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Abstract

Lysine acetylation and deacetylation are critical for regulation of many cellular proteins. Despite
the importance of this cycle, it is unclear how lysine deacetylase (KDAC) family members
discriminate between acetylated proteins to react with a discrete set of substrates. Potential
short-range interactions between KDACS and a known biologically relevant peptide substrate
were identified using molecular dynamics (MD) simulations. Activity assays with a panel of
peptides derived from this substrate supported a putative ionic interaction between arginine at
the -1 substrate position and KDAC8 D101. Additional assays and MD simulations confirmed
this novel interaction, which promotes deacetylation of substrates. \Verification that a negatively
charged residue at the 101 position is necessary for the ionic interaction and observed reactivity
with the substrates was performed using KDACS derivatives. Notably, this interaction is specific
to KDACS, as KDAC1 and KDAC6 do not form this interaction and each KDAC has a different
specificity profile with the peptide substrates, even though all KDACs could potentially form
ionic interactions. When reacted with a panel of putative human KDAC substrates, KDAC8
preferentially deacetylated substrates containing an arginine at the -1 position. KDAC8 D101-
R(-1) is a specific enzyme-substrate interaction that begins to explain how KDACs discriminate
between potential substrates, and how different KDAC family members can react with different
subsets of acetylated proteins in cells. This multi-pronged approach will be extended to identify
other critical interactions for KDAC8 substrate binding and determine critical interactions for
other KDACs.
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Introduction

Lysine acetylation is one of the most prominent types of post-translational modification
(PTM). First identified on histone proteins, acetylation has now been found on thousands
of proteins, including many that are found only in the cytosol, indicating that this mode

of regulation is utilized in many cellular process and reaches far beyond the canonical
histone modifications known to regulate gene expression.1-6 Despite the revelation that
acetylation is widely present on many proteins that are involved in many cellular processes,
the consequences of this PTM on specific non-histone proteins are not well understood.

Like many other PTMs, such as phosphorylation, acetylation is a reversible modification.
Toggling between the acetylated and deacetylated state alters the physical properties of the
residue, most notably changing the charge state from the positively charged lysine side
chain to an uncharged acetyllysine. Lysine deacetylases (KDACS), sometimes referred to as
histone deacetylases (HDACs), are a family of enzymes that are responsible for removing
acetyl groups, restoring lysine residues to their original state. Of the 18 human enzymes that
are capable of catalyzing the hydrolysis of the e-N-acetyllysine, 11 belong to either class

I or class Il, which are collectively referred to as KDACs (EC 3.5.1.98). These enzymes
are metal-dependent, share a well-conserved catalytic domain, and deacetylate substrate
proteins through a conserved mechanism.”-9 KDAC8 (UniProtKB: Q9BY41) is a class |
deacetylase, a subfamily that also includes KDACs 1, 2, and 3. While deacetylation of
modified proteins undoubtedly affects protein function and can easily be envisioned as a
regulatory mechanism, specific examples of identified target proteins for specific KDACs
are lacking. In fact, out of the several thousand known acetylated human proteins, only a
handful of KDAC/substrate pairs have been confidently determined.10

Understanding how particular acetylated substrates interact with KDACS is an important
step toward understanding KDAC specificity, predicting and identifying substrates of
particular KDACs, and ultimately understanding how cells use deacetylation as a mechanism
to regulate cellular processes. Structural studies of the KDAC catalytic domain have
elucidated several residues in the active site that are important for catalysis.”11:12 |n
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addition, residues in the L2 loop have been implicated in KDACS8 function through analysis
of structural data and computer simulations that indicate that these residues form critical
hydrogen bonds with substrates and inhibitors.12-14 However, the identified interactions of
these residues, such as hydrogen bonding from an aspartic acid (D101) in the L2 loop to the
substrate backbone and hydrogen bonding from a tyrosine ('Y306) in the binding pocket to
the acetyllysine side chain, involve features of the substrate that would be common to all
substrates. Furthermore, the particular residues involved are often entirely conserved within
class I KDACs, and often also within some or all members of the class |1 KDACs. Therefore,
the previously reported interactions are unlikely to contribute to substrate discrimination that
could lead to the selectivity of different KDACs. The lack of unique identified interactions
within KDAC binding sites also limits the ability to develop inhibitors that target only

a single KDAC instead of the entire family or class. Although progress has been made

in designing specific inhibitors, there is need to identify such interactions for improved
inhibitor selectivity.1®

For many reasons, including that the catalytic domains of KDACs are generally well
conserved and that it is not understood to what extent KDAC family members may

have overlapping substrates, performing experiments in cells or organisms has been
challenging. It has been established, using the histone proteins as model substrates, that
KDACs rely on both short-range and long-range contacts for substrate specificity.16 Several
attempts at large scale studies to investigate KDAC8 substrate specificity using unnatural
peptide substrates have been conducted.1”-1° Overall, these studies revealed patterns for
substrate preference for various KDACSs, but the conclusions from these studies have been
inconsistent with results from studies when more biologically-relevant putative substrates
are used.20 Additionally, these large scale studies have not led to significant insights into
the molecular determinants of specificity. To better understand mechanisms of KDAC8
substrate specificity, we have used a combination of /n vitro deacetylation assays with
peptide substrates derived from a known KDACS substrate and molecular dynamics (MD)
simulations to uncover an important and specific ionic interaction between KDACS8 and
putative substrates that enhances deacetylation by KDACS.

Materials and Methods

KDAC expression and purification.

