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Summary

HDAC8 is a member of the family of Histone Deacetylases (HDAC) that catalyze the 

deacetylation of acetyl lysine residues within histone and non-histone proteins. The recent 

identification of novel non-histone HDAC8 substrates such as SMC3, ERRα and ARID1A 

indicates a complex functionality of this enzyme in cellular homeostasis. To discover additional 

HDAC8 substrates we developed a comprehensive, structure-based approach based on Rosetta 

FlexPepBind, a protocol that evaluates peptide-binding ability to a receptor from structural models 

of this interaction. Here we adapt this protocol to identify HDAC8 substrates using peptide 

sequences extracted from proteins with known acetylated sites. The many new in vitro HDAC8 

peptide substrates identified in this study suggest that numerous cellular proteins are HDAC8 

substrates, thus expanding our view of the acetylome and its regulation by HDAC8.
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Introduction

Histone Deacetylases (HDACs) catalyze the hydrolysis of an acetyl group from Nε-

acetylated lysines on many proteins. Through the process of deacetylation, HDACs alter the 

properties and activities of proteins and, in turn, affect cellular homeostasis. The best-

characterized HDAC substrates are the N-terminal tails of histones where acetylation/

deacetylation leads to an alteration in the chromatin structure and accessibility of the DNA 

to transcription factors and other proteins (Workman and Kingston, 1998). However, 

additional acetylated substrates have been reported that include transcription factors, 

chaperones, histone acetyltransferases (HATs) and histone deacetylases themselves (Glozak 

et al., 2005, Olson et al., 2014, Wolfson et al., 2013, Yang and Seto, 2008). Acetylome 

profiling in yeast has revealed overlap in regulation of diverse processes by the HDAC 

sirtuin and the HAT Gcn5, established by similar substrate profiles (Downey et al., 2015).

While non-histone substrates had been reported for other HDACs, no such substrates were 

known until recently for HDAC8 (Olson et al., 2014, Wolfson et al., 2013). HDAC8 has 

been invoked as a potential therapeutic target due to its association with a growing number 

of diseases (Chakrabarti et al., 2015). Because of this, determining the HDAC8 substrate set 

is a priority in the field. HDAC8 is proposed to regulate p53 levels (Yan et al., 2013), 

participate in skull morphogenesis (Haberland et al., 2009) and function as a key factor in 

smooth muscle contractility (Waltregny et al., 2005). Furthermore, various HDAC8 

inhibitors induce apoptosis in Lymphoma cell lines (Balasubramanian et al., 2008), implying 

a role for HDAC8 in tumorigenesis in some tissues. Wilson et al. first proposed that HDAC8, 

together with Sirt-1 and p300, forms an acetylation switch that modulates the transcriptional 

activity of Estrogen-Related receptor (ERR α), and importantly, HDAC8 was found to 

catalyze deacetylation of the non-histone protein ERR α in vitro (Wilson et al., 2010). The 

best validated substrate of HDAC8 is SMC3 - a subunit of the cohesin complex that 

mediates sister chromatid cohesion. Mutations in SMC3, SMC1 and HDAC8 have been 
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identified in patients with the Cornelia de Lange syndrome (CdLS), which is a genetic 

disease where patients suffer from a number of symptoms including mental retardation and 

facial deformity (Deardorff et al., 2012). Misregulation of cohesin complex proteins, 

including aberrant acetylation, is proposed to lead to this disease (Deardorff et al., 2012). 

Biochemical and structural characterization of HDAC8 mutants associated with CdLS 

spectrum disorders detected for all an effect on either protein stability or/and catalytic 

activity of HDAC8 (Decroos et al., 2015). A recent mass-spectrometry study has revealed an 

additional series of proteins that increased acetylation in cells when HDAC8 is specifically 

inhibited, suggesting that they are HDAC8 substrates (Olson et al., 2014). Reactivity of 

HDACs with libraries of acetylated peptides have identified amino acid preferences, but 

have not led to the identification of in vivo substrates (Riester et al., 2007, Gurard-Levin et 

al., 2009, Gurard-Levin et al., 2010).

HDAC8 is catalytically active as a monomer in vitro and has been proposed to function as a 

monomer or in small complexes in vivo (Yang and Seto, 2008), in contrast to other HDACs 

that function only within the context of high molecular weight, multi-protein complexes 

[reviewed in (Wolfson et al., 2013)]. From a structural biology perspective, HDAC8 is 

therefore the best choice among HDACs as a starting point for the study of deacetylation and 

its biological roles. The structure of catalytically inactive HDAC8 (Y306F) bound to a p53-

derived diacetylated peptide substrate has defined the details of substrate binding by HDAC8 

(Figure 1A), in particular the critical role of the highly conserved D101 at the rim of the 

active site, which establishes two specific hydrogen bonds with the substrate and whose 

mutation results in a complete loss of enzyme activity (Vannini et al., 2007, Dowling et al., 

2008).

