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SUMMARY

Histone deacetylases (HDACSs) regulate chromatin structure and function. Since much of
the literature has reported aberrant expression and recruitment of HDAC in malignant tissues,
the role of HDAC:sS in regulating the genes that are involved in cell cycle progression and arrest
makes them attractive therapeutic targets for the treatment of cancer. Even though the pan-
HDAC inhibitor showed promising antiproliferative activity, their application may be limited
due to their toxicity and negative side-effects. To address this gap, design of isoform-selective
HDAC inhibitors might be of significant importance for the treatment of cancer, making the
knowledge of how inhibitors interact with HDACs and their binding mode crucial for isoform-
specific inhibitor discovery. This study focused on investigating the interaction between HDAC
probes and HDACs at the molecular level by using a combination of in vitro bioassays,

immunoblotting, fluorescence spectroscopy, and protein mass spectrometry.

In Chapter 1, a brief introduction to HDACs and HDAC inhibitors was presented. First, the
roles of HDACs play in gene transcription regulation were introduced, followed by the
discussion of the classification and cellular distribution of HDACs in biological systems. It was
noted that, due to the aberrant recruitment and expression of HDACs in tumor tissues, HDAC is
recognized as an attractive therapeutic target for cancer treatment. Extensive research
conducted in this field during the past few decades revealed promising antiproliferative activity
of HDAC inhibitors, even though numerous side-effects such as fatigue, nausea, vomiting,
diarrhea, and neutropenia have been associated with the use of pan-HDAC inhibitors. Thus, it is
believed that the development of isoform-selective HDAC inhibitors would be a significant step
in reducing the off-target effects of HDAC-based therapeutics. One of the key challenges in

designing isoform-selective HDAC inhibitors is a poor understanding of the binding modes of
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SUMMARY (continued)

the HDAC inhibitors targeting the protein surface. As a part of the study presented here, the use
of diazide-based photoaffinity labeling probes, liquid chromatography-tandem mass
spectrometry, and molecular dynamic simulations was introduced for the first time to map the
ensemble of the poses of HDAC inhibitors upon binding. We also discussed the strategy of
using photolabeling as a tool to explore probe binding. The “click-chemistry” conditions with
catalysis by Cu(I) generated in situ were used to attach a biotin tag (BT) to the adduct between
HDAC and photoaffinity probes. By applying this method, photolabeling efficiency can be
visualized with BT by Streptavidin-Horseradish Peroxidase (Strep-HRP) on western blot. The
application of mass spectrometry to study the protein-probe and protein-protein interactions
was described in the last section. In this way, the significance, methodology and scope of our

study were discussed.

In Chapter 2, the process of HDACS protein purification and characterization was described,
with respect to its activity and stability. Additionally, the assay conditions were optimized in
order to accurately assess the potency of photolabeling probes. The results revealed that, when
formulated in an appropriate buffer, the specific activity of “homemade” (HM) HDACS was
higher than that measured for the commercially available HDACS. The fluorometric assay was
then developed and optimized. The established assay conditions were thus chosen for
evaluating the inhibition potency of photoaffinity probes that were designed and synthesized as

described in Chapter 3.

In Chapter 3, a Binding Ensemble Profiling with (F)photoaffinity Labeling (BEProFL)

approach that utilizes photolabeling of HDACS with a probe containing a UV-activated
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SUMMARY (continued)

aromatic azide, mapping of the covalent modifications by liquid chromatography-tandem mass
spectrometry, was described. The ICsy of the hydroxamic acid-based HDAC photoaffinity
probes developed in Dr. Petukhov’s laboratory was measured under the optimized assay
conditions. The probes were confirmed to be potent inhibitors for HDAC3 and HDACS and
other class I and class I HDAC isoforms, which was prerequisite to our photolabeling study.
Non-ionic detergent was applied in the HDAC assay buffer to explore its impact on the possible
aggregation of HDAC inhibitors, as this allows for separation of micelles. The tagging of the
diazide photoaffinity probe attached to HDAC with BT resulted in a concentration-dependent
increase in biotinylation of the protein as the concentration of the probe increased. The
selectivity of the diazide probe for the active site of HDACS8 was demonstrated by blocking it
with SAHA. MALDI-ToF mass spectrometry was utilized to examine the total mass of native
HDAC protein and HDAC modified by different probes. The modified HDAC protein was
further digested by trypsin and analyzed by FT-ICR mass spectrometry in order to identify the
sites where modifications occurred. Upon computational modeling analysis, two distinct
binding poses of the HDACS probe were identified. The data also suggest that an “upside-down”
pose with the surface binding group of the probe bound in an alternative pocket near the
catalytic site may contribute to the binding. The photolabeling methodology is therefore proved

a suitable method for investigating the probe-binding pose to HDACS.

In Chapter 4, the interactions between HDAC3 and its co-repressor NCoR2 were explored by
applying photolabeling technique. The binding of probe to HDAC3 active site at the time of
photoactivation was demonstrated through competitive binding of diazide probe and SAHA. On

the other hand, binding to the NCoR2-DAD can occur only if the NCoR2-DAD is positioned in
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SUMMARY (continued)

proximity of the UV-activated nitrene moiety of the diazide probe bound to HDAC3. In order to
test this hypothesis, potent HDAC diazide probe was incubated with NCoR2-DAD only and
inactive diazide probe that lacks a hydroxamate portion to form the metal-probe complex with
HDAC active site was incubated with HDAC3/NCoR2-DAD. The results showed that, in
absence of HDAC3, the potent diazide probe does not react in a dose-dependent manner with
NCoR2, and that inactive diazide probe reacts, albeit weakly, with NCoR2-DAD but not with
HDACS3 at the higher molar ratio investigated. Thus, it is concluded that the diazide probe was
able to photocrosslink to both HDAC3 and NCoR2-DAD, indicating the presence of NCoR2 in
proximity of HDAC3 active site. Selective modification of both HDAC3 and NCoR2-DAD by
the photoaffinity probe was further confirmed using MALDI-ToF mass spectrometry.
Modification of HDAC3/NCoR2-DAD by the photoaffinity probe was observed using MALDI
mass spectrometry as a dose-dependent increase in protein mass. After confirming that
significant covalent modification of the HDAC3/NCoR2-DAD complex occurs in the
experimental conditions chosen for this study, in order to locate modification sites of HDAC3
and NCoR2-DAD by the photoaffinity probe, a tryptic digestion and peptide mapping was
performed using microcapillary HPLC coupled with an FTICR mass spectrometer. MassMatrix
proteomics data analysis software was used to identify modified peptides and, as a result, one
HDACS tryptic peptide (amino acids 283 to 300) and two NCoR2-DAD tryptic peptides (amino
acids 407 to 424 and 444 to 461) were found to be modified by the photoaffinity diazide probe
at an equimolar protein/probe ratio. With the help of computational modeling performed by Dr.
Michael Brunsteiner, structural information on the type of interaction between HDAC3 and

NCoR2-DAD was obtained. Therefore, the concept of small photoreactive “nanorulers” was
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SUMMARY (continued)

proposed, whereby these entities target both HDAC3 catalytic site and the surface regions in
NCoR2-DAD, most likely involved in the protein-protein interaction and a structural model that

delineates some of the contact residues was developed.

The photolabeling research described in Chapters 3 and 4 revealed that the HDAC inhibitory
potency of the photoaffinity probe did not correlate with its photolabeling efficiency. In other
words, some photoaffinity probes, despite being potent HDAC inhibitors exhibited poor
photolabeling outcome. Although the potency of inhibitor is usually the main criterion to
evaluate photoaffinity probes, several research groups reported that the photolabeling signal
could not be solely ascribed to potency in protein binding. Finally, the last chapter describes a
series of experiments conducted in order to explore the factors affecting the photoaffinity
labeling outcomes. Three diazide probes with different scaffolds, namely regular aromatic ring,
isoxazole-, and pyrozole-, were compared for their inhibitory potency against HDAC3 and
HDACS. All probes showed promising HDAC inhibiting activity at the micro- and nanomolar
level. In particular, probe 3 inhibited HDACS8 and HDAC3 with the lowest potency, and HD-55
exhibited the highest potency inhibiting HDACS8, whereas HD-74 was the most active inhibitor
for HDAC3. A comparison of V.« and K;, obtained in the presence or absence of all the
diazide probes showed only a marginal difference in the values of the parameters indicating
competitive inhibition for HDACs. The reactivity/specificity of the photoreactive group on
different probes was evaluated by IT-TOF mass spectrometry. In the chromatogram, multiple
peaks with same MW of photoactivation product were identified at different retention times,

suggesting that several reactive intermediates were generated during photo-irradiation.

Xviil



SUMMARY (continued)

The effects of non-ionic detergent on the aggregation of probes/tags were also evaluated. After
the introduction of non-ionic detergent, the background noise levels decreased and the
photolabeling signal intensity increased in a dose-dependent manner as probe concentration was
raised. Accessibility of the reactive groups for click chemistry ligation was confirmed by
varying the length of the linker group of photoaffinity probes. Similar to the accessibility study
for click chemistry ligation, the availability of the biotin tag to Strep-HRP was explored
through the application of a longer biotin tag. As a result, in comparison with a regular biotin
tag, weaker photolabeling signal intensity was observed when visualized by a longer biotin tag,
which may be ascribed to unfavorable orientation of tags, higher activation energy and the

effect of steric hindrance during the click chemistry ligation.
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CHAPTER 1 BACKGROUND AND INTRODUCTION

1.1 Histone Deacetylase

Histone deacetylases (HDACs) and histone acetyl-transferases (HATs) are enzymes
that regulate chromatin structure and function through removal or addition of acetyl
group from lysine residue on N terminal of histone of nucleosome core.[1] Histones are
nuclear proteins wrapped with DNA to form nucleosomes. The structure of histones is
critical for both packaging of DNA and regulation of transcription in chromosomes.
Among post-translational modifications (PTMs), histone acetylation and deacetylation
play an important role in transcription regulation of eukaryotic cells. Since the
identification and characterization of the first histone deacetylases by Taunton,[2] 18
HDACs have been identified and classified based on homology to yeast HDACs. The
increase of histone deacetylation is usually associated with transcriptional repression.
Elevated expression levels of HDACs in malignant tissues suggest its association with

cancer.

1.1.1. Histone, nucleosome, chromatin and chromosome

Histones are proteins found in eukaryotic cell nuclei. Among the five major families
of histones- H1/H5, H2A, H2B, H3 and H4,[3] H2A, H2B, H3 and H4 are known as the
core histones to form one histone octamer, whereas histones H1 and H5 function as the
linker histones. The basic unit of eukaryotic chromatin, the nucleosome, consisting of
146 pairs of DNA helix wrapped around an histone octamer.[4] Due to the presence of

primary amines as a part of lysines on histone proteins, the isoelectric point (pI) of core



histones is very high and ranges from 9.8 to 10.25.[5] Under physiological condition, the
amino groups on lysines of histones are positively charged, resulting in tight binding of

histones to negatively charged DNA.