Recombinant KDAC1 (UniProtKB: Q13547) was purchased from ActivMotif and dialyzed
into storage buffer (30 mM 3-(N-morpholino)propanesulfonic acid [MOPS] pH 8.0, 150 mM
KCI, 1.0 mM tris(2-carboxyethyl)phosphine [TCEP], 25% glycerol). All other KDACs were
recombinantly expressed fused to a tobacco etch virus (TEV) protease cleavage site and a
C-terminal Hisg tag in either £. colior insect cells. The constructs used to express KDAC6
(UniProtkB: Q9UBN7) and KDACS have been previously described.20 To create KDACS
derivatives, D101A, D101E, D101N, and D101R mutations were introduced using PCR-
based site-directed mutagenesis into either pFastbacl (D101E) or pJE (D101A, D101N,

and D101R) plasmids containing human KDACS. E. coli expression was performed as
previously described to obtain KDAC8 and KDACS derivatives.2! For insect cell expression
of KDAC6 and KDAC8 D101E, pFastbacl-based plasmids were transformed into DH10Bac
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cells (Life Technologies) to create bacmids that were isolated using a ZR Bac DNA
miniprep kit (Zymo Research). 1 g of each bacmid was transfected into 108 ExpiSf9

cells (Life Technologies) in a 6-well plate in 3 mL ExpiSf CD media (Life Technologies)
using 20 uL Expifectamine transfection reagent (Life Technologies). Transfected cells were
incubated at 28 °C for 5 days. Cells and media from the transfected well were transferred
to 50-150 mL of ExpiSf9 cells growing in suspension at 28 °C with shaking at a density of
106 cells mL~L. Cells were incubated for 2 days, then harvested by centrifugation at 700 xg
for 5 min and stored at —20 °C until purification. ExpiSf9 cells were grown and maintained
according to the manufacturer’s instructions.

Purification of KDACs was performed as previously described.?! Briefly, cells were lysed
and KDACs were purified based on the presence of the C-terminal Hisg tag using TALON
metal affinity resin (Takara). KDAC8 and KDACS variants, but not KDAC6, were subjected
to a second round of metal affinity purification to remove the protease and other impurities,
following cleavage of the tag using TEV protease. The resulting protein was quantified
using A,go. Purified proteins were subjected to polyacrylamide gel electrophoresis (PAGE)
to verify identity and purity.

Activity assays.

Peptide substrates containing acetylated lysine residues were custom synthesized, N-
terminally acetylated and C-terminally amidated (Genscript). /n vitro activity assays were
performed by incubating 50 nM KDACS6 or 200 nM other KDACs with 100 UM peptide
substrate at 25 °C for 15-60 min in 30 mM potassium phosphate pH 7.6, 5% glycerol

(low ionic strength) unless otherwise noted as being under standard high ionic strength
conditions (the same buffer with 100 mM KCI). For most substrates, specific activity was
determined using fluorescamine as previously described.?2 All reported endpoint activity
values are the average of n=3. Except where noted, endpoint activity was normalized by
defining the activity of KDAC8 with FRK&RW to be 1 and scaling all other values by

the same proportion. For some KDAC8/substrate pairs, kinetic parameters were determined
using variable substrate concentrations and sampling the reactions over time.22 Statistical
significance was determined using a t-test with a significance threshold of p=0.05, using

the Bonferroni correction for multiple testing (0.05 divided by the number of comparisons
made to the reference data set in a given group). All t-tests were two-tailed, and assumed
unpaired samples with unequal variance unless otherwise noted. All kinetic parameters were
calculated using data from 3 timepoints over a 60 min timecourse for each of 5 substrate
concentrations. Statistically significant differences in fit values were identified by comparing
the 95% confidence intervals of the fits and determining whether the fits overlapped in the
regions corresponding to Ky or Vinax, Which approximately corresponds to when the two
values being compared differ by at least 1.4 times the sum of the uncertainties.

For the reactions using FKK2RW and a subset of the FRK2°RW reactions, deacetylation
was measured using matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry instead of fluorescamine. Completed reactions and inhibited
reaction controls were diluted 1:50 in TA85 (85% acetonitrile, 0.1% TFA). 1 ul was spotted
onto an Anchorchip 384 target plate (Bruker Daltonics). After drying, 0.5 uL matrix solution
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(saturated a.-cyano-4-hydroxycinnamic acid [HCCA] in TA85) was spotted on top of each
sample. MALDI-TOF mass spectrometry was performed on each sample using positive
reflector mode on an Autoflex speed MALDI-TOF/TOF (Bruker Daltonics). Data from 500
laser shots of each sample were pooled. Peaks were identified and analyzed using Flex
Analysis software (Bruker Daltonics). The peaks representing the m/z for the substrate
and product were analyzed to determine the fraction of the total peak area for the peak
corresponding to the product of each reaction. The corresponding value from the inhibited
reaction control was subtracted from the value calculated for the reactions. To create a
standard curve, substrate and product (non-acetylated) peptides were mixed such that the
product was represented in known ratio compared to the substrate. Standard samples were
prepared for mass spectrometry in the same manner as reactions described above. For each
concentration of substrate, the percent area for the product peak was divided by the sum of
areas of the substrate and product peaks. The percent product in the standard samples was
plotted against the average percent area of the product peak (n=3 for each concentration).
A linear fit was performed (QtiPlot) and the slope of the standard curve for each substrate/
product pair was used to convert percent product area for the reactions to percent substrate
conversion. This value was used to calculate specific activity for each reaction. Statistical
analysis was performed as described for fluorescence assays.

Molecular dynamics (MD).

Structures of human KDACS and variants with bound substrate were prepared by creating
sequence alignments of residues 10-377 (C-terminus) with the desired substrate sequence
against inactive KDACS variants containing a bound substrate (PDB: 2v5w and 3ewf) and
an apo wild-type KDACS structure (PDB: 3ew8).12:13 All chains in the crystal structures
were included in the alignment. Substrate sequences were aligned as a separate chain such
that the acetyllysine residue matched the acetyllysine residue in the active site of the crystal
structures. One extra N-terminal amino acid was included on the substrate. The active

site water and zinc were retained as rigid bodies, as was the 7-amino-4-methylcoumarin
group when present. Models were created with MODELLER, version 9.21 or 9.24, with the
CHARMMZ22 force field, with modified force field parameters to incorporate an adapted
version of the acetylated lysine (ALY) residue from CHARMM36.23-25 The resulting
structure was modified by removing all atoms from the extra N-terminal substrate residue
except the backbone Ca and carbonyl, which were converted to the N-terminal acetyl
group, and the 2" C-terminal oxygen atom was changed to a nitrogen atom to form

the C-terminal amide group. When the position of the catalytic water was significantly
shifted by MODELLER, it was manually returned to the position of the crystal structures
relative to the zinc atom. Structures for human KDAC1 residues 8-376 (PDB: 4bkxB)

and human KDACS6 residues 480-835 (PDB: 5eduA) were prepared by first performing a
structure-based sequence alignment against KDAC8 (PDB: 2v5wA) using TM-align.26-28
Then sequence alignments were built using the same chains, with incorporation of an
additional structure for each KDAC1 (PDB: 5icnB) and KDAC6 (PDB: 5eduB).2? Substrate
sequence alignments and MODELLER treatment were the same as done for KDACS.