Here we develop a structure-based computational high-throughput approach for the 

discovery of novel substrates of Zn2+-bound HDAC8 using Rosetta FlexPepBind (London et 

al., 2011). We used this in silico approach to identify HDAC8 substrate preferences and 

combined this method with experimental in vitro validation to further optimize the 

algorithm. Our study reveals that HDAC8 can bind and catalyze deacetylation of many 

acetylated peptides with sequences corresponding to cellular, non-histone proteins, thereby 

opening a new window to the functional role of HDAC8 in cells.

Results

For accurate and effective structure-based characterization of HDAC8 substrates, we first 

calibrated the Rosetta FlexPepBind algorithm to distinguish between HDAC8 substrates and 

non-substrates on a library of hexapeptides for which we measured HDAC8-catalyzed 

deacetylation rates. With the optimized protocol we then performed a large-scale screen of 

all reported known acetylated proteins to identify sites that can be deacetylated by HDAC8. 

Peptides corresponding to predicted targets of functional interest were shown experimentally 

to undergo deacetylation catalyzed by HDAC8.

Definition of critical features for substrate-HDAC8 interactions

The first step in the development and validation of a structure-based protocol for the 

identification of new HDAC8 substrates requires the definition of a template for substrate-
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enzyme binding, and subsequent modeling of different potential substrate peptides into this 

template binding site. This simulated binding allows evaluation of the ability of HDAC8 to 

bind various peptide sequences in a catalysis-competent conformation. Critical features of 

the peptide-HDAC8 binding model were defined based on the crystal structure of the 

catalytically inactive Y306F HDAC8 mutant bound to a p53-derived peptide AcRHKacKac-

(7-methoxycoumarin-4-yl) methyl] [the acetylated lysine interacting with the active site 

residues is highlighted in bold and italics; protein data bank (PDB) id 2v5w (Vannini et al., 

2007); see Figure 1A and Table S1]. The nine constraints used in our model include 

tethering the peptide backbone of the acetylated lysine to the receptor via two hydrogen 

bonds to the side chain of HDAC8 residue D101, enforcing a cis dihedral angle 

conformation between the two adjacent backbone nitrogen atoms (constraints 1–3). The side 

chain of D101 has been shown to play a critical role for HDAC8 substrate binding and 

activity (Vannini et al., 2007, Dowling et al., 2008). In addition, we tether the acetyl group of 

the lysine to the position of the Zn2+ ion using Zn2+-binding residues D178, H180 and D267 

(constraints 4–6; the Zn2+ ion is not included in the simulations). Finally, the backbone 

oxygen atom of G151 forms a hydrogen bond with the nitrogen atom of the acetyl lysine, 

and stacking interactions between the side-chain rings of F152 and F208 residues and the 

acetylated lysine side-chain were fixed (constraints 7–9). This set of constraints locks the 

acetyl lysine side chain within the binding pocket while allowing variable interactions 

between HDAC8 and the remainder of the peptide.

After constraining the structure, the protocol was optimized in two stages. Initially we used 

as the starting structure a template where the missing residues on the C-terminal side 

[replacing the (7-methoxycoumarin-4-yl) methyl moiety in the starting structure] were 

added in extended conformation. Subsequently we found that our predicted in silico results 

better matched experimental data when peptides were threaded onto an optimized structure 

of HDAC8 bound to the hexapeptide Ac-GYKacFGC-NH2, the substrate of 

Set_GX1KacX2GC with the highest activity (Figure 1B; see below and Methods). Below we 

report results from this optimized protocol, unless stated otherwise (corresponding results 

from the initial protocol are provided in the Supplementary Materials).

Calibration and validation of protocol on hexapeptide substrates

We measured HDAC8 deacetylation activity for a set of 361 hexapeptide substrates, 

Set_GX1KacX2GC (See DataSets in the Methods section). This set (Table S2) was used to 

calibrate our protocol for the reliable identification of HDAC8 substrates. The two main 

parameters evaluated during the protocol optimization were the sampling protocol (e.g. 

FlexPepDock refinement vs. minimization) and the scoring measure (e.g. peptide score vs. 
interface score) (see Methods for more details).

In the initial stage of calibration, we used a template with a peptide with an extended C-

terminus (see above), minimized the threaded sequence, and ranked the different peptides 

using peptide score. This initial protocol was developed on half of Set_GX1KacX2GC and 

evaluated on the second half (Table S2). It was able to effectively eliminate a large fraction 

of non-binders (inactive peptides), and thus performed decently at binary distinction 

between strong substrates and non-substrates. Substrates were best distinguished using > 
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0.34 fraction deacetylation as threshold (p-values of 4.5e–10 and 1.3e–05 for Kolmogorov-

Smirnov tests on the first and second halves, respectively; see Figure S1). Similar results 

were obtained for other ranking schemes used (data not shown).

However, using this protocol we also observed a high rate of false negatives, potentially 

because well-scoring conformations in the substrate-binding site were missed due to 

inadequate sampling. After evaluation of performance of this initial protocol on a set of 

potential HDAC8 targets (see below), we further improved our initial protocol by 

incorporating several changes (see Methods). In particular, a better starting structure was 

used as a template, by extensive optimization of a known substrate, GYKacFGC (see Figure 

1B and Methods). In addition, we found that the interface score between enzyme and 

substrate (I_sc), rather than the peptide score (Pep_sc), provides the best discrimination and 

correlation to experimental values (see below).