Nucleosome forms the fundamental repeating units of eukaryotic chromatin, which is
used to package DNA into smaller volume in the cell, to control gene expression and
DNA replication. Core histones wrapped with DNA construct chromosomes through a

series of folding process into higher order of structure.

1.1.2. Histone deacetylase, histone acetyltransferase and transcription regulation

One of the best characterized post-translational modifications - histone acetylation
and deacetylation - is thought to modulate the accessibility of transcription factors to
their respective nucleosomal DNA. These processes are a part of epigenetic regulation of
gene expression machinery.[6] The e-amino groups of lysine residues in the N-terminal
tails of core histones (H2A, H2B, H3 and H4) that protrude from the nucleosome are
shown to be substrates for HATs and HDACs. Acetylation of the amino groups on lysine
residues neutralizes the positive charge on histone proteins and leads to the weaker
electrostatic interactions between the histone protein and the negatively-charged DNA.
The overall acetylation status of histones is determined by the dynamic equilibrium of
HAT and HDAC catalyzed acetylation and deacetylation, respectively.[7, 8] In general,
histone hyperacetylation is associated with an open chromatin structure and better
accessibility for transcription factors, whereas histone deacetylation promotes chromatin
condensation and transcriptional repression (Figure 1).[9] In addition, many non-histone

proteins such as hormone receptors, transcription factors, chaperone proteins, and



cytoskeleton proteins regulating cell proliferation and cell cycle arrest are shown to be

substrates for HATs and HDACs.[10]

Transcription Activation

] =
vy,

Transcription Silencing

Figure 1: Regulation of chromatin condensation and gene transcription by histone
acetylation and deacetylation.

Histone acetylation by HAT results in an open chromatin structure that allows binding of
transcription factors and RNA polymerase and promotes gene transcription as a
consequence. Upon histone deacetylation, the accessibility of nucleosomal DNA for

transcription factors decreased, leading to transcriptional silencing.
1.1.3. HDAC Isoforms Distribution

The 18 human HDAC isoforms are subdivided into four classes based on their
homology to yeast analogs.[11] The class I (HDACI, 2, 3, 8), class I (HDAC4, 5,6, 7, 9,

10) and class IV (HDACI11) are Zn*" dependent metalloproteins, whereas class III (Sirtl



2, 3, 4,5, 6, 7) (which will not be discussed further in this dissertation) requires
nicotinamine adenine dinucleotide (NAD") as cofactor to regulate gene expression.[12]
The class I, 11, Il HDAC proteins are homologous to yeast HDAC Rpd3, Hdal, and Sir2,

respectively.

Class I HDACs are ubiquitously expressed and generally reside in nucleus, class II and
III HDACs are expressed only in certain types of tissues and may shuttle between
cytoplasm and nucleus with the help of Ca*"/calmodulin-dependent kinase (CaMK).[13]

The general distribution of HDAC isoforms can be found in TABLE 1.

TABLE I: CLASSIFICATION AND DISTRIBUTION OF HDAC ISOFORMS

Catalytic subcellular Tissue
Class | Members Domain localization distribution
HDACI1 1 Nucleus Ubiquitous
I HDAC?2 1 Nucleus Ubiquitous
HDAC3 1 Nucleus Ubiquitous
HDACS 1 Nucleus Ubiquitous
Tissue
HDAC4 1 Nucleus/cytoplasm restricted
HDACS 1 Nucleus/cytoplasm TIS'S ue
IIA restricted
Tissue
HDAC7 1 Nucleus/cytoplasm restricted
Tissue
HDAC9 1 Nucleus/cytoplasm restricted
Tissue
HDAC6 2 Mostly cytoplasm restricted
1B Tissue
%
HDACI10 2 Mostly cytoplasm restricted
Nucleus/Cytoplas
1 SIRT1-7 i m/Mitochondrial )
Tissue
v HDACI1 2 Nucleus/cytoplasm restricted

*: One active catalytic domain, one inactive domain.



1.1.4. Research Significance

1.1.4.1. Histone Deacetylase, Cancer and HDAC inhibitors

The deacetylation on lysine residues of histones recovers the positive charge,
strengthens the electrostatic interaction, leads to a compact chromatin structure and
precludes the access of transcription factors to their DNA binding site and represses
cellular differentiation, apoptosis and cell cycle arrest. The current data indicated that
there is more than one mechanism of how HDAC function in the progression of cancer.
HDACsSs can be recruited to their target promoters through the interaction with fusion
proteins and repress the transcription of the tumor suppressors, cell cycle inhibitors,
differentiation factors and apoptosis inducers.[14] An example of this model is acute
promyelocytic leukemia (APL). The fusion of promyelocytic leukemia gene (PML) and
retinoic acid receptor gene (RAR) creates a hybrid protein which recruits HDAC with
high affinity. This product can hinder the binding of retinoic acid, and repress the
expression of genes which regulate the normal differentiation and proliferation of
myeloid cells.[15] On the other hand, elevated expression level of certain HDAC had also
been reported in different tumor types (Table II). For example, overexpression of
HDACI1 was observed in gastric[16], prostate[17], colon,[18] and breast cancers.[19]
High level expression of HDAC2 was reported in cervical[20] and gastric
cancers.[21][22] The transcriptional repression of tumor-suppressor genes by
overexpression and abnormal recruitment of HDACs to their promoter region could be
the common cause for tumor initiation and progression. The cyclin-dependent kinase

WAFI
1

inhibitor p2 which inhibits cell-cycle progression serves as ideal example. The

WAFI
1

p2 was found epigenetically inactivated by hypoacetylation of the promoter and



thus failed to express in some tumors. The treatment with HDAC inhibitors has been
shown to be efficacious not only stopping the growth of tumor-cell, but also boosting

both the acetylation of the promoter and gene expression.[23]

TABLE II: RELEVANCE OF HDACS TO CANCER

Expression

Group  Relevance to cancer .
1n tumor

Class I

Possible prognostic indicator for lung and breast cancers.
HDAC1 Overexpressed in prostate cancers (hormone-refractory), ++
gastric, colorectal

Overexpressed in colorectal and gastric cancers. Loss of

HDAC2 antigen presenting cells in colorectal cancers gave HDAC2 ++
over expression

HDAC3 Overexpressed in lung cancer and several solid tumors. ++

HDACS8 Knock down inhibits cell growth in several human tumor cells ++

Class IV

HDACI11 Unknown

Class II

HDAC4 Unknown ++
HDACS5 Down regulated in colon cancer and acute myeloid leukemia —
HDAC6 Ambiguous prognostic in breast cancer

HDAC7 Unknown

HDACY9 Unknown
HDAC10 Unknown

++ indicates an overexpression in tumor, — indicates a reduced expression.

It was demonstrated that HDAC inhibitors are able to induce growth arrest, activation of
apoptotic pathways, cell death and senescence.!”! According to Dokmanovic et al., the
HDAC inhibitors can be roughly categorized into four groups based on their similarity in
structure: aliphatic acid, hydroxamates, benzamides and cyclic peptides.l**! The structures

are given in Table IIL



TABLE III: CLASSIFICATION OF HDAC INHIBITORS BASED ON THEIR
STRUCTURES H!-24

Representative HDAC Potency
Compound Examples target (cells)
Aliphatic acids Sodium butyrate Class 1, Ila mM

Valproate (VP-101)  Class I, Ila mM

OH
m Phenylbutyrate Class 1, Ila mM

Baceca Class | NA
Benzamides MS-275 HDACI1,2,3 uM
ji CI-991 HDACI,3 uM
(e :m: "n" T MGCD0103 Class I NA

N \@

o

Hydroxamates SAHA Class I, I uM
o = LBHS589 Class I, 1T nM
NT(\A/\)LN.O\H PXD101 Class I, II uM
@ o H ITF2357 ClassLI  nM
PCI-24781 Class I, 1T NA
Cyclic peptides FK228 HDACI1,2 nM
Trapoxin Class 1, Ila nM

Apicidin Class 1 nM
CHAP1 Class I, Ila nM

Apart from SAHA (Vorinostat) and Romidepsin which are already approved by FDA, a
number of HDAC inhibitors are currently undergoing clinical trials as anticancer
drugs[25-27]. Most of the nonselective HDAC inhibitors being investigated in clinical
trials show promising efficacy against leukemia and solid tumors.[25, 27, 28] However,
numerous side effects are also observed, including bone marrow depression, diarrhea,

weight loss, taste disturbances, electrolyte changes, disordered clotting, fatigue and



cardiac arrhythmias.[29, 30] Since HDACs are diversely implied in various cancer
progression and other diseases, the expression and localization differ significantly
between isoforms. It is hypothesized that depending on isoform selectivity HDAC probes
can be either cytotoxic or neuroprotective.[31] Therefore, identifying specific biomarkers
to maximize patient therapies and reduce side-effect is an emerging area. The
development of isoform-selective HDAC inhibitors would be a significant step in

reducing off-target effects of HDAC-based therapeutics.

Class I HDACs are generally considered as the most relevant targets for cancer therapy
because class I HDAC inhibitors usually show strong anti-proliferative and apoptosis-
inducing activity.[30, 32] High level of HDAC 1, 2 and 3 is usually associated with poor
prognosis in most gastric, prostate and colorectal cancer samples.[33-36] The over-
expression of HDACS is correlated with advanced disease stage, clinical and genetic risk
factors and poor long term survival in childhood neuroblastoma.[37] Unlike HDACI, 2
and 3 which form a multi-protein complex to function, HDACS has not been found to be
a component of any co-repressor complex so far. In this thesis, I will focus on HDACS

and HDACS3 as representatives of class | HDAC in isoform-selective drug discovery.

1.1.4.2. Histone Deacetylases and their co-repressors

Most HDACs act via the formation of large multiprotein deacetylase complexes.
The HDACs may require other DNA binding proteins to achieve optimal enzymatic
activity. It has been reported that the HDACs interact with co-repressors such as silencing
mediator for retinoid and thyroid (SMRT) receptor, nuclear co-repressor (NCoR)[38, 39],

corepressor for element-1-silencing transcription factor (CoREST), nucleosome



remodeling and histone deacetylation (NuRD) and SIN3a. This complex is recruited to a
variety of transcription factors (TFs).[40] For example, HDAC3 requires an interaction
with SMRT/NCoR for its deacetylation activity.[41] Feed-forward model of how the
match between HDAC3 substrate specificity and NCoR/SMRT histone-binding
preference serves to stabilize the repression complex. Nuclear receptor (NR) recruitment
of HDAC3 by means of NCoR/SMRT favors deacetylation of H4 K5, leading to
increased chromatin association of NCoR/SMRT, and thereby enhancing deacetylation
and maintaining the repressed state. Therefore, we can interrupt the interaction between
HDACS and their protein partners such as SMRT, NCoR, CoREST to inhibit the HDAC
enzyme activity, which makes these co-repressors potential targets for isoform-selective

HDAC inhibition.