Molecular dynamics was performed using GROMACS version 2019.1.30:31 The AMBERO3
force field was utilized.32 The force field was modified to include a previously
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parameterized ALY residue.33 AMBERO3 parameters for 7-amino-4-methylcoumarin were
calculated using version Jan-2019 of the R.E.D. server with Gaussian03.34 Proteins were
placed in a cubic box of length 8.6 nm (KDAC8 and KDAC1) or 9.3 nm (KDAC6) and
solvated using the tip3p method. Charges were neutralized with potassium or chloride, and
additional potassium and chloride ions were added to a concentration of 150 mM (high
ionic strength) or 50 mM (low ionic strength). Simulations utilized low ionic strength
unless noted as high ionic strength. The system was energy minimized by steepest descent.
All subsequent equilibration and simulation runs utilized 2 fs steps and a Verlet cut-off
scheme for interactions, otherwise utilizing default GROMACS settings except as detailed
in the following text.3® Frames were recorded every 10 ps during equilibration and every

2 ps during simulations. The system was first equilibrated under constant volume and
temperature (NVT) conditions using a Berendsen thermostat for 100 ps at 300 K, with
hydrogen bond constraints (LINCS), all non-solvent atoms restrained, and the catalytic
water and zinc temperature-regulated as part of the protein and substrate system rather than
solvent.36:37 A second equilibration was performed at constant pressure and temperature
(NPT) using the V-rescale thermostat and Berendsen pressure couple at 300 K for 100 ps,
with hydrogen bond constraints and all non-solvent atoms restrained.38 A final constant
pressure and temperature equilibration was performed using the V-rescale thermostat and
Parrinello-Rahman pressure couple at 300 K for 100 ps, with hydrogen bond constraints but
all atom restraints removed.3% All equilibrations were validated using standard GROMACS
tools to ensure stable temperature, pressure, and/or density at each stage after 20 ps. After
each equilibration, the distances from the acetyllysine carbonyl to the zinc atom and from
the catalytic water to the zinc atom were verified as being less than 0.35 nm and less

than 0.25 nm, respectively, to ensure that the substrate was remaining in a fully bound
configuration. Failure to pass any equilibration test resulted in a restart of the process.
Finally, simulations were run under constant volume and temperature conditions using the
V-rescale thermostat at 300 K for 5 ns, with hydrogen bond constraints. The process from
solvation through simulation was performed 5 times as independent replicates.

Simulations were analyzed using standard GROMACS tools. Maintenance of overall protein
structure was verified by monitoring the root mean square displacement of the protein
backbone and the radius of gyration. The minimum distance of every protein and substrate
atom to the nearest mirror image atom was verified as being greater than 1.0 nm to

confirm the absence of periodic image artifacts. Potential interactions were identified by
enzyme residues that were within 0.4 nm of a substrate residue during at least 1% of

single simulation, and then further refined for specific contact types. lonic interactions were
identified if the distance from any hydrogen atom of the cationic group to either oxygen

of the anionic group was 0.25 nm or less. Hydrogen bonds were identified between two
hydrogen bonding groups when the distance between the relevant heavy atoms was 0.35

nm or less and the bond angle incorporating the hydrogen atom was appropriate, with a
focus on side chain-side chain (h:h) and enzyme side chain to substrate backbone (h:bb),
after atoms previously determined to be ion pairs were discarded. Aromatic ring-cation
interactions (1:+) were identified when the centers of mass of the aromatic ring and the
cation heavy atom were within 0.4 nm and the ring was at a relative angle of approximately
60 ° or less based on a maximum difference of 0.15 nm from the cation heavy atom to each
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carbon atoms in the ring. The average percent of time that each interaction was observed was
averaged across the five replicate simulations.

Protein structure analysis.

Results

Circular dichroism spectra of KDACS derivatives were collected using 500 nM enzyme and
four accumulated scans, as previously described.2! Images of proteins were prepared using
PyMOL (Schrédinger), using individual MD frames or the crystal structures and sequence
alignments from TM-align output.

An ionic interaction between KDAC8 and substrates promotes activity.

Using a fluorescence-based in vitro assay, we have previously identified several peptide
substrates of KDACS derived from known acetylated human proteins.22 To investigate how
substrates interact with KDACS, we used the most reactive peptide substrate identified

in that study, FRK2RW (a portion of ADAP1 [UniProtKB 075689] with N-terminal
acetylation and C-terminal amidation) as a starting point. Using MD simulations, we
modeled the interaction between KDACS and the peptide substrate under standard reaction
conditions (high ionic strength). The simulation was run for 5 ns after the substrate was
positioned such that the acetyllysine was in the correct configuration for catalysis, with five
independent replicate simulations. While this timescale is insufficient to model catalysis

or the binding process, it does allow identification of the close-range interactions between
the substrate and enzyme that are potentially relevant for binding in a catalytically relevant
configuration. The result of this simulation revealed possible interactions between particular
KDACS residues and the substrate (Figures 1A and 1B). In this work, we focused on

the interactions of the substrate residues adjacent to the acetyllysine, both of which are
arginine for this particular substrate: R(-1) and R(+1). As we were interested in features
leading to substrate selectivity, we focused on side chain interactions rather than backbone
interactions likely to be common to all substrates. However, we did monitor previously
reported interactions between D101 and the substrate backbone of the acetyllysine and the
+1 residue.13.14 Similarly, we ruled out interactions with the acetyllysine, as that residue

is common to all substrates, except for the hydrogen bonding interaction between the side
chain of Y306 and the acetyllysine side chain. The Y306 interaction was monitored as

a potential indicator of catalytic behavior. The percent of time that each interaction pair
spent in position for the interaction to occur was represented as a greyscale heat map
(Figure 1C). First, D101 appeared to be hydrogen bonding to the acetyllysine (enzyme
side chain to substrate backbone, h:bb), as was Y306 (side chain to side chain, h:h).