Modeling the binding of the peptide substrates in Set_GX1KacX2GC using this optimized 

protocol clearly distinguishes substrates from non-substrates (p-value of 2.9e–14 for 

Kolmogorov-Smirnov - KS test, Figure 2A; see Figure S2 for corresponding results using 

other scoring measures). We note that the few false positive hexapeptide substrates with 

good scores (< −18.0; the stringent threshold defined below) that are nevertheless not 

deacetylated, include all a Tryptophan residue at position X1. Predicted values also correlate 

well with the experimentally measured HDAC8-catalyzed deacetylation (R=−0.33, p-

value=5.1e–06). Application of our approach to a related set, Set_GRKacX2X3C [(Gurard-

Levin et al., 2010); see Table S3 and Methods], demonstrates the robustness of our approach 

to the prediction of the influence of amino acids at specified positions to substrate strength 

(p-value of 1.7e–07 for KS test, and correlation coefficient of R=−0.6, p-value=6.2e–36; 

Figure 2B).

Based on the results on these two datasets, we defined two different scoring thresholds: one 

stringent threshold (interface score Rosetta Energy Units, REU −18.0) to select high-

confidence binders and another less strict threshold (interface score REU −16.5) which 

identifies most binders but at the expense of a larger fraction of false positives (See Figure 2 

and Figure 3).

Large-scale screens for new HDAC8 targets

Using our protocol we screened for substrates among all reported acetylated sites in the 

human proteome reported in the PhosphoSitePlus database (Hornbeck et al., 2004, Hornbeck 

et al., 2015) to identify novel HDAC8 substrates. We modeled the ability of hexapeptide 

fragments containing the known acetylated sites (XXKacXXX, X=all possible amino acids) 

to bind HDAC8 in a deacetylation-compatible conformation. Among the 3191 reported 

acetylated sites (PhosphoSitePlus release 6/2012; See Datasets in the Methods section), 418 

passed the stringent threshold (interface score = −18.0) (Figure 3).

Experimental validation of de-novo predictions

In order to validate potential novel HDAC8 targets, and to test our prediction scheme, we 

compiled two sets of peptides at different stages of our project. The first, 
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Novel_candidate_set1, consists of 26 peptide sequences selected after screening the 

PhosphoSitePlus database using our initial protocol (Table 1). Novel_candidate_set1 
consists of 10 top-ranking peptides (Pep_sc ≤ −6; * in Table 1), 10 additional acetylated 

peptides that occur in the same proteins of the top-ranking hits, but are predicted not to 

undergo HDAC8-catalyzed deacetylation (# in Table 1), and finally 6 additional potential 

well-ranking substrates of further biological interest. Out of these 26 peptides, the reactivity 

of HDAC8 was experimentally characterized for 20 soluble acetylated peptides (Ac-

XXKacXXX-COO−).

Efficient enzymes in the cell typically show catalytic values of kcat/KM >104 M−1s−1 (Fersht, 

1985). Since the reactivity of HDAC8 with peptide substrates is up to 1,000-fold lower than 

protein substrates (Wolfson, 2014), peptides with values of kcat/KM > 10 M−1s−1 may be 

cellular substrates. For discussion purposes we have grouped the peptides by their kcat/KM 

values: reactive (>1000), reasonable (>100), mild (>10), and poor. Our top-ranking 

substrate, Kac350 of Lysine Acetyl Transferase KAT6 (kcat/KM=61, M−1s−1) is deacetylated 

efficiently by HDAC8 and may be a cellular target. Overall however, the reactivity of 

HDAC8 with the peptides detected with our initial protocol is low and the overall correlation 

between the predicted score and experimental activity is weak (R=−0.39, p-value=0.083), 

due to many false positive predictions (Figure 4A).

We revisited the starting conformation as well as the scoring scheme in a new step of 

calibration (see above and Methods), considering both this new, quantitative experimental 

information from Novel_candidate_set1 as well as the previous sets Set_GX1KacX2GC and 

Set_GFKacX2X3C (see above). This improved the correlation for Novel_candidate_set1 (R=

−0.51, p-value=0.023; Figure 4B).

In order to validate the new version of our prediction scheme, we performed a second screen 

of the PhosphoSitePlus database with the optimized protocol. For Novel_candidate_set2, we 

chose a total of 19 peptides with a range of different predicted binding strengths according 

to scoring measures I_sc and/or Pep_sc_noref, to identify the preferred scoring scheme 

(Table 2 & Supplementary Table S4). In this library, the peptides contained an acetylated N-

terminus and an amino C-terminus (Ac-XXKacXXX-NH2) to increase peptide reactivity [a 

2.2 fold increase in reactivity was observed for the KAT6A K350 substrate using peptide 

with an amino vs. carboxylated C-terminus, respectively (Wolfson, 2014)]. Experimental 

validation of this set identified the most efficient peptide substrate observed to date 

(corresponding to Zinc finger protein 318, peptide FGKacFSW at position 1275, kcat/

KM=4826; assigned one of the top-scores of −20.0, well beyond the stringent threshold), as 

well as a substrate derived from EF1a1 (kcat/KM =1176), and two other substrates with 

kcat/KM ≥300. In addition, we observed an excellent correlation between prediction and 

experiment using the interface score measure (R=−0.84, p-value=1.3e–05, Figure 4C).

