the D176 side chain in 

D176A HDAC8. The pdb2gmx command was used to generate a Gromacs-compatible 

topology, position restraint and structure file using the AMBER99SB-ILDN force field. A cubic 

box was defined with the faces 12   from the protein surface. The box was filled with water 

molecules and Na+ and Cl- ions added to a concentration of 0.1 M to neutralize the system. The 

protein-solvent system was subject to energy minimization using the steepest descent method.  

5. PDB accession numbers 

 Atomic coordinates and structure factor amplitudes of the I45T HDAC8–SAHA complex, 

the E66D/Y306F HDAC8–RHKAcKAc-AMC complex, and the G320R HDAC8–M344 complex 

have been deposited in the Protein Data Bank (www.rcsb.org) with accession numbers 7JVU, 

7JVV, and 7JVW, respectively.  

http://www.rcsb.org/
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