In addition, Y100 formed an aromatic ring-cation interaction with both arginine residues
flanking the acetyllysine (pi-cation, rt:+). D101 also interacted with both arginine residues,
albeit in different ways: namely ionic interaction with R(-1) and hydrogen bond with R(+1)
(h:bb). To determine which of these interactions correlated with deacetylation and contribute
to substrate selectivity, we used a combination of in vitro assays and MD analysis of
derivatives of the substrate and enzyme to probe the contributions of these interactions.
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The ionic interaction of R(-1) and the r-cation interactions identified in our MD analysis
have not been previously reported. We reasoned that ionic interactions may be affected

by the ionic strength of the buffer, as high concentrations of solvent ions would provide
alternative interaction partners and weaken the substrate-enzyme interactions. To determine
whether lowering the ionic strength of the buffer would affect KDACS activity, we measured
the specific activity of KDACS8 with this peptide, as well as other previously reported
peptide substrates that do not contain positively charged residues, in a low ionic strength
phosphate buffer. These values were compared with our previously reported values for

these reactions at higher ionic strength (Figure 1D; absolute specific activity values for all
normalized endpoint reactions are reported in Table S1).22 Interestingly, we observed that

in the lower ionic strength buffer, KDAC8 showed an approximately 2.5-fold increase in
specific activity in an endpoint assay with FRK&RW; however, the specific activity with the
other peptides was not affected by the buffer change. Determining the kinetic parameters of
KDACS with the positively charged FRK&RW peptide substrate revealed that lowering the
ionic strength of the buffer resulted in an approximately two-fold decrease in Ky and an
approximately 2.5-fold increase in catalytic efficiency (Table 1). Thus, we could attribute the
increased endpoint activity in the lower ionic strength buffer to an increase in affinity. MD
analysis comparing potential interactions in each buffer supported the hypothesis that the
increase in affinity was driven by ionic interactions, as all the interactions between D101 and
the substrate are increased in the low ionic strength buffer, whereas interactions with Y100
and Y306 were unaffected or decreased (compare Figure 1C with Figure 1E). To maximize
our sensitivity to ionic contributions to binding, we conducted all subsequent experiments in
the low ionic strength buffer.

Arginine in the +1 position does not contribute to activity.

To determine whether arginine in both positions are important for KDACS activity, we
tested the activity of KDACS8 with derivative peptides in which one of the charged residues
(R(-1) or R(+1)), was replaced with alanine (A) (Figure 2A). Notably, replacing R(=1) with
alanine resulted in a dramatic reduction in deacetylation, while replacing R(+1) resulted

in no significant difference in specific activity. In fact, a peptide containing R(-1), but
where all other residues have been replaced with alanine (ARK&AA), is sufficient to illicit
deacetylation by KDACS, albeit at reduced levels compared to the biologically relevant
peptide FRK2RW. However, a similar peptide where R(+1) has been retained instead
(AAKZRA) is not deacetylated by KDACS (Figure 2A). These results indicate that R(-1),
and not R(+1), is a major driver of KDACS activity. MD simulations revealed decreases in
several interactions when R(—1) was substituted with alanine, in addition to the loss of the
ionic interaction directly associated with the lack of an arginine in the -1 position (Figure
2B). This was not the case when R(+1) was substituted with alanine, as this substitution
resulted in only minor changes to the overall interactions with KDACS. Interestingly, MD
analysis suggested that replacing all substrate residues with alanine, except R(+1), does
force an ionic interaction between this residue and D101; however, that interaction does not
lead to KDACS activity, likely because the substrate is no longer in a favorable position for
catalysis.
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Specific interactions between the enzyme and substrate could affect KDACS activity by
contributing to binding to the enzyme, rate of catalysis, or both. To distinguish between
these possibilities for the ionic interaction we have described, we conducted timecourse
experiments at several substrate concentrations with derivative substrates to determine

the kinetic parameters for each (Table 2). The arginine to alanine substitution at the -1
position increased the Ky, approximately 6-fold, indicating a much lower binding affinity
when the positively charged residue is not present in that position. In contrast, the Az,
decreased less than two-fold, indicating only a small impact on the catalytic process. The
approximately 10-fold decrease in KDACS catalytic efficiency between these two substrates
(FRK2RW vs. FAK&RW) was consistent with the change in specific activity with these
substrates calculated from endpoint experiments (Figure 2A). These data indicated that
R(-1) is primarily important for substrate binding to the enzyme. Interestingly, substituting
R(+1) for alanine slightly increased the k.4 without significantly changing Ky (Table

2). These measurements confirmed that although there is an arginine residue on either

side of the acetyllysine, they are not performing functionally similar roles with respect to
interaction with KDACS8 (Table 2 and Figure 2). The MD simulations also indicate that the
presence of the Y306 hydrogen bond does not correlate with the activity trend, although a
significant presence of this interaction does serve to demonstrate that the peptides remained
in catalytically relevant conformations during the simulation.

KDACS is more active with peptides containing an arginine residue in the —1 position.

To determine whether the activity changes were being driven by the R(=1) ionic interaction
with D101 or the previously reported D101 hydrogen bonds to the backbone of the
acetyllysine and the +1 substrate residue, we compared KDACS8 deacetylation of several
derivative peptides where each contained a different residue at the —1 position. To determine
the effect of a positively charged substrate that contained lysine instead of arginine,

we needed to develop a different method of determining KDACS activity, because the
fluorescamine assay that we were primarily using to assess KDACS activity is insufficiently
sensitive when a free amine such as unacetylated lysine is present in the substrate.22 Using
MALDI-TOF mass spectrometry, we were able to determine the relative amounts of product
and substrate after incubating with the deacetylase. To account for potential differences in
sensitivity of detection of the two molecules and to convert the percent substrate conversion
to specific activity, we first produced a standard curve by measuring the relative peak area
for the product and substrate mixed at known ratios. The standard curves for FRK2RW

and FKK3RW (Figures S1A and S1B) had r2 values equal to 0.97 and 0.95 respectively,
indicating a reasonable linear relationship between the percent substrate in the mixture and
the percent of total signal area. Using the FRK&RW substrate, we were able to validate this
technique by comparing the specific activity of single reactions measured using both the
fluorescamine assay and the mass spectrometry assay. Because the absolute specific activity
calculated using mass spectrometry was somewhat lower, although not statistically different,
than the value when using the fluorescamine method (Figure S1C), we report activity for
lysine-containing peptides normalized to the activity for FRK&RW obtained from mass
spectrometry rather than the fluorescamine activity value used for other normalizations.
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The known biologically-relevant peptide was the best KDACS8 substrate. A peptide where
R(-1) was replaced with a lysine (K), which retains the positive charge, also retained