1.1.4.3. HDAC substrates and mechanism of histone deacetylation

Over the past decade, studies have revealed that histones are not the only targets of
deacetylation as many non-histone proteins involved in transcription, nuclear transport,
cytoskeleton and signal transduction are known to be HDAC substrates (Table 1V).[11,
25, 28, 42-45] The findings from recent structural studies of histone deacetylases are
critical to study substrate recognition. Understanding the catalytic reaction and enzyme-

substrate interactions can facilitate the design of HDAC inhibitors in return.[46-48]
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TABLE IV: ACETYLATED PROTEIN SUBSTRATES OF HDACS

Function

Proteins

Histones

H2a, H2b, H3, H4

DNA binding transcriptional
factors

p53, c-Mye, AMLI1, BLC-6, E2F1, E2F2, E2F3, Ying
Yang 1 (YY1), MEF2, CREB, IRF-2, SRY, EKLF

Steroid receptors

Androgen receptor, estrogen receptor a, glucocorticoid
receptor

Transcription coregulators

Rb, DEK, MSL-3, CtBP2, PGC-1a

Nuclear import

Rchl, importin-a7

Chaperone protein HSP90
Cytoskeleton o-Tubulin
protein

Viral proteins

E1A, L-HDAg, S-HDAg, T antigen, HIV Tat

As a pioneer in HDAC research, Finn et al. developed an X-ray structure of Aquifex

aeolicus HDAC homologue- HDLP (35.2% identity with HDAC1), as a complex with

two inhibitors, (R)-TSA and SAHA.[49] For the first time, the authors also provided a

detailed mechanism of deacetylation reactions based on the crystal structures (Figure

2).[49]
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Figure 2: Proposed mechanism for histone deacetylation

The carbonyl oxygen of the N-acetylamide is thought to coordinate to and be activated by

the zinc cation in HDAC active site. The activated carbon of carbonyl group undergoes

nucleophilic attack by a water molecule nearby. The nucleophilicity of the water

molecule, in turn, could be enhanced by an interaction with the negative charge of the

buried Aspl66-His131 charge-relay system. The attack of the water molecule on the

carbonyl carbon would produce an oxy-anion intermediate, stabilized by the zinc ion and

hydrogen bond to Tyr297. The collapse of this intermediate would result in cleavage of

the carbon-nitrogen bond, with the nitrogen accepting a proton from the His132 residue,

and would thereby produce the observed acetate and lysine products.[50]
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1.2 Activity Based Protein Profiling and Photolabeling

In the study of proteins function and their interactions with other macromolecules or
small probes, the activity-based protein profiling (ABPP)[51, 52] became an attractive
strategy in recent years. ABPP makes use of relatively small molecules to label a specific
enzyme in its active state. Therefore, the application of ABPP is based on the enzyme’s
activity rather than its expression level. Considering the high abundance of inactive
proenzymes expressed in biological system, ABPP strategy is especially well suited for
mechanism-based biomarker identification and characterization.[53] Here in this section
we will discuss ABPP studies, with specific focus on the implementation of photoreactive

probes.

1.2.1. General aspects of activity based protein profiling

The ABPP utilizes small organic molecules to label the active sites of a specific
enzyme. The molecules used are called activity-based probes (ABPs) which usually are
consist of three major parts.[54] The recognition moiety is designed to mimic the
structural and functional motif of natural substrate of the target enzyme. It directs the
ABP to the target enzyme and establishes a covalent bond between the ABP and enzyme.
A reporter group (tag) which allows visualization or purification of the bound enzyme is
connected to the recognition moiety through linker group. The most widely used tags are
radioactive labels, epitope tags, fluorophores and biotin, of which the latter can serve for
purposes of both visualization and purification (Figure 3, top). In some circumstances,
the bulky size of reporter group may interfere with the interaction between ABP and

enzyme or significantly lower the ability to cross cell membrane, which is of special
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interest for labeling living cells. An alternative 2-step labeling approach is therefore
developed. In this approach, the reporter group of ABP is replaced by a ligation handle,
where the reporter group will be attached after the enzyme has been captured (Figure 3,

bottom).[52]

4 1-step labeling )

o

© s -9 -

” [ Labeling with ABP]
. LC-MS/MS

Proteome H—.
I — "_. I | a Lnﬂ-‘h-

A

——
2-step labeling . ]_. . *‘ﬂ—.

’ = Target enzyme P = Recognition 4 =Tag J = Ligation handle

. 5 Y
Figure 3: The mechanism of ABPP[54]

In the ABPP approach shown in Figure 3, the ABP recognition group is designed to react
with the nucleophilic residues in the active site of target enzyme to form a covalent
bond.[55-58] However, for enzymes that do not rely on nucleophilic residue in their
active site such as metalloproteases, histone deacetylases (HDACs) and kinases, the
application of ABP approach is limited. The photoaffinity labeling (PAL) utilizing
affinity based probe (AfBP) is developed as an alternative for ABP.[59] In this approach,

AfBP noncovalently binds the target enzyme through electrostatic or hydrophobic
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interactions, and forms an irreversible covalent bond to the enzyme via a photoreactive

group upon activation by light (Figure 4).

\rr/

I - hx
’ QJ.—D’ - | ANANYSIS
’ . Labeling with AfBP . Photocrosslinking .

Proteome
’ =Targetenzyme B> =Recognition ¥ =Tag & = Photocrossllnker

LS
Figure 4: Basic principle of photoaffinity labeling (PAL)[54]

1.2.2. Photoaffinity labeling and photoaffinity probes

The prevalent application of photoaffinity labeling can be attributed to two key
advantages they possessed over conventional approaches. The first resides in the
appropriate chemical stability of photoreactive moiety in the absence of light, which
permits them to be targeted to the specified compartment or component prior to
activation. The second one results from the exceptional reactivity of intermediates upon
photo-irradiation, and their ability to attack a broad range of functional groups of
biomolecules nearby.[60] Since the first use of PAL in enzyme modifications was first
described in 1962,[61] numerous research on the development of new PAL reagents has
been reported.[62-64] Among AfBPs developed for PAL, aryl azides, diazirines and

benzophenones are widely used nowadays.
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Aryl azides are perhaps the most widely used because of its universality, reactivity, and
relative simplicity in implementation.[65] Upon activation of an aryl azide (1, Figure 5)
by UV irradiation, molecular nitrogen is released and a singlet nitrene (2) is formed. The
singlet nitrene is highly energetic and is quickly converted into triplet nitrene (3) via
intersystem crossing,[66] or it can undergo rearrangement into the corresponding
benzazirine (10, 11). The singlet acts as electrophiles and inserts into C-H bond directly
to give (6), whereas triplet nitrene undergo a two-step reaction which first abstracts a
hydrogen radical from a nearby C-H followed by coupling to the formed carbon radical.
Noteworthy, the product of this two different reaction mechanism is the same (6). The
triplet phenyl nitrene tends to form dimer — azobenzene (8). The benzazirine (10, 11) and
its rearrangement product dehydroazepine (a.k.a kentenimine) (13, 14) are long-lived
electrophiles which can react with nucleophile to yield compound 15 and 16,
respectively.[66, 67] Therefore, the reaction of kentenimine and the side chains of
nucleophilic amino acids is the dominating reaction when aryl azide is used for PAL with
protein. For side reactions, the aryl azides can be reduced to amine (5) in the presence of
dithiols such as dithiothreitol,[68] triplet nitrene can be oxidized to corresponding nitro
species (4) by oxygen gas. The relative small size of aryl azide, the flexibility to
incorporate them into natural biological surroundings and its relative ease of preparation

render it great popularity in PAL studies.
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One of the major advantages of the photoreactive diazirine group over aryl azides is that
the wavelength used to activate it ranges from 350-380 nm. This is much higher than 300
nm limit and therefore, it causes no damage to biological systems. The singlet carbene
generated upon activation of diazirine also undergo intersystem crossing to form triplet
carbene. The singlet and triplet carbenes display a similar behavior compared to their
nitrene counterparts. A singlet carbene can react as an electrophile, nucleophile or

ambiphile while triplet carbenes behave like diradicals. The formation of non-reactive
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diazo species after photolysis and complicate synthesis of diazirine restrict the

application of diazirine in PAL.

Similar to diazirines, benzophenone can be excited at wavelength of 350-360 nm. The
absorption of a photon of the proper wavelength by a benzophenone results in the
formation of a triplet state benzhydril diradial. The diradical can be inserted into a nearby
X-H bond through H abstraction and recombination. A big advantage of benzophenone
group is that its photoactivated product is more reactive towards C-H bonds compared to
nitrenes, and is less prone to intramolecular rearrangements than carbenes. At the mean
time, the water adduct of benzophenone diradical dehydrates quickly and forms ketone
again, which can be recycled to form diradical through irradiation. Therefore, the overall
crosslink efficiency of benzophenones is higher than the other two moieties described
above. On the other hand, the relative bulky size of benzophenone may have negative
impact on the interaction between enzyme and substrate. The resulting steric hindrance

can give rise to discrimination between reaction sites and lead to biased labeling.

Due to the different activation mechanisms, it is not surprising that the outcome of a
photolabeling experiment heavily depend on the type of photoaffinity probe applied. In
the study Weber and Beck-Sinckinger conducted to compare the photochemical behavior
of different photophores,[69] they found the conversion and product formation of both
the diazirine and aryl azide were much faster than benzophenone. Diazirine gave a
relatively pure solvent adduct product whereas aryl azide yielded numerous unidentified

products that may arising from intramolecular rearrangements and insertion reactions.
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Balancing between cost, flexibility, simplicity and implementation of photolabeling

experiment, aryl azide was adopted in this study.

1.3  Click-Chemistry

Ligation reaction is needed in two-step ABPP to connect the reporter group to the
ligation handle of AfBP after the enzyme was captured. The Staudinger-Bertozzi
ligation,[70] the Cu(I)-catalyzed[71, 72] and copper-free click reaction,[73, 74] and
photoclick reaction[75] are commonly used (Figure 6). One of the recent advances in the
photoaffinity labeling probe development is application of “click-chemistry” and
bioorthogonal probes for activity-based proteomics profiling by Cravatt et al[72, 76-81]
Click chemistry is a modular approach utilizing a few highly reliable and refined
chemical transformations for organic synthesis.[82] A typical click reaction should be
easy to perform with high yields. Additionally, the reaction should be oxygen and water
tolerant, using only readily available reagents, and requiring minimum product isolation.
The energy-favored nature of transformation drives a spontaneous and irreversible
linkage reaction between building blocks. The click-chemistry is applied widely in the
drug discovery, including lead identification, combinatorial chemistry, and
proteomics/DNA research through bioconjugation reactions.[82] Among different click
reactions (Figure 6), Huisgen’s 1,3-dipolar cycloaddition of alkynes and azides yielding

triazoles is the most commonly used (Figure 7).[83]
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Figure 6: Ligation reaction used in two-step ABPP[54]
(a) Staudinger-Bertozzi ligation, (b) Cu(I)-catalyzed click reaction, (c) copper-free click
reaction, (d) photoclick reaction
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Figure 7: The coupling of azides and terminal acetylenes catalyzed by Cu(]) creates 1,4-
di-substituted 1,2,3-triazole linkages, which are not susceptible to cleavage.[71]
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1.4 Protein Mass Spectrometry and Proteomics

Proteomics has emerged as an experimental approach to study global gene
expression profiles at the protein level. In general, proteomics involves protein
identification, protein characterization and quantitative proteomics in biological
systems.[84] It addresses the following questions: what proteins are there or not there?
What are the post-translational modifications that are different in state 1 versus state 2?
How much of a change in protein amount is there between state 1 and state 2? Mass

spectrometry is a powerful tool to help us answer above questions.