In parallel to our efforts, the Holson group performed an unbiased, proteomic approach to 

identify substrates of HDAC8. Our predictions show excellent correlation with the reactivity 

of peptides corresponding to the identified protein substrates, termed here 

Proteometargets_set3 (Table 3 & Figure 4D; R=−0.93, p-value=2.8e–04). Among these 

substrates, the values for kcat/KM for corresponding acetylated peptides ranged from 4 – 740 
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M−1s−1 (Olson et al., 2014) (i.e., poor to reasonable), corresponding to interface scores of 

−14 to −18. This highlights the complementarity of the two approaches in the identification 

of HDAC8 substrates.

The number of known acetylated sites in the human proteome reported in the 

PhosphoSitePlus database has increased over time; from 3191 sites (06/2012 release) in our 

initial screens, to 20397 sites in the most recent release (11/2015). This new dataset contains 

a similar proportion of potential novel targets that pass the stringent threshold (Figure 3), 

suggesting many additional biologically relevant substrates that await yet to be characterized 

(scores of all hexamer peptide stretches around known acetylated sites have been included 

for both datasets in the Appendix).

Discussion

We have described a structure-based protocol to identify peptides that are efficiently 

deacetylated by HDAC8. This approach is based on modeling hexameric peptides with a 

central acetylated lysine residue into the substrate-binding site of the HDAC8 structure. 

Using a combination of a computational screen of known acetylated proteins, and in vitro 
experimental validation of corresponding peptides, we detected novel HDAC8 substrates 

that were not identified by proteomic approaches, nor by simple, sequence-based screens 

(Tables 1–3; Figure 4). In the following we discuss the strongest of these proposed 

substrates. By integrating information about the location of the deacetylation site relative to 

globular domains in the protein, known adjacent additional modifications [from 

PhosphoSitePlus (Hornbeck et al., 2004, Hornbeck et al., 2015)], as well as reported cancer-

related sites, and inspection of protein partners [from the Biogrid database (Chatr-

Aryamontri et al., 2015), unless noted otherwise], we obtain a picture of potential functional 

regulatory roles of deacetylation in these proteins. This highlights in particular opportunities 

for the crosstalk of acetylation with other post-translational modifications, as well as the 

modulation of binding of target proteins to partners, including protein, DNA and RNA.

The strongest HDAC8 peptidic substrate identified so far: ZNF318, K1275 [kcat/KM=4826]

Zinc Finger Protein 318 acts as a co-repressor of the Androgen Receptor and is involved in 

spermatogenesis (Tao et al., 2006). The FGKac1275FSW sequence is located right after two 

Zn Fingers of this otherwise largely unstructured protein, and is therefore expected to be 

accessible to bind to HDAC8 in vivo within the full protein context. The fact that an adjacent 

mutation, G1274R, has been found in breast cancer (Sjoblom et al., 2006), and that an 

adjacent position, S1277, undergoes phosphorylation may indicate that this region functions 

as a regulatory hotspot. The connection between phosphorylation and acetylation is 

reinforced by the observation that both HDAC8 and ZNF318 have been reported to bind to 

PPP1CC phosphatase (Gao et al., 2009, Esteves et al., 2013). Previously identified protein 

partners of ZNF318 include Sirt7 (Tsai et al., 2012), and HDAC2 as well as the Androgen 

Receptor (AR), with whom ZNF318 associates to prevent its transforming activity (Tao et 

al., 2006). To summarize, deacetylation of ZNF318 by HDAC8 could very well play an 

important role in the cross-talk between phosphorylation, acetylation, and the resulting 

modulation of cellular homeostasis.
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Cross-regulation of translation and transcription: EF1a1 and LARP1

One of the most efficient peptide substrates detected in this study, SFKac55YAW [kcat/

KM=1176], resides in a conserved, accessible loop of the GTP binding domain of Elongation 

Factor 1 alpha 1 (EF1α1). The same position has also been shown to undergo methylation 

(Dever et al., 1989), indicating a possible role for HDAC8 in the cross-regulation between 

acetylation and methylation. EF1α1 promotes GTP-dependent binding of aminoacyl-tRNA 

to the A-site of ribosomes during protein biosynthesis, but acts also as T helper 1 (Th1) - 

specific transcription factor of interferon gamma. This important functional role of EF1α1 in 

both translation as well as transcription (Vera et al., 2014) may provide evidence for HDAC8 

regulation of functions related to gene regulation beyond chromatin conformation.

The La-related protein 1 (LARP1) belongs to the LARP family involved in transcriptional 

and translational regulation. LARP1 binds to 5′TOP pyrimidine-rich UTR mRNA 

sequences, as well as to PolyAdenylate Binding Protein (PABP) via its unique C-terminal 

DM15 HEAT repeats. The specific role of LARP1 in translational regulation depends on the 

context: both phosphorylation and dimerization have been suggested to modulate LARP1 

activity (Stavraka and Blagden, 2015). We suggest that acetylation (and deacetylation) might 

be an additional player: the acetylated lysine substrate, LSK1017FRR [kcat/KM=349], is 

located adjacent to the suggested RNA binding site in the recently solved structure of these 

HEAT repeats (Lahr et al., 2015), and its modification might thus affect binding to RNA, or 

to PABP.