the ability to react with KDACS, and was a much better substrate than the equivalent
peptide with an alanine substitution (p=0.004 for K to A) (Figure 3A). Consistent with

our hypothesis that the —1 substrate residue at this position is interacting with D101 in
KDACS, substituting the arginine residue in the substrate with negatively-charged glutamic
acid (E) resulted in no significant deacetylation by KDACS. Substitution with glutamine
(Q), which contains hydrogen bonding groups but lacks charge, resulted in a peptide that
can be deacetylated by KDACS better than the alanine-containing peptide (p=0.01 for Q to
A), but with lower activity than either of the peptides containing positively charged residues
(p=0.004 for K to Q). This trend is entirely consistent with the hypothesis that an ionic
interaction between the substrate and the D101 residue of KDAC8 promotes deacetylation
by KDACS8. MD analysis simulating each of these substrates with KDAC8 was performed.
Despite the K(-1)-containing peptide retaining approximately half of its KDACS activity, it
only barely formed an ionic interaction with D101 in our simulation (Figure 3B). However,
the K to R substitution was also accompanied by large changes in interactions at the +2
position (data not shown), indicative of a major shift in substrate position and suggestive
that the role of arginine at -1 is more specific than simply providing a positive charge.

In contrast, the D101 hydrogen bonding interactions occurred more often with K at -1

than with R, and exhibited no overall correlation with activity of substrates. The Y306 and
R(+1) interaction also continued to exhibit no correlation with activity. In contrast, the trend
of both Y100 and D101 interactions with R(=1) are both similar to the trend of substrate
activity (Figures 2 and 3).

D101 forms an ionic interaction with substrates to promote deacetylation.

To determine whether the contribution to catalytic activity by the R(-1) is driven by Y100
or D101, we mutated KDACS at the 101 position from aspartic acid (D) to glutamic acid
(E), alanine (A), asparagine (N), or arginine (R). We first compared the activity of these
derivatives to the activity of wild-type KDAC8 with the FRK3RW peptide (Figure 4A).
Only the variant that retained the negative charge at this position (D101E) was active with
the substrate, and the activity was not statistically different from that of the wild-type
KDACS. To rule out the possibility of a folding issue, secondary structures of the inactive
mutants were compared by circular dichroism. All variants produced spectra that were
indistinguishable from wild-type KDACS (Figure S2). As expected, replacing the D101
with a positively charged residue (R) or an alanine (A) did not result in activity. Most
interestingly, we also did not observe activity for the D101N variant, as asparagine is not
charged but otherwise shares properties with aspartic acid, including the ability to form a
hydrogen bond. MD simulations revealed that, indeed, a glutamic acid at 101 could interact
with the substrate in a similar manner to aspartic acid. In contrast, asparagine lost almost
all interactions with the substrate, even through hydrogen bonding (Figure 4B). However,
the Y100 interaction with R(-1) was largely retained with all KDACS variants, strongly
suggesting that the D101 interaction with R(=1) is the essential interaction for explaining the
activity trend.
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To further probe the role of the 101 residue, we focused on the behavior of the D101E
variant to determine whether it was reacting equivalently to wild-type KDACS. First, we
compared the wild-type and D101E activity with the previously tested substrates containing
alanine substituted for the arginine residues (Figure 5A). Remarkably, substituting glutamic
acid for aspartic acid in the 101 position does not significantly affect the activity with any
of these substrates, compared to wild-type KDACS. Next, we tested activity of the D101E
mutant with the set of peptide substrates containing substitutions at the -1 position, which
we previously characterized with wild-type KDAC8. As before, the D101E mutant behaved
similarly to wild-type KDAC8 with all derivative substrates (Figure 5B). MD simulations
demonstrated that the D101E variant had a similar pattern of interactions as the wild-type
KDACS, with the notable exception that D101E more often formed an ionic interaction with
K(-1) than wild-type KDACS did, to a frequency approaching that of R(-1) with wild-type
KDACS (Figure 5C). In contrast, the enhanced hydrogen bonding of the 101 position to the
acetyllysine seen with the K(-1) peptide and wild-type KDAC8 was not retained with the
D101E variant. Glutamic acid hydrogen bonded with the substrate backbone less often than
aspartic acid did with all substrates, irrespective of the observed activity.

While our data are all consistent with the conclusion that an ionic interaction between
D101 and a positively charged residue at the —1 position in the substrate promotes
deacetylation, previous studies have only observed hydrogen bonding between D101 and
the substrate.12-14 However, these studies utilized either unnatural substrates containing
7-amino-4-methylcoumarin (amc) in the +1 position and which did not contain arginine in
the -1 position, or inhibitors. To ensure that we could reproduce the reported correlation of
D101 hydrogen bonding to the substrate backbone and activity (or binding), we performed
MD simulations with substrates containing either amc or tryptophan (W) at the +1 position.
As we have previously reported activity data with these substrates, the MD was performed
under high ionic strength conditions to match the reported data.2? We observed that for
two different substrate sequences, including the substrate present in the crystal structures,
the presence of amc in the +1 position results in an increase in hydrogen bonding with the
substrate backbone compared to substrates with a tryptophan in that position (Figure 6).
Therefore, we are able to reproduce the prior observations using our simulation conditions,
which increases our confidence that observations deviating from prior reports are reliable.

The D101 ionic interaction contributes to KDACS8 specificity.