Mass spectrometry based proteomics can be categorized into two methods: top-down
proteomics and bottom-up proteomics. In top-down proteomics, the protein identification
(protein ID) and characterization are carried out in the form of intact-protein analysis. On
the other hand, enzymatically or chemically generated peptides were targets of interest
for bottom-up proteomics. The two strategies are complementary, each with its pros and
cons (Figure 8).[85, 86] The bottom-up approach (shotgun proteomics) involves direct
digestion of a biological sample using a proteolytic enzyme that cleaves at well-defined
sites to create a complex peptide mixture. The digested samples are then separated and
analyzed on liquid chromatography coupled to tandem mass spectrometry for protein ID
and characterization.[86] The main advantage of bottom-up strategy is the ability to
achieve high-resolution separations and comprehensive coverage of proteins with limited
samples. Therefore, it has been proven successful for the profiling and identification of
proteins. However, due to the great complexity of generated peptides mixture, all

methods using the bottom-up approach require the use of instrumentation with high
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sensitivity and resolution. Information may lost for small peptides lack proper proteolytic

cleavage sites, peptides with unexpected modifications and the ones present at low

abundance.
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Figure 8: Strategies for MS based protein identification and characterization.

In the top-down approach, proteins in mixture are fractionated and separated into pure

protein or less complex protein mixtures, followed by off-line static infusion into the

mass spectrometer for intact protein mass measurement and fragmentation. In rare cases,
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on-line LC-MS strategy can also be used for large scale protein analysis. The strength of
top-down approaches lies in direct detection of the native molecular mass of biological
protein species. Top-down proteomic strategies have demonstrated 100% protein
sequence coverage and allowed for the identification of protein isoforms, proteolytic
processing events and post translational modifications (PTMs).[85] Nevertheless, top-
down proteomic approaches suffer from limited sensitivity and throughput.[87, 88]
Although the fragmentation of small to midsize intact proteins is greatly enhanced by the
development of electron capture dissociation (ECD) and electron transfer dissociation
(ETD) [89-95], large proteins could not be easily analyzed due to the increasing
complexity of the gas-phase protein ion’s tertiary structure with many non-covalent
interactions.[86] Also, since top-down proteomic is performed with direct infusion of
single protein separated off-line, the analytical throughput and efficiency for large-scale

proteome analysis is limited.

1.5 Scope of the current study

In recent years, it has been widely accepted that HDACs are promising targets for
epigenetically treatment of aberrant regulation of gene transcription, [96, 97] which
serves as hallmark of cancer. The therapeutic application of HDAC inhibitors is believed
to depend on their HDAC class and isoform selectivity profile,[98, 99] making
development of isoform selective inhibitors an important issue in the design and
development of novel HDAC-based therapeutics. One of the key challenges in HDAC

inhibitor design is the limited amount of information regarding the binding modes
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available to the highly solvent exposed surface binding groups (SBG) of HDAC

inhibitors.

In the present study, in order to address this problem, we utilized a diazide photoaffinity
probe to map experimentally the multiple binding poses of the SBGs of HDAC. The
method requires availability of the active HDAC probe containing a photoreactive group,
which can covalently crosslink to the protein of interest upon UV-irradiation, and an
aliphatic azide group, which can be attached by a biotin tag through click-chemistry
cycloaddition for future purification and visualization. Protein mass spectrometry was
applied synergistically with molecular dynamics simulations to identify and map the
ensemble of the poses of HDAC inhibitors upon binding. Therefore, the enzymatic active
HDAC protein and photoaffinity probe as potent HDAC inhibitor were prerequisite to the

study.



CHAPTER 2 PROTEIN PURIFICATION AND ENZYME KINETICS STUDY ON

HDAC3/8

2.1 Introduction

2.1.1 HDAC expression and purification in different systems

E.coli is the most commonly used system for the expression and purification of
recombinant protein. Because bacteria grow much faster than insect cells, mammalian
cells, or yeasts, high amounts of recombinant proteins can be produced faster than in
those eukaryotic production systems. The major drawback of the bacteria-expressing
system is its lack of ability to produce proteins that require PTMs for function, stability,
or folding. The eukaryotic-expressing systems, such as yeast, baculovirus/insect cells or
mammalian cells are therefore applied instead. Although several potential post-
translational modification sites were identified on HDACS,[100, 101] bacteria-expressed
HDACS was still enzymatically active.[102] In contrast, all other Class I and II HDACs
produced in E.coli displayed very little enzymatic activity due to the lack of PTMs. When
no PTMs are required, the expression of recombinant protein in E.coli is a preferred
choice, when the final application requires large quantities of pure proteins such as in-
vitro assays and western blot analysis. Therefore, in the study described here, E.coli was
applied for the expression and purification of HDACS, and we will use HDAC3 (BPS

Bioscience) expressed in a baculovirus-expressing system.
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2.1.2 HDAC fluorometric assay

The HDAC fluorometric activity assay was applied to examine the enzymatic
activity of HDAC and the inhibition potency of HDAC inhibitors. The Fluor-de-Lys
(Fluorescent deacetylation of lysine) assay system was developed for a simple,
nonradioactive measurement of deacetylase activity (Figure 9).[103, 104] The assay
relied on the specificity of the proteolytic enzyme trypsin for peptides with deacetylated
lysine, with R-(N®-acetyl-Lys)-AMC (7-Amino-4-Methyl-coumarin) used as Fluor-de-
Lys substrate. Trypsin, as the main component of Fluor-de-Lys developer, cleaves the
carboxyl side of lysine and releases AMC. By itself, the substrate showed no reaction
with trypsin. The active HDAC enzyme catalyzes the removal of the acetyl group to yield
R-Lys-AMC and sensitizes the substrate so that, in a second step, it can react with the
Fluor-de-Lys developer to liberate AMC. The excitation and emission wavelength for
AMC is 360 nm and 460 nm, respectively. The increase in fluorescence at 460 nm from

the generation of AMC was used to measure HDAC activity.
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Figure 9: Mechanism of HDAC fluorometric assay

2.2 Methods and Materials

The HDACS fluorescent assay kit and the human recombinant HDACS protein were
purchased from Enzo Life (formerly Biomol international; Plymouth Meeting, PA).
Purified HDACS8 from E.coli was used for photoaffinity labeling. The primary anti-
HDACS antibody was from Santa Cruz Biotech. (Santa Cruz, CA) and pHD2-Xa-His
HDACS expressing plasmid was a generous gift from Dr. Carol A. Fierke (University of

Michigan). The anti-rabbit secondary antibody conjugated to horseradish peroxidase
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(HRP) was from GE (Piscataway, NJ). Finally, streptavidin and the colorimetric HRP
substrate o-phenylenediamine (OPD) were sourced from Pierce (Rockford, IL) and the

96-well plates were from Nunc (Rochester, NY).

2.2.1 Expression, purification, and activity testing of HDACS in E.coli

BL21(DE3) pHD2-Xa-His cells were grown in LB-CB media (Lysogeny Broth-
Carbenicillin) (1000:1) at 37 °C and induced by the addition of isopropyl-B-D-
thiogalactoside (0.4 mM) and ZnSO4 (0.2 mM) when Agpo= 0.7-0.8. The temperature was
subsequently decreased to 25 °C at induction, and protease inhibitor PMSF (10 pg/mL of
phenylmethylsulfonyl fluoride) was added 3 hours after induction. The cells were
incubated at 25 °C for an additional 14 hours and harvested by centrifugation (6000 g, for
15 minutes, at 4 °C). The cell pellet was resuspended and washed in an equilibration

buffer of anti-His column (40 mM Na3;PO, pH 7.8 and 1M NaCl).

After the cells were thawed, they were homogenized in lysis buffer (0.1% Triton X-100
in 40 mM Na3;POy4, pH 7.8, 1M NaCl, 10 uL PMSF (2.5mM, 1000X) and 20 pL leupeptin)
on ice for 30 minutes. A sonic dismembrator (Fisher Scientific) was used to lyse the cell,
and lysate was centrifuged at 15000 rpm for 25 minutes at 4 °C. The cleared lysate was
loaded onto a GE HiTrap NiSO4-charged immobilized metal affinity column (Ni-IMAC,
GE Healthcare), after which they were washed with two steps of wash buffer (10 and 50
mM imidazole in 40 mM NazPO4, pH 7.8 and 1M NaCl). The bound Hise-tagged
HDACS protein was eluted with elution buffer (250 mM imidazole in 40 mM NazPOy,

pH 7.8, IM NaCl), concentrated to <2 mL before being loaded onto a monoQ anion
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exchange column preequilibrated in equilibration buffer (50 mM Tris-HCI, pH 8.0, 5%

glycerol). The protein was eluted with a stepwise gradient from 0 to 500 mM KCIl.

2.2.2 HDAC3/HDACS activity assay and enzyme kinetics

The assay proceeded through a simple two-step procedure that can be carried out in
96-well half-volume microtitration plates. Homemade or commercial HDACS was
diluted with HDACS assay buffer KI-311 (Enzo Life; Farmingdale, NY) (25 mM Tris
[pH 8.0], 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, supplemented with 0.5 mg/mL
BSA) and pre-incubated with 25 uL of 10 uM HDAC substrate KI-178 (Enzo Life;
Farmingdale, NY) at RT. After 45 minutes, the reaction was quenched with 50 puL of 50
ug/mL  trypsin  supplemented with 5 uM trichostatin-A in KI-143 (Enzo Life;
Farmingdale, NY). The plate was read on a POLARStar Optima microtitration plate
reader (BMG Labtech; Durham, NC) with Aecit = 360 nm and Acmis = 460 nm. The ICsg
values were determined using the GraphPad Prism5 software (GraphPad Software Inc.;

La Jolla, CA).