Cross-regulation of KATs and HDACs: KAT6A and CAD

For lysine acetyltransferase KAT6A (also called MYST3 and MOZ), we identified two 

potential HDAC8 lysine substrates: K350 and K604 (kcat/KM=61.5 and 7.5, respectively, for 

charged peptide substrates). VSKac350GPF is located in an unstructured region right after 

two Zinc finger domains (similar to the ZNF318 substrate described above). Not much is 

known about the potential impact of deacetylation (and acetylation) at this position. 

However, evaluation of further targets in the same protein reveals a second potential 

deacetylation site in the KAT6A sequence, DHKac604TLY. This highly conserved lysine has 

previously been shown in closely related MYST proteins to undergo autoacetylation that is 

critical for acetyltransferase activity (Yuan et al., 2012). Thus, KAT6A and HDAC8 could 

participate in a double feedback loop that is potentially responsible for regulating the 

acetylation level of proteins inside the cell and the nucleus; HDAC8 would not only 

deacetylate the substrate (e.g. histone tails), but also shut down re-acetylation catalyzed by 

KAT6A, by inactivating the latter through deacetylation of K604. Indeed, a genome-wide 

synthetic lethality screen of HDACs and other proteins revealed that a knockdown of 

HDAC8 can partly be rescued by MYST3 and other related acetyl transferases (Lin et al., 

2012). A similar example of cross-regulation between HATs and HDACs has been observed 

for the HAT hMOF and the corresponding SIRT1 deacetylase (Lu et al., 2011).

The CAD enzyme (Carbamoyl-phosphate synthase - Aspartate carbamoyltransferase – 

Dihydroorotase) catalyzes several enzymatic steps of the pyrimidine synthesis pathway. The 

identified peptide substrate in CAD including K747 [kcat/KM=630] is located in a linker 

region that connects two enzymatic domains, suggesting that this site may be accessible to 
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HDAC8 in the context of the full protein. Interestingly, CAD has been reported to interact 

with several HDACs, including HDACs 5, 6, 11, and Sirt7, as well as with the KAT Nuclear 

receptor coactivator 2, CoA-2, and p53, a suggested HDAC8 target. These binding partners 

highlight a probable cross-regulation achieved by both interactions and cross-modification of 

KATs and HDACs, as also described for KAT6A above.

Functional impact of deacetylation on DNA mismatch repair: Msh6

According to the structure of the Mutsα (Msh2-Msh6)-DNA complex [PDB id 2o8b 

(Warren et al., 2007)], the substrate lysine of HDAC8 in Msh6 identified in this study, K504 
[kcat/KM=83.5], is located adjacent to the DNA, suggesting significant functional 

consequences of the addition of a positive charge upon its deacetylation by HDAC8, perhaps 

enhancement of DNA binding of Muts α, and consequently increase in mismatch repair. 

Similar modulation of DNA binding affinity upon acetylation has been reported for the C-

terminal domain of p53, where acetylation of residues 372, 373, 381 and 382 resulted in 

significant decrease of DNA binding affinity (Friedler et al., 2005). Our protocol predicts 

three among these residues to be strong substrates for HDAC8 (residues 372, 381 and 382, 

with score values of −18.3, −18.3, and 18.0, respectively). And indeed, it was recently 

shown that HDAC8 inhibition specifically targets Inv(16) acute myeloid leukemic stem cells 

by restoring p53 acetylation (Qi et al., 2015).

Structure-based and proteomic approaches are complementary and identify 
distinct substrates—Application of HDAC8 FlexPepBind to a set of targets identified by 

the Holson group (Olson et al., 2014) (Figure 4C) showed good correlation between the 

predicted score and the substrate efficiency measured in vitro (R=0.84). Importantly 

however, our approach also identified proteins where the corresponding peptide substrates 

have considerably higher in vitro catalytic activities for deacetylation that were not detected 

by the proteomic study, including the most efficient substrate ever identified (Table 2). In 

addition, while one of the top putative substrates, ERR1α (Wilson et al., 2010), was not 

detected by the proteomic study, it ranks well according to HDAC8-FlexPepBind (I_sc=

−18.5). Both approaches thus provide distinct information about the HDAC8 deacetylome 

and should optimally be used in combination.

We note that not all substrates identified by the proteomic assay showed enzymatic activity 

in a subsequent in vitro enzymatic assay of corresponding peptide substrates (Olson et al., 

2014). In particular more than half (5/9) of the substrates contain a glycine residue preceding 

the acetylated lysine, i.e. GKac, but only minor in vitro enzymatic activity was measured for 

this subset, indicating additional possible biases of this approach [Table 3 and (Olson et al., 

2014)]. This method identifies changes in acetylation levels upon addition of an HDAC8 

inhibitor; however, the change could be due to a downstream effect rather than 

demonstrating deacetylation catalyzed directly by HDAC8. Alternatively, the reactivity of 

these proteins with HDAC8 in vivo may be mediated by additional cofactors, including other 

binding protein partners.