Having established that the ionic interaction between D101 and the substrate R(-1)
promotes deacetylation, we hypothesized that this interaction could contribute to KDAC8
substrate specificity. We addressed this hypothesis by comparing KDACS8 to KDAC1 and
KDACS6. KDAC1 and KDACS are both members of the class | subfamily, while KDAC6

is a class 11 deacetylase. All three of these enzymes have solved crystal structures.27:28:40
A structure-based sequence alignment demonstrates that the L2 regions have high sequence
similarity between KDAC8 and KDAC1 (Figure 7A). One exception is that instead of Y100,
KDACL1 contains a glutamic acid at the equivalent position. In contrast, KDAC6 has much
lower similarity. Although work published prior to the availability of the KDACS crystal
structure suggested that the aspartic acid at position 101 in KDACS is conserved in all
KDACs, the structure alignment indicates that the aspartic acid in the KDACS6 loop is
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positioned elsewhere, and that a serine residue occupies the physical space analogous to
KDACS8 D101 (Figure 7A).1* The overall position of the L2 loop is also much different

in KDACS than the class | enzymes. To test whether the KDACS ionic interaction we

have described is conserved among other KDAC family members, we performed assays
using KDAC1 and KDAC6 with the peptide substrates containing variations at the -1
position (Figure 7B). Because the absolute activity values varied greatly among enzymes
and we were primarily interested in the effects of perturbing the substrate on selectivity,

we normalized the activity for each enzyme separately such that the activity of FRK&RW
with each enzyme was set to 1. From this limited set of derivative substrates, it is obvious
that the specificity profiles for the three KDACs are distinct from one another (compare the
patterns of significant differences in Figure 7B). KDACS8 shows a strong preference for a
positively charged residue at the —1 position, while the other enzymes do not discriminate
in the same manner. MD simulations revealed that ionic interactions were possible between
the -1 substrate position and KDAC1, both with D99 (the D101 equivalent position in
KDAC1) and with E98 (a second negatively charged residue that occurs in the place of
Y100) (Figure 7C). Similarly, KDACG6 can form an ionic interaction between the R(-1)
and D567 (analogous sequence position to Y100 although not located in the same physical
space), but it is clear that changing the identity of the —1 substrate residue has no effect

on activity. While investigating the mechanism behind the specificity preferences of other
KDAC:s is beyond the scope of this work, these data emphasize that the specific interactions
described here for KDACS are not a general feature of all KDACs, and, therefore, are likely
contributing to substrate specificity.

KDACS preferentially deacetylates substrates with arginine in the —1 position.

Together, our data suggested that KDACS prefers substrates containing an arginine at the
-1 position. To test the general applicability of this observation, we performed activity
assays using KDACS and a panel of acetyllysine-containing peptides from putative KDAC
substrates that were previously identified in the literature and which exhibited a wide

range of sequences.16:41-53 These putative substrates were primarily determined by indirect
cell-based experiments as described elsewhere.1% While none of these peptides were a better
substrate than FRK2RW, and most were not measurably deacetylated by KDACS in our
assay, KDACS8 was active with all of the peptides containing an arginine at the —1 position
(Table 3). With each of these substrates, we observed the D101-R(-1) ionic interaction by
MD. Thus, the ionic interaction described here appears to be a clear determinant of KDAC8
specificity for biologically relevant substrates /n vitro.

Discussion

While several putative substrates for KDAC8 have been identified both /n vitroand in vivo,
it remains unclear which of these are bona fide biological substrates, and what features of
these potential substrates determine whether and to what extent they can be deacetylated by
KDACS.10 Furthermore, previous attempts to identify important determinants of substrate
specificity were hampered by technical limitations, such as including unnatural moieties that
affected reactivity and being restricted to evaluating only one side of the acetyllysine.19:20
Through a combination of /n vitro peptide assays and molecular modelling, we have
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uncovered a novel ionic interaction that contributes to deacetylation by KDAC8 (Figure

1). The D101 residue of KDACS8 formed a specific ionic interaction with arginine in

the -1 substrate position that resulted in a dramatic increase in KDACS activity when a
positively-charged residue was present in that position (Figures 2 and 3). Our data indicated
that changing the aspartic acid to glutamic acid preserved the ionic interaction with the
substrate and resulted in deacetylation; however, mutations to several other amino acids

that could not ionically interact did not result in deacetylation (Figures 4 and 5). We have
clearly demonstrated the importance of an arginine residue in the —1 position of the substrate
for deacetylation by KDACS, as the enzyme was able to discriminate between residues
containing arginine at the —1 position and those that did not in a panel of putative KDAC
substrates (Table 3). Importantly, the active putative substrates with R(=1) lacked any other
sequence similarity to the original peptide used to establish this interaction. Previously
described peptide screens utilizing only a single experimental approach have led to reports
that R(-1) is of no significance or enhances activity only when phenylalanine is present

at the +1 position.19:54 The contrast with our results and the clear demonstration of the
importance of this interaction illustrate the value of our multi-pronged approach, although
we acknowledge that validation with full-length protein putative substrates remains as future
work.

Our results are consistent with previous studies that showed the importance of D101 for
deacetylation; however, our work provides a novel role for D101 in substrate binding. The
previously solved crystal structures bound to the RHK3Kaamc substrate indicated that
D101 formed hydrogen bonds with the substrate backbone.12:13 The role of this hydrogen
bond was further supported by MD simulations utilizing an inhibitor.14 Our MD analysis
performed with amc-containing substrates (including the substrate that was co-crystallized
with KDAC8) demonstrated that the presence of the amc moiety greatly enhanced the
hydrogen bonding to the backbone, which may account for this observation and its presence
in the crystal structures (Figure 6). The difference in behavior for amc-containing peptides
is consistent with previous observations that conjugation of amc to peptide substrates greatly
affects behavior with several KDACs, including KDACS, in ways that do not translate to
biologically relevant substrates.2® Furthermore, the substrate used for the crystal structures
did not contain a charged residue in the —1 position, so the ionic interaction that we
observed could not have formed with that particular substrate.12:13 Thus, the hydrogen
bonding identified in the previously-published work can be attributed to a combination

of the presence of the amc moiety and the lack of arginine at the —1 position. Perhaps
unsurprisingly, D101 can only transiently assume a configuration that allows simultaneous
hydrogen bonding (to the acetyllysine backbone only) and the ionic interaction. Therefore,
to some extent the two interactions are mutually exclusive. Despite this observation, peptides
that lack the arginine at the —1 position were observed to have less D101 hydrogen bonding
(Figures 2 and 3), suggesting that the ionic interaction might help position the substrate
optimally for hydrogen bonding. Of course, it is a certainty that residues other than R(-1)
are also important for optimally positioning the substrate, as illustrated by our results