Next, 10 ng of HDAC3/NCoR2-DAD (BPS Bioscience; San Diego, CA) was diluted with
KI-311 and pre-incubated with 10 uL, 125 uM. After HDAC fluorescent substrate Boc-L-
Lys (AC)-AMC (Chem-Impex; Wood Dale, IL) was added the mixture was incubated for
30 minutes at RT. The reaction was quenched with 50 4L of 1 mg/mL trypsin and 5 uM
trichostatin-A in KI-143 for 30 minutes. The plate was read on an OptimaPolar
Starmicroplate reader (BMG Labtech; Germany) at excitation and emission wavelength

of 360 nm and 460 nm, respectively.
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2.2.3  @Gel electrophoresis and western blot analysis of purified HDAC

Western blot was performed using 10 pg of total protein from cell lysate or elution
from each step with a 5% loading buffer containing 10% SDS, 0.05% bromophenol blue,
50% glycerol, and B-mercaptoethanol. Protein samples were boiled for 5 minutes and
allowed to cool before loading on a denaturing 4-20% polyacrylamide gel
electrophoresis (SDS-PAGE). Following the electrophoresis, protein was either directly
visualized for purity by staining in commassie blue stain buffer (10% (v/v) acetic acid,
0.006% (w/v) Coomassie Blue dye, 90% ddH,O) or transferred to a polyvinylidiene
difluoride (PVDF) membrane (Imobilon-Millipore; Bedford, MA). The membrane was
incubated for 1 hour with 1% albumin fraction V (USB; OH) and washed three times
with 1x phosphate buffer saline, supplemented with 0.05% Tween-20 (PBS-T). The
membrane was subsequently incubated with an anti-HDAC antibody (1:3000) for 2 hours
at room temperature with slight agitation. After three washes in PBS-T, the membranes
were incubated with a secondary antibody anti-rabbit-HRP for 1 hour at room
temperature. Finally, the signals were detected using the enhanced chemiluminescence
(ECL) kit from Pierce (Pierce Biotechnology; Rockford, IL) and densitometry scanning

of the films was performed using the ImagelJ software provided by NIH.[105-107]

2.3 Results and Discussions

2.3.1 Expression and purification of HDACS8

His-tagged HDACS8 was expressed in E. coli and purified using (1) a GE Hitrap Ni-
IMAC column and (2) a MonoQ anion exchange column. The purity of the protein after

the first step was estimated to be around 80% as determined by SDS-PAGE, followed by
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coomassie staining and densitometry quantification. The second step resulted in further

improvement of the purity to approximately 95% (Figure 10, left panel). The cell pellet

harvested from 1 L cultured media yielded about 90 mg of lysate, whereby 10 mg of

protein was recovered after first column purification and 2 mg of pure protein was

collected after the second column (Table V).

The purified protein was identified to be HDACS8 by performing the western blot using

anti-HDACS8 primary antibody and anti-rabbit secondary antibody (Figure 10, right

panel). Strong bands were observed at around 44 kDa. Since the anti-HDACS antibody

was highly specific to its antigen-HDACS, these bands were identified as the monomer

of human recombinant HDACS. The enzymatic activity of HM HDACS was assessed

and compared to the commercial HDACS in the later sections.
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TABLE V: PROTEIN ACTIVITY AND RECOVERY OF HDAC8 PURIFICATION.

c \Y p?c()):;ln Signal Protein/well irc)teiilifti;
/uL L AFU
(kg/ul) | (WD) | 7 ) | (AFU) (ng) (AFU/ug)
Lysate 6.5 14000 | 90832 20113 97.4 206.6
Eluent (HiTrap) 4.6 2050 9504 25553 69.6 367.1
Eluent (HiTrap) 5.4 2050 22759 81.2 280.3
Eluent (MonoQ) 0.6 3200 1888 24919 8.9 2815.6
Eluent
(MonoQ)® 0.6 20698 8.9 2338.7
Eluent
(MonoQ)® 0.5 10607 8.1 1309.4
Eluent
(MonoQ)! 0.6 2538 9.1 278.9
Biomol HDACS 6472 0.6 10354.4
Eluent (HiTrap): Eluent from HiTrap column dialyzed in 50 mM Tris PH 8.0, 5%
Glycerol.

Eluent (MonoQ)®: Eluent from MonoQ column stored at 4 °C for 8 h.

Eluent (MonoQ)@: Eluent from MonoQ column dialyzed in Biomol HDACS storage
buffer: (10 mM Tris PH 7.5, 100 mM NacCl, 3 mM MgCl,, 10% Glycerol)

Eluent (MonoQ)”: Eluent from MonoQ column dialyzed in BPS HDACS storage buffer:
(50 mM Tris PH 8.0, 138 mM NaCl, 10% Glycerol)

2.3.2 Enzyme activity and K, determination

Since buffer characteristics, such as the ionic strength (salt concentration), major
cation (sodium or potassium), pH and working temperature may have significant effect
on enzyme activity, the storage conditions of the purified enzyme were optimized with

the aim to enhance HDACS stability and activity (Table V).

The purified HDACS that was eluted from MonoQ column was dialyzed in the Biomol
and BPS HDACS storage buffer for 4 hours at 4 °C. The enzyme activity test of HDACS
was carried out using the Fluor-de-Lys HDACS activity assay described in Section 2.1.2

(Table V). The specific activity of HDACS8 in MonoQ elution buffer (50 mM Tris, pH
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8.0, 5% glycerol, 300 mM KCI) was about 2- and 10- fold higher than its counterparts
dialyzed in Biomol HDACS8 and BPS storage buffer, respectively. Following the
comparison of the three storage buffers tested, MonoQ column elution buffer proved to
be the best buffer for HDACS8 enzyme activity. The short-term stability of the purified
HDACS in the MonoQ elution buffer was confirmed, and similar specific activity of
HDACS8 was observed after 8 hours of incubation at 4 °C before the activity test. As a
result, the elution buffer of MonoQ column (50 mM Tris, pH 8.0, 5% glycerol, 300 mM

KCI) was chosen for the storage of HM HDACS protein, unless otherwise specified.

Before the optimization of the assay conditions was carried out by Fluor-de-Lys HDAC8
activity assay (Enzo Life; Farmingdale, NY), the optimal amount of the enzyme to be
used in the assay needed to be determined. However, as 5 uM of substrate (KI-178) was
used in the Enzo Life HDACS activity assay protocol, it was an appropriate choice for
the assay condition optimization until K;, was determined. The steady-state kinetic
parameter should be obtained under conditions of subsaturating substrate and enzyme.
Therefore, as shown in Figure 11, when 5 uM of substrate (KI-178) reacted with an
increasing amount of HM HDACS, the linear region of resulting reaction rate curve was
chosen and re-plotted (Figure 11, lower panel). Commercial HDAC8 (Enzo Life;

Farmingdale, NY) was used as the positive control (Figure 11, depicted in red).
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As expected, the reaction rate ceases to increase, as the substrate is consumed by
increasing amount of enzyme (Figure 11, upper panel). The fluorescence signal produced
by the commercial HDAC8 was somewhat weaker than the one produced by the HM
protein. (Figure 11, middle panel), it implies that the specific activity of HM HDACS is
slightly better than that of the commercial HDACS. Given that, after incubating with
substrate for 30 minutes, 0 to 450 ng of HDACS8 was in the linear region of the signal
increase (see Figure 11, lower panel). Thus, it was decided that 400 ng of HDACS should

be used in the future assay, due to its optimal signal-to-noise ratio.
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Figure 12: Temporal representation of HM HDACS with KI-178

A representative temporal evolution of the reaction of HM HDACS with substrate KI-178
is shown in Figure 12. The incubation time of substrate to enzyme was varied in order to
maximize signal-to-noise ratio, while at the same time assuring a linear upward trend in

signal intensity (see Figure 12). The fluorescent signal was read at 0, 15, 30, 45, 60, 90,
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and 120 minutes of incubation of HDACS8 with the substrate. The graph was plotted and a

good linear relationship was observed at the incubation time interval from 0 and 60

minutes. As the maximum signal-to-noise ratio exceeding 50 (data not shown), in the

linear region corresponding to the incubation of 45 minutes was measured. We chose 45

minutes as the incubation time for the enzyme with its substrate.

The K, value of substrate KI-178 for HM HDACS8 was determined by increasing the

substrate concentrations while the concentration of the enzyme remained constant. Data

from three independent experiments were analyzed using GraphPad Prism 5.0 software.

Vimex and K, were deduced from the nonlinear regression models using variable slope

equations (Figure 13).
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Figure 13: K, determination of KI-178 for HM HDACS.

Given that K, of substrate KI-178 for HM HDACS8 measured at 182.4 uM, any substrate

concentration below the K;, can be considered for the screening assay of competitive
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inhibitors. In this work, due to the need to balance between signal-to-noise ratio and cost,
the assay conditions were set at: 5 uM of substrate KI-178 that incubated with 400 ng of
HM HDACS for 45 minutes, followed by 30 minutes of trypsin digestion and
fluorescence signal measurement on Optima plate reader, using 360 nm and 460 nm

wavelengths for excitation and emission, respectively.

2.4 Conclusions

The availability of active HDAC enzyme and an appropriate assay for the screening
of HDAC probes is a prerequisite for photolabeling study of HDAC probe binding modes.
In this chapter, the methodology for successfully obtaining pure and active HM HDACS,
as well as optimizing the fluorescent assay using this HM HDACS protein was described.
As a result of the HM HDACS purification process, 95% pure HDAC8 was yielded
through a two-step column separation. Next, the enzymatic activity of the HM HDACS
was assessed by using a Fluor-de-Lys HDAC activity assay. Thus, 50 mM Tris, pH 8.0, 5%
glycerol and 300 mM KCI was identified as the most optimal storage condition that
would yield expected HDACS activity and stability and, by conducting a combination of
enzyme kinetic experiments, the HM HDACS assay conditions were established and
optimized. Consequently, in the work described in the subsequent chapters, 400 ng of
HM HDACS will be incubated with 5 yuM of KI-178 HDAC substrate for 45 minutes,
followed by a tryptic digest and the fluorophore generated will be quantified on an
Optima plate reader. This assay will be applied to evaluate the inhibitory potency of all

synthesized photoaffinity probes.



37

This study was a prerequisite for the mapping of the probe binding pose by photolabeling,
which will be discussed in Chapters 3—5, where the pure and active HM HDACS will be
used to assess the inhibition potency of different photoaffinity probes, perform

photolabeling experiments and protein mass spectrometry analysis.



CHAPTER 3 MAPPING THE BINDING POSES OF HDACS8 BY PHOTO-

AFFINITY PROBES

3.1 Introduction

One of the key challenges in designing isoform-selective HDAC inhibitors is a poor
understanding of the binding modes (poses) available to the highly solvent exposed
surface binding group (SBG) of HDAC inhibitors targeting the grooves and ridges on the
protein surface directly adjacent to the catalytic well of HDAC:s. It has been hypothesized
by us in our preliminary experiments and a recent publication by Wiest and
colleagues[108] that the SBG groups may have more than one preferred position on the
surface and each of them contributes to the overall binding affinity. Although the
available HDAC X-ray data provide information on structure of proteins and binding of
probes, its use is limited due to high solvent exposure of the SBG of the probes and
additional copies of the same protein in the crystallographic cell that interfere with the

binding of the co-crystallized probes.