The benefit of a structure-based approach compared to simple sequence-
based screens—Sequence based computational approaches have been widely used to 
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predict novel substrates for different enzymes (Maurer-Stroh and Eisenhaber, 2005, 

Rawlings et al., 2014, Dinkel et al., 2014). Even though those methods are computationally 

less expensive and overall perform very well, structure based approaches can provide a 

detailed understanding at the atomic level and consequently a more complete picture of the 

substrate space (London et al., 2011). A retrospective analysis of the targets evaluated in this 

study (Tables 1–3) reveals that all but one of the seven most reactive substrates (kcat/KM 

values >100) would have been detected by screening for the sequence KacF/Y, i.e. for an 

acetylated site followed by phenylalanine or tyrosine. The additional substrate contains a 

SKacG combination that shows reasonable deacetylation according to Set_GX1KacX2GC 
(0.35, see Table S2 and Methods), and could therefore have also been identified using 

sequence information only. However, these sequence-based screens identify a large number 

of sites, many of which are likely false positive substrate predictions. Furthermore, among 

the 21 substrates identified by our screen and the proteomic assay with kcat/KM values in the 

range of 10.0–100.0 (Tables 1–3), six contain tyrosine, but none phenylalanine, at the 

position following the acetylated lysine, including a peptide from the best-validated in vivo 
substrate, SMC3. Moreover, only two contain a preferred X1KacX2 combination. Still, most 

of these acetylated peptides are well-scored by our scheme, 5 and 13 peptides passing the 

stringent and lenient threshold of −18.0 and −16.5, respectively.

While neither the proteomic, the sequence-based, nor our structure-based approach 

specifically selects strong targets, the present protocol is an excellent tool for HDAC8 target 

identification. We have detected the most reactive HDAC8 peptide targets to date, as well as 

a range of milder targets of potential biological significance. Thus, our approach 

complements both the proteomic as well as sequence-based approaches, thereby providing 

an increasingly comprehensive picture of the HDAC8 deacetylome.

From peptide substrate to the full protein—Our protocol performs impressively well 

at discriminating non-binding peptides from those that can bind HDAC8 and consequently 

undergo deacetylation. However, is there a direct relation between in vitro deacetylation of 

the short peptide, as measured in this present study, and the in vivo deacetylation of that site 

within the context of the full protein in the cell? Several additional features might need to be 

taken into consideration, including spatial accessibility of the target site to HDAC8 (Sirota et 

al., 2015). The acetylation/deacetylation site may reside within either an unstructured or 

structured region, and function as a signal or modulate protein activity. Disordered regions 

will be highly favored as they can easily adopt an HDAC8-compatible conformation (e.g. 

K1275 in ZNF318 discussed above). For sites located in and substantially buried in ordered 

domains, (e.g. K604 in KAT6A discussed above), the structural context might very well 

affect HDAC8 activity. Furthermore, the local structure propensity of the peptide, in 

particular its tendency to adapt, e.g., an ordered alpha helix, might reduce HDAC8 activity, 

as it will be more difficult to adopt a catalysis-compatible conformation (e.g. to form 

backbone mediated hydrogen bonds with D101; see Figure 1A). This might be the reason 

why the best substrate identified in this study (FGKac1275FSW [kcat/KM=4826], predicted to 

lie in a disordered region in ZNF 318) is considerable more active than the following two 

substrates (Ef1 alpha 1 SFKac55YAW [kcat/KM=1176] & CAD protein LSKac747FLR 

[kcat/KM=630], both predicted to adapt an ordered, helical conformation) even though the 
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latter two have much better scores (−20.0 vs. −20.8 & −21.6) (Table 2 and Figure 4C; See 

Supplementary Table S5 for secondary structure propensities of the different peptide 

substrates in this study). Further parameters such as the local substrate protein concentration, 

as well as other cofactors may modulate the effective reactivity with HDAC8. Finally, other 

HDAC isozymes may also recognize a given acetylated site. All these factors will also 

influence experimental approaches, and new, more sensitive methods for the measure of 

protein interactions, in particular transient interactions, within the cell, need still to be 

developed [e.g. (Roux et al., 2013)].

Chromatin modifiers are increasingly recognized as major regulatory factors. In addition to 

the blooming research on the regulatory role of different chromatin states, and the 

consequent considerable functional effects of these modifiers, modification of additional 

substrates, beyond histones, have connected these enzymes to a wide range of regulatory 

roles (Choudhary et al., 2009, Joshi et al., 2013). One could speculate that an initial, non-

specific action of chromatin modifiers, such as HDAC8, on a nearby protein present at high 

effective local concentration, could have resulted in benefits in selection, or been maintained 

due to its neutral effect. With time this modification could have evolved into a specific 

modification with a specific regulatory role. In this study we have demonstrated, using 

HDAC8 as an example, how a structural approach can efficiently identify additional targets 

and therefore boost insight into the biological function of an enzyme.