with FKK&RW and the observed effect of the amc moiety; such additional contributors to
substrate specificity are the subject of ongoing work but beyond the scope of this paper.
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Consistent with our observations, previously reported crystal structures of the D101E,
D101A, and D101N variants indicated there were no major structural rearrangements caused
by the mutations.12 The lack of activity in both the previous work and our work reported
here with the D101A and D101N variants, as well as the inability to restore activity by
swapping the positive and negative residues between substrate and enzyme as with D101R
and E(-1), suggests that some specific interaction, or set of interactions, of the 101 residue
is essential. In this study, all active enzyme-peptide combinations had significant frequency
of hydrogen bonding from D101 to the acetyllysine, as well as a more variable amount to
the +1 residue. Although there is a clear tendency toward greater D101 hydrogen bonding
with active substrates than inactive peptide, the hydrogen bonding appears to function more
as a switch than a rheostat: a minimum amount of hydrogen bonding to the substrate may
be necessary for effective binding and therefore catalysis, but once above some critical
threshold, additional frequency of hydrogen bonding does not appear to trend with greater
catalytic activity. In contrast, the frequency of ionic interaction between D101 and R(-1)
does trend with observed activity, although it is only one of presumably several factors
important for determining selectivity. In support of the hypothesis that the ionic interactions
of D101 are a major contributor to the selectivity, we observed reducing binding (increased
Kwm) when R(-1) was replaced. In contrast, the D101E mutation had only minor effects. This
last observation is in direct contrast to published data on the effect of D101E, in which a 10-
fold decrease in activity was observed with one of the amc-containing substrates that lacked
arginine at the —1 position.12 Altogether, we propose that the ionic interaction contributes
to selectivity and binding, whereas the hydrogen bonding is more reflective of the amount
of time the substrate spends in a catalytically relevant configuration as determined by other
interactions.

Our combination of experimental and computational approaches described here has revealed
an interaction that was not uncovered by previous attempts to observe substrate preferences
for KDACs by random substrate screens or by characterization of substrate and/or

inhibitor binding in crystals, providing the first explanation of how KDACS8 discriminates
between substrates. Our conclusions also provide a data-supported rationale for how

these preferences translate to unique specificity between members of the KDAC family.

An interaction such as D101-R(-1), which appears to rely on dynamic behavior of the
enzyme and is not obvious from crystal structures, could serve as the basis for identifying
interactions to lead to more highly selective KDAC inhibitors.1> Our approach can also

be extended to probing the preliminary observations of specificity in KDAC1 or KDAC6
(Figure 7), or other KDACs. For example, it appears that KDAC1 has a greater tolerance for
residues in the —1 position than does KDACS, but some discrete preferences are present. The
weaker preference of KDACL for a positive charge in the -1 substrate position presumably
relates to other residues near the active site that are not conserved with KDACS, and is

an area of ongoing research. In contrast, the identity of the -1 residue appears to be of
limited importance for KDACS, at least within the context of the rest of the peptide sequence
utilized here. Similarly, comparisons between selectivity of the KDACs may provide insight
into the evolutionary pressure leading to natural selection of these enzymes. In particular,
we note that although KDAC8 was active with a peptide with lysine in the —1 position,

the activity was significantly lower than with arginine. In contrast, both KDAC1 and
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KDACS6 have equivalent activity with either residue (Figure 7). This observation suggests a
hypothesis that the presence of tyrosine at position 100, which is in contrast to the aspartic
acid or glutamic acid found in most other KDACs, may have allowed KDACS to distinguish
between arginine and lysine at the —1 position, whereas other KDACs may be less able to do
so. Similarly, the conservation of aspartic acid at the 101 position in all class | KDACs (but
not all other KDACS), even to the exclusion of glutamic acid, may relate to selectivity rather
than overall catalytic ability. These hypotheses will be the focus of future studies. We also
expect to extend this approach to examine longer-range contributions of the type that have
been reported to influence activity.18 Understanding how KDACs selectively interact with
their substrates will ultimately lead to a more complete understanding of KDAC-substrate
pairs and, thus, of both the fundamental biochemistry of KDACS and of how perturbations
of various KDACs can lead to or treat diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A novel ionic interaction exists between KDAC8 and FRK2RW.
(A) Snapshot of MD simulation between KDAC8 and FRK&RW demonstrating the

interactions of Y100-R(-1) m:+, and previously reported interactions D101-K2° h:bb, D101-
R(+1) h:bb, and Y306-K& h:h (dashed yellow lines). KDACS (grey spheres) and side

chains of important KDACS residues for substrate interaction are shown along with the
FRK2RW peptide (sticks colored by atom: carbon green [substrate] or periwinkle [enzyme],
oxygen red, nitrogen blue, polar hydrogen white). (B) Snapshot of MD simulation between
KDACS8 and FRK#RW demonstrating the interactions of D101-R(-1) ionic, Y100-R(+1)
.+, and Y306-K? h:h (dashed yellow lines). Coloring is the same as panel A. (C) Results
of MD analysis identifying interactions between KDACS residues and FRK&RW substrate
residues in high ionic strength assay buffer. Shading corresponds to the percent of time a
particular interaction was observed during MD simulations. (D) Average normalized activity
of KDACS with previously identified peptide substrates in either high ionic strength (red)

or low ionic strength (blue) buffer. All activity was normalized to FRK&RW in low ionic
strength buffer. Error bars represent standard deviations (n=4), and p-values are shown for
statistically significant differences for the comparisons between the activity in the two ionic
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strengths for each substrate. (E) Results of MD analysis identifying interactions between
KDACS residues and FRK&RW substrate residues in low ionic strength assay buffer.
Shading corresponds to the percent of time a particular interaction was observed during
MD simulations.
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Figure 2. The -1 substrate position participates in an ionic interaction with KDACS.
(A) Peptides derived from FRK2RW, where residues were substituted with alanine, were

reacted with KDACS. Average specific activity was normalized such that the activity of
KDACS8 with FRK&RW was represented as 1. Error bars represent standard deviations
(n=4), and p-values are shown for statistically significant differences between activity with
FRKRW and activity with each other substrate. (B) Results of MD analysis identifying
interactions between specific residues of KDACS and the derivative peptide substrates
reacted in panel A. x(+1) refers to the substrate residue in the +1 position for each peptide.
Shading corresponds to the percent of time a particular interaction was observed during MD

simulations.
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Figure 3. A positive charge at the —1 substrate position is important for KDACS8 activity.
(A) Peptides derived from FRK2RW, where R(—1) was substituted, were reacted with