Photoaffinity labeling is a strategy offering methods for the identification of drug target
proteins of biologically active compounds and mapping their binding sites.[65, 109, 110]
Among several photosensitive groups, aryl azide is perhaps one of the most widely used
due to its universality, reactivity, and relative simplicity in implementation.[65] One of
the recent advances in the photoaffinity labeling probe development is application of
“click-chemistry” and bioorthogonal probes for activity-based proteomics profiling by
Cravatt et al[72, 76-81] and its recent modification by Suzuki et al.[111-113] This latter

study is based on a concept in which a bifunctional probe is connected to a target protein

38
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by activation of a photoreactive group, such as an aromatic azido or 3-trifluoromethyl-
3H-diazirin-3-yl group, and identification of the probe product is achieved by anchoring a
detectable tag to an alkyl azido moiety, which survives photolysis, using the Staudinger-
Bertozzi ligation.[70, 114-118] A similar approach was recently utilized to discover a
new binding site in HIV-1 integrase.[119] In this case a different photoactivated moiety -
benzophenone — facilitated by mass spectrometry and docking analysis was used to
determine the exact probe binding position. The recent study by Cravatt et al.[81]
presents a novel proteomics probe for histone deacetylases and is intended to discover
new proteins interacting with the histone deacetylases. It does not address, however, the

problem of multiple binding poses of HDAC inhibitors.
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Figure 14: General structure of HDAC inhibitors

Similarly to SAHA, the general structure of HDAC inhibitor can be categorized into zinc-
binding group, linker group and surface binding group (Figure 14). The inhibitor anchors

to HDAC through formation of a metal-probe complex between the hydroxamate group
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of the probe and Zn®" in the active site. The binding was further strengthened by binding
of surface-binding group to outer surface of the active site. Here we introduced for the
first time the use of diazide-based photoaffinity labeling probes, liquid chromatography-
tandem mass-spectrometry, and molecular dynamics simulations to map the ensemble of

the poses of HDACS inhibitors upon binding (Figure 15).
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Figure 15: Application of photoaffinity probes for detection of binding poses of an
HDAC probe.

The probe was first covalently crosslinked to enzyme via activation of aryl azido moiety,
the biotin tag was then introduced and attached to probe-enzyme mixture through click
chemistry cyclo-addition between alkyl azido moiety and alkyne group of the tag. In the
final step, the binding of protein by probe/tag was examined by western blotting with
strep-HRP which recognizing biotin tag or proteomic post-translational modification

profiling.
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3.2 Methods and Materials

Streptavidin and the colorimetric HRP substrate o-phenylenediamine (OPD) were
from Pierce (Rockford, IL) and the 96-well plates from Nunc (Rochester, NY). Tris(2-
carboxyethyl)phosphine (TCEP) was from (Alfa Aesar chemicals, Ward Hill, MA).
CuSO4, dimethyl sulfoxide (DMSO), tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine
(TBTA), and all other chemicals were purchased from Sigma (St. Louis, MO) if not
stated otherwise. The probes and tags were synthesized in house (Figure 16). The primary
anti-HDACS antibody was from Santa Cruz (Santa Cruz, CA) respectively. The anti-
rabbit secondary antibody conjugated to horseradish peroxidase (HRP) was from GE

(Piscataway, NJ).



42

CH

o]
I=
521
/

o]
H QH
M = ' My
N3 \ H
= Q

Probe 2 y Probe 3
3
a o]
o= g /\/\/\)J\ OH
H -
M Hi @M\[‘,NVLOM M K N
6 =
5 o
Probe 4 N3 Probe 5
Mz
s
0w
Ny M
H
N HN . N NH _
Ny 8] \M oH
N ?N \”AWLN ~OH o o] o]
| H
M== o] Mz
HD-74
HD-55
o
Q HR \{ H 7
§ _OH
/\N . \IKV\/\J\N
R H
4 o]
Biotin tag (BT) SAHA
o}
HN*NH

% B o
y
. "WJJ\N/\/O\/\O/\/N _
s I
Long Biotintag (LBT)
Figure 16: Structures of HDAC photoaffinity probes and tags used during this
investigation.

Among photoaffinity probes, 2 is a mono-azide probe which lacks ability to be attached
by visualization tags; all other probes are equipped with diazide moieties. Probe 4 is a
diazide probe which lacks the HDAC binding group. Two biotin tags with different linker

group length are prepared.
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3.2.1 HDACS Activity assay

HDAC inhibition assay was performed in 96-well half-area microplate (Corning).
0.4 pg HM HDACS was diluted with HDACS8 assay buffer KI-311 (Enzo life) and
preincubated with 10 pL of inhibitor for 5 min. The assay mixture was treated with 25 pL
of 10 uM HDAC substrate KI-178 (Enzo life) for 45 min at rt. The reaction was
quenched with 50 pL of 50 pg/mL trypsin and 4 pM trichostatin A in KI-143 (Enzo life)
for 30 min. The plate was read on a POLARstar OPTIMA (BMG labtech) microplate

reader at excitation wavelength 360 nm and emission wavelength 460 nm.

The 1Csy values were determined using the GraphPad Prism 5 software (GraphPad

Software Inc., La Jolla, CA).

3.2.2 Direct measurement of modification by MALDI-ToF mass spectrometry

HDACS protein was treated with different photoaffinity probes at the ratio of 1:1 to
1:20 and UV-irradiated to induce covalent cross-linking. The protein-probe complex was
diluted with 50% methanol in water to make 2 pM as final concentration, mixed with
saturated sinapic acid. 1 pL of the mixture was spotted onto a MALDI plate and air-dried
before analysis. Positive ion MALDI TOF mass spectra were acquired using an Applied
Biosystems (Foster City, CA) Voyager-DE pro MALDI-TOF mass spectrometer in linear
mode. A total of 500 or more laser shots were acquired and signal averaged per mass

spectrum.
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3.2.3 Photolabeling experiments

Purified recombinant HDACS8 (0.5 pg in 5 pL of assay buffer or assay buffer with
0.1% triton X-100) was incubated with various concentrations of probe 2, probe 3 with or
without competent SAHA for three hours in the dark, after which the formation of a
covalent bond between the azide group present in the probe and reactive side chains of
the HDAC was initiated by UV irradiation (A= 254 nm) fox B min with 1 min rest.
Then “click chemistry” was used to attach Biotin tag (BT) to the diazide probes attached
covalently to the protein. The biotin tag was added to all the tubes at a final concentration
of 50 uM, and the chemical reaction was initiated by addition of TCEP (0.5 mM final
concentration), TBTA (0.1 mM) and CuSOy4 (1 mM). After 60 min incubation at room
temperature, protein samples were analyzed by SDS-PAGE and western blot using an
anti-biotin primary antibody, streptavidin conjugated to horseradish peroxidase (Pierce,

Rockford IL) and ECL (Pierce, Rockford IL).

3.2.4 Tryptic digest and proteomic profiling of modification sites

HDACS protein was incubated with the photoaffinity probe 3, exposed to UV light
to form HDACS-3 covalent adduct, and attached with BT. Next, the modified protein was
purified using avidin-agarose chromatography. Unmodified HDAC8 was used as a
negative control. To facilitate the analysis of the modified protein, tryptic digestion was
carried out followed by mass spectrometric liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and proteomics database analyses using SEQUEST
proteomics software. Two proteomics data sets were generated; one used an accurate

mass peptide mass tolerance of 5 ppm between the theoretical and measured peptide
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masses, and second data set used a mass tolerance of 10 ppm. It should be noted that

both 5 and 10 ppm are considered accurate mass measurements.

3.3 Results and Discussion

3.3.1 HDACsSs Activity Profiling

We followed the established assay protocol to evaluate the inhibition potency of
inhibitors and probes synthesized in-house. 400 ng of homemade HDACS8 was pre-
incubated with various concentrations of inhibitors for 5 min before introduction of the
substrate. As illustrated above (Section 3.2.1), the reaction mixtures were quenched by
the developer and residual HDAC activity was assessed by the fluorescence plate reader.
The non-linear regression analysis of data on Graphpad Prism 5.0 (Graphpad software
Inc. CA) was performed to calculate the ICsy values. An example of HDAC inhibition
profile was given in Figure 17. The residual HDAC activity would fall when the
concentrations of inhibitor increased. The half maximal inhibitory concentration (ICs)

was deduced from nonlinear regression curve fitting by GraphPad Prism (Figure 17).
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Figure 17: Inhibition profile of homemade HDACS by inhibitor
A.B.: Assay buffer

As shown in Table VI, the ICsy values of SAHA and photoaffinity probes probe 2 and
probe 3 for HDACS range from mid nM to lower pM, indicating all probes are potent
HDAC inhibitors. The strong interaction between HDAC and photoaffinity probes makes

the application of activity-based protein profiling by photolabeling possible.

TABLE VI: SCREENING FOR INHIBITORY ACTIVITY (ICso, MM) OF
COMMERCIAL AVAILABLE SAHA, PROBE 2 AND PROBE 3 AGAINST HDACS

HDACS/A.B. | IC5o(uM) | sd (ICso) (nM) Ki (uM)
SAHA 0.236 0.021 0.235

Probe 2 2.705 0.023 2431
Probe 3 2.873 0.064 2.86
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3.3.2 MALDI-ToF mass shift of HDAC8 modified by different diazide probes

After confirming that the photoaffinity probes are potent HDAC inhibitors, MALDI-
ToF mass spectrometry was utilized to directly examine the modification of HDACS by
diazide probes. HDAC8 was incubated with up to 20 equiv. of probe 2 and probe 3
irradiated with UV light to activate the probe, diluted with ammonium bicarbonate (50
mM, pH 7.8) and concentrated using Centricon 10 000 molecular weight cutoff filters
(Millipore). The recovered protein sample was tested on MALDI-ToF. As expected, the
mass shift of modified HDACS8 compared with untreated HDACS8 changes with amount

of probe added in a dose-dependent manner (Table VII).

TABLE VII: MALDI MS OF INTACT HDAC8 AND TREATED WITH PROBE 2
AND 3

. 1:1 1:5 1:20
Mass shift avg. sd. avg. sd. avg. sd.
Probe 2 4.0 41.3 113.5 37.1 256.8 37.1
Probe 3 3.0 15.4 13.2 7.5 60.1 77.6

The results of the MALDI-MS analysis of the intact and modified protein supported the
conclusion that the protein can be modified by the UV activated nitrene group generated
from the diazide probes. We moved to the next stage — photolabeling followed by

attachment of BT tag to the alkyl azide moiety of probe 3.
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3.3.3 Photolabeling and competition experiment in assay buffer

To evaluate the selectivity of photolabeling in vitro, purified recombinant HDACS8
was incubated with various concentrations of probes 2 and 3. The conditions for UV
crosslinking were optimized to increase signal-to-noise ratio. We found that in case of
HDACS 3x1 min exposure to UV light with 1 min rest gives the best signal to noise ratio.
The “click-chemistry” conditions with catalysis by Cu(l) generated in situ were
successfully used to attach BT to the adduct between HDACS8 and probe 3. In our

19-24 45 an attachment

preliminary studies we also tried the Staudinger-Bertozzi ligation
procedure of the biotin tag and determined that the “click-chemistry” approach is much

faster and gives better yield as determined by Western blotting. This is consistent with

the observation made by Cravatt et al.’

Different amount of probe 3 and 2 were used to photolabeling with HDACS. Since 3 has
additional alkyl azide group that can survive photo irradiation and attach to the biotin tag

while 2 does not, the photolabeling result was compared.
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Figure 18: Characterization of biotinylated HDAC proteins and total HDAC proteins. (A)
Western blot analysis of probe 2 (labeled as #) and probe 3 (labeled as *) binding to
HDACS probed by strep-HRP and anti-HDACS antibodies. All the numbers stand for the
concentration in pM. (B) Competition of probe 3 by SAHA.