Methods

We adapted the Rosetta FlexPepBind protocol (London et al., 2011, London et al., 2012) to 

predict the substrate specificity of HDAC8. Using a template peptide-receptor complex 

structure we modeled each of the investigated peptide sequences, and distinguished binders 

from non-binders based on these structural models. Different parameters, such as the 

template structure used as starting structure for optimization, the amount of sampling, and 

the scoring function were calibrated. Conformational sampling was biased towards relevant 

conformations by implementation of constraints that reproduce conserved structural features 

identified from known structures of the interaction.

The underlying assumption of this approach is that the ability of a lysine-acetylated peptide 

to bind to the HDAC8 catalytic site in an appropriate conformation contributes significantly 

to the rate of deacetylation. Our goal was to obtain maximal energy separation between 

peptides that are HDAC8 substrates (i.e. binders) and those that are not (i.e. cannot bind), 

and a good correlation between predicted relative binding affinities and corresponding 

experimental values for catalytic efficiency.

Modeling the structures of peptide-protein complexes

The first step involves the generation of an approximate starting structure of the peptide-

receptor complex. In the second step, this structure is optimized, followed by scoring in the 

third step. This results in a ranked list of peptides according to their predicted ability to 

bind to HDAC8. Details and runline commands used in the different modeling steps are 

included in the Supplementary Text.

Alam et al. Page 11

Structure. Author manuscript; available in PMC 2017 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Step 1: Preparation of a starting model of a peptide-HDAC8 complex

In a first step a coarse model of the complex was generated, based on a template crystal 

structure of a catalytically dead Y306F HDAC8 mutant in complex with a p53-derived 

peptide AcRHKacKac (7-methoxycoumarin-4-yl) methyl [PDB id 2v5w, (Vannini et al., 

2007)]. Initially, we calibrated our protocol with a structure in which missing peptide 

residues were added in an extended conformation (we used peptide models with charged 

termini throughout this study). Later, this structure was extensively optimized for a known 

strong substrate, GYKacFGC in our training set (see below), using Rosetta FlexPepDock 

refinement [as described previously (Raveh et al., 2010); 1000 models were generated, and 

the top-scoring model, according to interface score was selected, see below]. The resulting 

structure was used as template for modeling the binding of different peptide sequences to 

HDAC8.

Step 2: Optimization of the peptide-HDAC8 complex structure for different peptide 
sequences

Each peptide sequence of interest was threaded onto the above template [using Rosetta 

fixed-backbone design (Kuhlman et al., 2003)], and optimized using FlexPepDock (London 

et al., 2011)].

Step 3: Ranking of the peptide substrates based on the optimized peptide-receptor 
complex structures

In the last step, different lysine-acetylated peptide-HDAC8 complexes were ranked to 

determine the relative binding ability of different peptides to HDAC8. In order to focus on 

the peptide-receptor interface, different subsets of the total score were investigated as 

possible ranking measures:

1. Peptide score (Pep_sc) - The sum of the internal energy of the peptide and the 

interactions across the interface. A similar term, Peptide score noref 
(Pep_sc_noref) does not contain the reference energy term, Eref.

2. Interface score (I_sc)- includes the sum of interactions across the interface.

3. Reweighted score - sum of peptide score, interface score and total score.

We started with the default scoring function in Rosetta (score12). Subsequently, we modified 

this energy function to better account for electrostatic effects, as in our study on prediction 

of BCL binding specificity [for details, see (London et al., 2012)].

Parameters optimized for HDAC8 FlexPepBind

Biasing conformations with constraints—HDAC8 catalyzes deacetylation of a wide 

range of different substrates, which all must bind to the catalytic site. Maintaining the 

structural features that are important for binding is critical for structure-based substrate 

specificity prediction. Inspection of the structure of HDAC8 bound to a p53-derived peptide 

[PDB id 2v5w, (Vannini et al., 2007)], identified potential critical interactions that we 

implemented as constraints (see Figure 1 and Table S1).
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Definition of axes for rigid body movements—The rigid body orientation between 

the HDAC8 receptor and the peptide substrate is defined by two anchors that connect the 

receptor to the peptide. In order to optimize rigid body sampling to relevant conformations, 

we explicitly defined the Cα atom of the acetylated lysine as the peptide anchor.

Datasets

Set_GX1KacX2GC: 361 peptides—The ability of HDAC8 to deacetylate 361 six amino 

acid peptides with the sequence Ac-GX1KacX2GC-NH2 (where X1, X2 can be any amino 

acid, except cysteine; see Table S2 in the Supplementary Material) was tested using a mass 

spectrometry technique termed SAMDI (self-assembled monolayers for matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry) (Gurard-Levin et al., 2010). The 

arrays were prepared by immobilizing the peptides to a self-assembled monolayer of 

alkanethiolates on gold. For each peptide, the fraction of deacetylation catalyzed by 

recombinant HDAC8 was measured after reacting the peptide substrates immobilized on a 

chip for 30 minutes at 30°C. In these experiments care was taken to maintain a specific 1:1 

Zn2+ to HDAC8 ratio using methods specified in Gantt et al. (Gantt et al., 2006), to 

minimize inhibition by excess metal ion. The data for the Set_GRKacX2X3C: 361 peptides 

was taken directly from Gurard-Levin et al. (Gurard-Levin et al., 2010) (see Table S3).