KDACS. Average specific activity was normalized such that the activity of KDAC8 with
FRK2RW was represented as 1. Error bars represent standard deviations (n>4), and p-values
are shown for statistically significant differences between activity with FRK&RW and
activity with each other substrate. (B) Results of MD analysis identifying interactions
between specific residues of KDACS and derivative peptide substrates reacted in panel A.

x(-1) refers to the substrate residue in the —1 position for each peptide. Shading corresponds
to the percent of time a particular interaction was observed during MD simulations.
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Figure 4. KDACS requires a negatively charged 101 residue to deacetylate and interact with

FRK&RW,

(A) KDACS variants containing substitutions at the 101 position were reacted with
FRKRW. Average specific activity was normalized such that the activity of wild-type
KDACS8 with FRK2RW was represented as 1. Error bars represent standard deviations
(n=4), and p-values are shown for statistically significant differences between activity of
WT enzyme and variants. (B) Results of MD analysis identifying interactions between

specific residues of KDACS8 and FRK3RW reacted in panel A. 101x refers to the residue at
position 101 in each KDAC variant. Shading corresponds to the percent of time a particular

interaction was observed during MD simulations.
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Figure 5. KDAC8 D101E is equivalent to wild-type KDACS.
(A) Wild-type KDACS (blue) or KDAC8 D101E (red) with FRK&RW and derivative

peptides containing arginine to alanine substitutions. Average specific activity was
normalized such that the activity of wild-type KDAC8 with FRK&RW was represented as 1.
Error bars represent standard deviations (n>4). No statistically significant differences exist
between WT and KDACS8 D101E. (B) Wild-type KDACS8 (blue) or KDAC8 D101E (red)
with FRK3RW and derivative peptides containing substitutions at the —1 position. Data
are represented as in panel A. Blue bars in panels A and B are the same data presented

in Figures 2 and 3, reproduced here to allow comparison. No statistically significant
differences exist between WT and KDAC8 D101E. (C) Results of MD analysis comparing
interactions between residues of wild-type KDAC8 or KDAC8 D101E and a subset of
peptide substrates reacted in panels A and B. Shading corresponds to the percent of time a
particular interaction was observed during MD simulations.
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Figure 6. Conjugation of amc affects peptide interaction with KDACS.
Results of MD analysis comparing interactions between residues of KDACS and previously

reported peptide substrates with and without amc. Shading corresponds to the percent
of time a particular interaction was observed during MD simulations. R indicates the
N-terminal arginine of each substrate, in the —2 or —3 position.
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Figure 7. D101 ionic interaction is specific to KDACS.
(A) Structure (top) and sequence (bottom) alignments of KDACS (orange), KDACL1 (blue),

and KDACG (green) were generated from previously reported crystal structures (PDB:
2V5xA, 4bkxB, and 5eduA).13:27.28 The segment of the structure-guided sequence alignment
corresponding to the L2 loop of each KDAC is displayed. The side chain of KDACS8

D101 and the structurally equivalent residues KDAC1 D99 and KDAC6 S568 are shown as
stick representations. (B) KDAC8, KDAC1, and KDAC6 were all reacted with FRK&RW
(blue), FKK2RW (red), FQK&RW (green), FAK2RW (orange), FEK2RW (yellow), and
FRK&AW (purple). Specific activity was normalized so that for each KDAC, activity with
FRKRW was represented as 1. Error bars represent standard deviations (n=4). p-values

are shown for statistically significant differences between activity with FRK#RW and
activity with each other substrate within a single enzyme set (top row), and for normalized
KDACS activity compared to normalized activity of other enzymes for each substrate except
FRK2RW (bottom row). KDACS data are reproduced from previous figures for comparative
purposes. (C) Results of MD analysis comparing interactions between specific residues in
the KDACs and the FRK2RW substrate. Shading corresponds to the percent of time a
particular interaction was observed during MD simulations.
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Steady-state kinetic parameters of KDAC8 with FRK3°RW in buffers of varying ionic strength

Table 1.

Reaction buffer Specific activity Km Keat Keat/Km
O (kM) ™ (M~ts™)

High ionic strength* | 00140003 | 950110 | 01620007 | 17013

Low ionic strength | 635 + 0,007 | 5004507 | 0.233+0.006” | 470+ 40"

*
Previously reported.22

fStatisticaIIy significant difference from the high ionic strength buffer.
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Table 2.

Steady-state kinetic parameters for derivative substrates compared to FRK&RW
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Substrate Kwm Keat Keat/Km
(M) (s Mts)
FRKZRW | 50050 | 0.233+0.006 | 470 +40
FAK®RW | 3100+ 14007 | 0.15+0.047 | 2825"
FRK*AW | 6802160 | o007 | 6302160

fStatisticaIIy significant difference from the value for FRK8CRW.
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Specific activity of KDAC8 with biologically relevant putative KDAC substrates.

Table 3.

Substrate Source protein UniProtKB Ref. Specific activity
(s

SVRK*GIM Cell death activator CIDE-3 Q96AQ7 45 0.0036 + 0.0008
AARK2SAP | Histone H3.1 P68431 47 0.0026 + 0.0002
APRK& QLA | Histone H3.1 P68431 46 0.00163 + 0.00014
GVGK&YIN RING-type E3 ubiquitin-protein ligase PPIL2 Q13356 44 0.0007 + 0.0004
PEAK&CSL L RAC-alpha serine/threonine-protein kinase P31749 41 -
TGGK*APR | Histone H3.1 P68431 16,46 R
LSGKaGNP | Catenin beta-1 P35222 42 -
GALK2APS | Mitotic checkpoint serine/threonine-protein kinase BUB1 beta 060566 43 -
LGGK®QRA | Retinoic acid-induced protein 1 Q775J4 44 -
EIGK&TLA Zinc finger Ran-binding domain-containing protein 2 095218 44 -
EVGK®*LLN | Centromere protein F P49454 44 _
QTAK®DAG | Heat shock 70 kDa protein 1A/1B PODMV8, PODMV9 48 -
GTAKaSVT | Cellular tumor antigen p53 P04637 49-51 R
ITGKEPSG Serine/threonine-protein kinase TBK1 Q9UHD2 52 -
SHLKaAHL | Transcription factor Sp7 Q8TDD2 53 -

*

- indicates no activity above the limit of reliable detection (0.0004 s'l).
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