As expected, the amount of biotinylated HDAC increases in a concentration-dependent
manner in the presence of probe 3 but not with probe 2 (Figure 18 A) that lacks the alkyl
azide group designed to bind the biotin tag; only non-specific, background level signals
are observed. A comparison of the background levels observed in lanes 3, 9-11 shows
that the background levels of biotinylation are due to non-specific modification of the
HDACS protein with BT and do not depend on the presence of probes 2 and 3. It appears
that the non-specific biotinylation with BT may be specific to the HDACS protein as in a
similar experiment HDAC3 protein showed negligible levels of non-specific biotinylation
with BT (data not shown). In the competition experiment shown in Figure 18 B, the level
of the covalent modifications with probe 3 drops by 50% when SAHA is present during
the photolabeling, indicating that the cross-linking of the probe 3 to HDACS is likely to
happen when 3 is bound at the catalytic site. The probe 3 competes with SAHA binding

to the same active site. The photoaffinity probe 3 is thus proved to be able to crosslink
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HDACS as a specific inhibitor. In the section followed, we will describe how the

modification sites of HDACS by 3 were identified by FT-ICR mass spectrometry.

3.3.4 Modification sites identification by FT-MS and interpretation of data

The HDACS8-probe 3-BT adduct underwent avidin-agarose enrichment was tryptic
digested and tested on LTQ-FT mass spectrometry. With the help of Dr. Chris
Pennington, a total of 11 modified HDACS peptides were identified on peptide mapping
using high resolution accurate mass measurement (within 10 ppm) and peptide
sequencing using MS/MS (Table VIII).[107] No modified peptides were detected in the
negative control using unmodified HDACS (data not shown). The amino acids underlined
in Table VIII correspond to the residues modified by probe 3 based on MS/MS analysis.
Due to occasional missed trypsin cleavage sites, which are common in trypsinization
reactions, there are some amino acid sequence overlaps among several peptides. For
example, entries 1 and 2 correspond to overlapping amino acid sequences 35-55 and 37-
60, respectively. Also, due to the high reactivity of the photoaffinity probe, several amino

acid residues became modified in entries # 3,4,6,10, and 11 (Table VIII).
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TABLE VIII: SUMMARY OF IDENTIFIED HDAC8 PEPTIDES MODIFIED WITH
PROBE 3:BT ADDUCT.

Entry

No. Peptide Sequence e m/z Cﬁéiie toll\e/zlra:r?ce
(AA#s) (2) Mods ppm

! IPKRASM*VHSLIEAYALHKQM*R*® 034-055  3330.72571 1109.57524 3 1 5
2 RASMVHSLIEAYALHKQM*RIVKPK 037-060  3541.88969 886.22242 4 1 10
3 ASM*VHSLIEAYALHKQMRIVKPK 038-060  4105.10938 1367.70313 3 2

4 ASM*VHSLIEAYALHKQMRIVKPK 038-060  4105.10938 1367.70313 3 2 5
S QM*RIVKPK. 053-060 1734.93338 867.96669 2 1 10
6 VAINWSGGWHHAKK 133-145  2901.37544 1450.18772 2 2 5
’ DEASGFCYLNDAVLGILRLRRKFER 147-171  3660.86731 609.31122 6 1 5
8 GRYYSVNVPIQDGIQDEK 222-239  2800.35061 934.11687 3 1 10
9 YYQICESVLKEVYQAFNPK 240-258  3041.46828 1521.23414 2 1 10
10 AVVLQLGADTIAGDPMCSFNMIPVGIGK 250-286  4244.03997 1060.25999 4 2 5
! AVVLQLGADTIAGDPMCSFNMTPVGIGK 250-286  4244.03997  849.60799 5 2 10

¥ * indicates an oxidized methionine
® The underlined residues correspond to the region of the HDACS protein where
modification by probe 3 occurred.

Our modeling group discovered that among the sites modified by probe 3 (Table VIII,
Figure 19), the two nearest to the binding site amine acids located on the surface of the
protein were Asp>> and Asp”’>. Asp’’> maps to the R2/G1 region of HDACS, and Asp™”
neighbors with the R2/G2 (Figure 22). The two other areas near the binding site
corresponding to His'**-His'®® (entry #6, Table VIII) and Ile'*-Asn'**-Trp'’-Ser'*®
(entry #6, Table VIII) are not on the surface of the protein. Photolabeling of these
residues may be explained if the binding site of HDACS8 adopts a conformation similar to
that found in 1T64 X-ray structure where the second molecule of TSA is bound upside
down.[120] The access to these residues in other crystal structures is blocked by the loop
L1 (Figure 19B) that was shown to shift its position to accommodate the second molecule
of TSA. If the loop L1 swings far enough it may expose the residues in entries #1-#6 for

modification by the SBG of probe 3. The other labeled peptides correspond to sites on the
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outer periphery of HDACS8 and were likely modified by excess unbound 3 upon
activation by UV light. An analysis of these areas shows that they are either hydrophobic
or in close proximity to hydrophobic areas and, thus, may participate in aggregation with

probe 3.

(A) _ () I AN AN
Figure 19: Location of the peptides (red) modified with probe 3 mapped on HDACS
PDB:1T69 (blue model).

The number # corresponds to the entries in TABLE VIII. The residues rendered as
“sticks” correspond to the residues in the immediate proximity to SAHA in 1T69. (B)
Same as panel A. Overlay of HDACS8 1T69 (blue) and 1T64 (magenta). SAHA and TSA
are rendered as “stick” models colored either by atom types (SAHA) or green color
(TSA).

Modified Asp™’ was contained in peptide GRYYSVNVPIQDGIQDEK (222-239), and
the MS/MS spectrum of this modified peptide is shown in Figure 20. Based on Sequest
proteomics analysis, the standard peptide fragment ions such as ys"' and a;s° were
identified, and manual inspection of the data was used to identify additional fragment
ions formed by side chain fragmentation of probe 3. By accounting for these side chain
fragments, it was possible to identify and assign the other peaks present in the MS/MS

spectra.
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Figure 20: MS/MS spectrum of HDACS tryptic peptide 222-239,
GRYYSVNVPIQDGIQDEK (see Table VIIL, entry 8) showing alkylation at Asp®>.

The peaks are annotated using the conventional proteomics MS/MS nomenclature (e.g.,
y6'™). Upper case letters denote the additional side chain cleavages of probe 3 modified
by biotin tag 4 (the structures of possible fragmentation of the resulting construct are
shown in Figure 21)

During MS/MS analysis of peptides from HDACS that had been modified by 3,

fragmentation of probe 3 was observed at the sites indicated in Figure 21.

These types of cleavages (e.g., yis - -A) are indicated in the tandem mass spectra of
modified HDACS peptides. There were a total of three fragment ions m/z 689.1 (ys'),
885.4 (by7™), and 1190.4 (a;s ), that could be directly assigned to peptide backbone bond
cleavages. Of those three, only the ys~ fragment corresponds to a region of the peptide
not containing probe 3. The remaining fragment ions were assigned to peptide backbone
cleavages plus fragmentation of probe 3. For three of the fragment ions, more than one

type of fragment ion could be assigned. The overall HDACS sequence analyses ranged
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between 61 — 68 % for the control HDACS8 samples and 52 — 58 % for modified HDACS

protein samples.
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Figure 21: Structure and ten possible bond cleavages of probe 3 modified with biotin tag.
Bond cleavages are labeled A through J, and R denotes the amino acid side chain.

To explore if there are more than one binding mode for HDAC probes, Michael and
Gilles performed extensive MD simulations of SAHA and probe 3 bound to the HDACS
and compared them with the outcomes of the photolabeling experiments described above
for probe 3. The binding modes of the probes are characterized by the conformation of
the probe inside the binding site and the resulting interactions between the SBG of the
probes and the various structural elements of the HDACS surface, i.e. R1-R3 and G1-G3
(Figure 22). To determine the binding modes available to the probes, identical
conformations sampled during the course of an MD simulation were identified using the
matrix RMSD and confirmed with an analysis of the distances between the SBGs of

SAHA and probe 3 and representative amino acids in G1-G3 (data not shown).
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Figure 22: Description of the grooves (G1-G3) and ridges (R1-R3) formed by the protein
surface of HDACS8 (PDB:1T69).

In brief, three binding modes of SAHA to HDACS8 were revealed (Figure 23).
Characteristic interactions of each binding mode are determined by visual inspection of
the conformation of the probe inside the binding site of HDACS. In the first binding
mode, the phenyl ring interacts with the area G2/R3 of the protein, whereas in the second
binding mode the phenyl ring interacts with G2/R2 (Figure 23A). The third binding mode
is similar to the binding mode of SAHA observed in X-ray as they are both characterized
by strong electrostatic interaction between the amide group of SAHA and Aspl101 and

weak interaction between the phenyl ring of SAHA and the protein surface.

Figure 23B shows the spatial distribution of the aromatic azide group throughout the
simulations. The cyan dots represent all the locations occupied by the last nitrogen atom
of the azide group of probe 3. The coordinates of this atom were taken from every frame

of the simulation trajectory. The main density areas are located in the grooves and ridges
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G1/R2, R2 and G2/R2. The spatial distribution of the aromatic azide group during the
simulation is consistent with the modification of the residues Asp233 and Asp272
observed by LC-MS/MS analysis, as it is mostly located in the vicinity of these residues.
Importantly, the modification of these residues cannot be accomplished if the probe exists
only in a single binding pose as the residues modified are located too far away from each

other to be reacting with any single binding pose.

(A)
Figure 23: Docking of photoaffinity probes to HDACS active sites

(A) Binding mode 1, 2 and 3 of SAHA indicated in white, green and red, respectively.
The surface is colored according to atom types using standard atom color convention. (B)
The residues Asp233 and Asp272 modified by photoactivation of the probe 3 are
indicated by a cyan surface. The locations of the aromatic azide throughout the
simulations are projected on the surface and are indicated by cyan dots. Probe 3 is
represented in a binding mode similar to the binding mode 2 observed for SAHA. G1-G3
and R1-R3 are - grooves and ridges on the protein surface, respectively.

The absence of modification corresponding to the azido group oriented toward G3 in the
pose 1 of probe 3 is consistent with its predominant solvent exposure and the fact that G3
is relatively deeper compared to G1 and G2. The sharper curvature of the surface near G3

prevents the remotely located aromatic azide moiety of probe 3 to contact with the
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surface. These observations suggest that to improve the surface contact with G3 the
introduction of a more flexible moiety between the linker and the SBG portions of the

HDAC probes may be necessary.
3.4 Conclusion

This is the first study where the binding poses available to the probes in HDACS
were determined experimentally by BEProFL approach. The tagging of the probe 3
attached to HDAC8 with BT 4 resulted in a concentration dependent increase in
biotinylation of the protein with the increase of the concentration of probe 3 but not with
probe 2 that lacks the second azido group. The selectivity of probe 3 for the active site of
HDACS8 was demonstrated by blocking it with SAHA. Using the photoaffinity
experiments we show that probe 3 modifies the HDAC8 binding site at or near Asp>-
and Asp”’*— the interface areas between G1 and R2 and R2 and G2 that can only be
reached if probe 3 adopts at least two different binding poses. The results of MD
simulations are consistent with these observations. Sharper curvature of the HDACS
protein surface in G3 explains the lack of covalent modifications in it. The modifications
observed at His'*-His'*® and Ile'**-Asn"*®-Trp'*’-Ser'*® are likely attributed to the
“upside-down” binding pose of probe 3 analogous to that of TSA. The other few
modifications of the HDACS protein on the side opposite to the binding site appear to be
a result of aggregation with probe 3. Although the three major poses available to SAHA
and probe 3 are similar, they are not equally populated as determined by MD analysis.