Validation sets

We applied our calibrated protocol to a large comprehensive set of reported acetylation sites, 

which was downloaded from the PhosphoSitePlus database (3191 acetylated sites in the 

human proteome reported in the 06/2012 release), to extract a small set of peptides for 

validation. This was done twice: Novel_candidate_set1 (Table 1): The first validation set 

was used to evaluate the initial protocol and contained 26 peptides. Novel_candidate_set2 
(Table 2): The second validation set was used to evaluate the optimized, final protocol (see 

Table S4 for details about the criteria for selection of each of the targets), and contained 19 

peptides. Deacetylation of acetylated peptides catalyzed by recombinant Zn-HDAC8 was 

assayed using a coupled assay that measures the production of acetate, as described 

previously (Wolfson et al., 2014). More details of this experimental method are provided in 

the Supplementary Material.

Our final validation, Proteometargets_set3 (Table 3): consisted of HDAC8 targets 

independently identified in a large-scale proteomic assay led by the Holson group (Olson et 

al., 2014).

The PhosphoSitePlus database has accumulated many additional acetylation sites over the 

years. We therefore repeated our simulations on the latest available version 

(11/201511/20397 reported acetylated sites, identified either in a low-throughput assay, or in 

more than one independent high-throughput assays). Scores for all sites are included in the 

Appendix.

Statistical tests

We used two measures to evaluate the performance of HDAC8 FlexPepBind substrate 

prediction: (1) Binary distinction between substrates and non-substrates (applied to the 
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SAMDI experiments), and (2) Linear correlation between predicted relative binding affinity 

and experimentally determined substrate activity. An optimal protocol should be able to 

reliably identify (at least the strongest) peptide substrates, and preferably to rank peptide 

substrates according to their degree of deacetylation by HDAC8.

Binary distinction between substrates and non-substrates—For binary 

distinction, we determined a deacetylation level, beyond/below which a peptide is defined as 

a substrate/non-substrate, respectively (see Results). The non-parametric Kolmogorov-

Smirnov test was applied to determine whether substrates and non-substrates are derived 

from two distinct populations (i.e. they can be distinguished).

Prediction of relative substrate activity—In order to assess the ability of FlexPepBind 

to rank substrate peptides according to their degree of deacetylation by HDAC8, we 

calculated correlations and the associated statistical significance, using the non-parametric 

Pearson correlation test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural features of the HDAC8-substrate interactions. (A) Key HDAC8 receptor - peptide 

substrate interactions imposed during optimization, including the tethering of the backbone 

of the acetylated lysine (i.e. the second acetylated lysine in the RHKacKac-coumarin 

substrate) to D101 and the acetyl group to the Zn2+ coordination site (see Text and Table 

S1). (B) Starting structure used in this study, generated by optimization of the most reactive 

substrate in our training set, Ac-GYKacFGC-NH2 (see Table S2). Structures are based on 

PDB id 2v5w (Vannini et al., 2007), and rendered using PyMOL (http://www.pymol.org).
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Figure 2. 
Performance of the optimized HDAC8 FlexPepBind protocol on two different sets of 

hexapeptides, Set_GX1KacX2GC (A), and Set_GRKacX2X3C (B) measured with a mass-

spectrometry-based assay, SAMDI (see Methods). The binding score (y-axis) vs. substrate 

activity (x-axis) plots show good discrimination between substrates (vertical line; >0.34 

fraction of deacetylation) and non-substrates using our measure of the ability of different 

substrates to bind to HDAC8 in a catalysis-competent conformation. The horizontal lines 

indicate the thresholds for predicted substrate definition derived from plot (A): a stringent 

cutoff of −18.0 detects 35% of the substrates (True Positives) at the expense of 4% selected 

non-substrates (False Positives), while the second cutoff of −16.5 identifies more substrates 

(91%), but also more wrong hits (19%).
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Figure 3. 
Histogram of binding scores for substrates (circles) and non-substrates (diamonds) of 

Set_GX1KacX2GC (at least 0.34 deacetylation, see Figure 2), as well as two large scale 

screens of peptides representing all known acetylated sites (1) PhosphoSitePlus release 

6/2012: 3048 unique hexapeptides representing 3191 reported sites (short dashed grey line), 

and (2) PhosphoSitePlus release 11/2015: 17904 unique hexapeptides representing 20397 

reported sites (long dashed grey line). The thresholds for predicted substrates defined in 

Figure 2 are indicated by vertical lines. Using the stringent threshold of −18.0, the large-

scale screen identifies many additional potential substrates.
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Figure 4. 
Correlation between predicted binding to HDAC8 and experimental deacetylation of protein 

substrates. (A) Novel_candidate_set1, using the initial protocol (R=−0.39). All following 

correlations were obtained with the optimized protocol: (B) Novel_candidate_set1 (R=

−0.51), (C) Novel_candidate_set2 (R=−0.84) and (D) Proteometargets_set3 (R=−0.93). 

Substrate Strength: Reactive ( ), reasonable ( ), mild ( ) and poor (△).
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