Overall, the findings demonstrated that multiple binding poses of the HDAC probes are
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likely to contribute to the binding. Future studies are needed to learn how this observation

can be used in HDAC drug design to improve the activity and selectivity of the probes.

The study also highlights further directions in refinement of the BEProFL approach.
Minimization of the fragmentation of the probe is highly desirable to facilitate the
analysis of MS/MS data. The source of non-specific tagging of the HDACS protein upon

incubation with biotin tag remains unclear, warranting further investigation.

The methodology supplies a unique power in analysis of the binding of probes to their
macromolecular targets by expanding the data typically obtained in the protein X-ray
crystallography or providing an alternative tool when co-crystallization of the protein
with the probe of interest has failed. Most importantly, the binding poses determined by
BEProFL are determined in solution and, thus, the captured ‘“‘snapshots” reflect the
dynamic nature of the probe and its macromolecular target conformations. Extension of
the BEProFL approach to study the binding poses of the probes in cells is in progress in
our laboratory. The approach has the potential not only to guide probe optimization but
also to become a new tool in disciplines such as molecular modeling, development,
validation and application of computer-aided drug design methods, especially those for

rapid prediction of the protein-probe interactions such as docking and scoring.[107]



CHAPTER 4 EXPLORATION OF INTERACTION BETWEEN HDAC3 AND ITS

CO-REPRESSOR NCOR2

4.1 Introduction

Histone deacetylase 3 (HDAC3), an enzyme involved in gene transcription, requires
the direct interaction with the Deacetylase Activating Domain of Nuclear Receptor Co-
repressor 2 (NCoR2-DAD) to be activated, but the geometry and the structure of the
protein-protein interface involved in this complex are unknown to date. In mammalian
cells, HDAC3 is found as part of a large protein complex with Nuclear Receptor Co-
repressors (NCoR2, or the homologous SMRT), GPS2, TBLI1, and TBLR1.[121] Direct
interactions with the deacetylase activating domain (DAD), a segment of approximately
80 amino acids in NCoR2 (or SMRT), is both required and sufficient for HDAC3
activation.[122, 123] Deacetylation activation domain (DAD) of NCoR functions in
activating the HDAC3, while the histone interaction domain (HID) assists in anchoring
the complex to the histone tail. In a synergistic fashion, components with distinct

functions in the multiprotein complex work together to repress transcription.

Insights into structural details of this complex would be of interest, as this information
may also provide an alternative avenue for the design of new therapeutics. The prospect
is particularly attractive as selective inhibition of particular HDAC isoforms through
substrate analogues that bind to just the active sites is difficult to achieve due to the high
degree of sequence homology among different HDAC isoforms. Since most of the
HDAC isoforms are found as a part of various types of complexes, the structures of these

complexes might hold the key for successful rational design of selective HDAC

59
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inhibitors. In this chapter, results were presented based on the concept of small
photoreactive “nanorulers” that target both HDAC3 catalytic site and surface regions in
NCoR2-DAD most likely involved in the protein-protein interaction and proposed a

structural model that delineate some of the contact residues.

4.2 Methods and Materials

4.2.1 HDAC activity assay

10 ng HDAC3/NCoR-DAD (BPS Bioscience) was diluted with KI-311 (Enzo life)
and preincubated with 30 pL of inhibitor for 5 min then 10 pL, 125 uM HDAC
fluorescent substrate Boc--Lys (Ac)-AMC (Chem-Impex) was added, and the mixture
incubated for 30 min at room temperature. The reaction was quenched with 50 puL of 1
mg/mL trypsin and 4 uM trichostatin A in KI-143 (Enzo life) for 30 min. The plate was
read on an POLARstar OPTIMA (BMG Ilabtech) microplate reader at excitation

wavelength 360 nm and emission wavelength 460 nm.

4.2.2 Photolabeling and competition experiment of HDAC3/NCoR2-DAD

Commercial recombinant HDAC3 (BPS Bioscience, CA) (0.5 pg in 5 pL of assay
buffer or assay buffer with 0.1% triton X-100) was incubated with various concentrations
of probe 2, probe 3, HD-55 and HD-74 with or without competent SAHA for three hours
in the dark, after which the formation of a covalent bond between the azide group present
in the probe and reactive side chains of the HDAC was initiated by UV irradiation (A=
254 nm) for 3x1 min with 1 min rest. Then “click chemistry” was used to attach Biotin

tag (BT) to the diazide probes attached covalently to the protein. The biotin tag was
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added to all the tubes at a final concentration of 50 uM, and the chemical reaction was
initiated by addition of TCEP (0.5 mM final concentration), TBTA (0.1 mM) and CuSOg4
(1 mM). After 60 min incubation at room temperature, protein samples were analyzed by
SDS-PAGE and western blot using an anti-biotin primary antibody, streptavidin
conjugated to horseradish peroxidase (Pierce, Rockford IL) and ECL (Pierce, Rockford

IL).

4.2.3 MALDI-ToF and FT-ICR of HDAC3/NCoR2-DAD modified by diazide probes

HDACS3 protein was treated with HD-74 at the ratio of 1:1 to 1:10 and UV-irradiated
to induce covalent cross-linking. The protein-probe complex was diluted with 50%
methanol in water to make 2 uM as final concentration, mixed with saturated sinapic
acid. 1 pL of the mixture was spotted onto a MALDI plate and air-dried before analysis.
Positive ion MALDI TOF mass spectra were acquired using an Applied Biosystems
(Foster City, CA) Voyager-DE pro MALDI-TOF mass spectrometer in linear mode. A

total of 500 or more laser shots were acquired and signal averaged per mass spectrum.

Followed by photolabeling of HDAC3/NCoR2-DAD by photoaffinity probes, a tryptic
digestion and peptide sequencing using microcapillary HPLC coupled with high
resolution tandem mass spectrometry on an FTICR mass spectrometer was performed to
find sites of photoaffinity modification of HDAC3 and NCoR2-DAD by the inhibitor.
MassMatrix proteomics data analysis software was used to identify modified peptides

with less than 10 ppm mass tolerance.
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4.2.4 Homology model, docking calculations and surface analysis

All computational modeling was performed by Dr. Michael Brunsteiner. In brief, the
program modeller'*” was used for building HDAC3 homology models. As templates a
number of HDACS crystal structures were used (PDB IDs: 1T64, 1T67, 1T69, 1VKG,
1W22, 2V5W, 2V5X).H2 1251271 Ajtogether these crystal structures contained
coordinates of 12 HDACS8 monomers, and, based on these, 12 HDAC3 homology models,
including residues 4-368, were built using the settings and parameters recommended in

the modeler documentation.

ZDOCK and ZRANK,!"®® two programs that have repeatedly been beneath the best

),1 2 were used for

performers in a Critical Assessment of PRedicted Interactions (CAPRI
docking of the NCoR2 DAD to HDAC3. The structure of the NCoR2-DAD was taken
from an NMR structure containing 28 conformers of the domain, including NCoR2
residues 420-480 (PDBID: 1XC5).["*” Separate docking runs were performed with all
combinations of the 12 HDAC3 and the 28 NCoR2-DAD structures, using a sampling
interval of 6 degrees, resulting in about 18 million (12x28x54000) complexes. For each
HDAC3/NCoR2-DAD combination the best ranking 2000 complexes were rescored
using ZRANK. The overall 1000 best scoring complexes were then re-ranked a second
time using Firedock, a program that takes into account limited protein flexibility when
scoring protein complexes. For all calculations default parameters as recommended in the
software manuals were used unless mentioned explicitly. The best 100 complexes were

131]

finally clustered, using the program kmlocal,! an implementation of the k-means

algorithm.
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For analysis of the surface residues of both the NCoR2-DAD and HDAC3 we used the
program  cons-PPISP,"**  online  version of which is available at
http://pipe.scs.fsu.edu/meta-ppisp.html. The program uses the output of three different

(133135 and based on this data

web-servers for protein-protein interaction site prediction,
calculates a consensus result from a linear regression model. The output provides a
number for each residue that is proportional to the estimated probability of this residue
for being part of, or close to, a protein-protein interaction site. The program Chimera!'*®

was used for visualization of molecules and surfaces.

4.3 Results and discussion

4.3.1 HDAC3/NCoR2-DAD modified by diazide probes reported by western blot

The results presented in Figure 24A showed that all three diazide probes
successfully photocrosslinked to both HDAC3 and NCoR2-DAD. For HDACS3, this result
was expected since the probe was bound to the HDAC3 active site at the time of
photoactivation, which has been proved by the competitive binding of probe 3 and
monoazide 2 (Figure 24B), probe HD-74 and probe 2 (Figure 24C), HD-74 and SAHA

(Figure 25).


http://pipe.scs.fsu.edu/meta-ppisp.html�

64

A BPS HDAC3/NCoR2-DAD vs Different probes in Assay Buffer
HDAC3: Probe 3 HDAC3:HD-55 HDAC3:HD-74
1.0 11 12 1.5 110 1.1 1:2 1:5 1:10 111 1:22 1.5 1:10

- - Strep-HRP

Anti-HDAC3

—

B BPS HDAC3/NCoR2-DAD: Probe 3: Probe 2
1:1:0  1:1:0.1 1:1:1 1:1:20 1:1:50 1:1:100

- -

C  BPSHDAC3/NCoR2-DAD: HD-74: Probe 2
1:1:0 1:1:1 1:1:2 1:1:5 1:1:10

-H
Strep-HRP Strep-HRP

—_—

W S S S S s | Anti-HDAC3 Anti-HDAC3
—

ol

Figure 24: Photolabeling and competition experiment of HDAC3/NCoR2-DAD.

A: Western blot analysis of dose-dependent photocrosslinking of probe 3, HD-55 and
HD-74 to HDAC3 and NCoR2-DAD visualized by strep-HRP, which binds to the biotin
tag[107] covalently attached to the second azide group of the diazide probes via click
chemistry. Equal protein loading was confirmed by anti-HDAC3 antibodies. B:
Competitive binding of probe 3 with monoazide 2 shows a dose-dependent decrease in
biotinylation of HDAC3 and NCoR2-DAD as 3:2 ratio increases. C: Same as B with
diazide probe HD-74.

The specific modifications on HDAC3/NCoR2-DAD complex by photoaffinity probes
were revealed by competitive binding of monoazide 2 or SAHA. When the binding
pocket of HDAC3 was occupied by probe 2 or SAHA, it was unable to be accessed by
BT. As a consequence; the protein-probe complex could not be identified by Strep-HRP

and thereby resulting in a decrease of photolabeling signals.

The competition experiment presented in Figure 24 proved that photolabeling of HD-74
and 3 to HDAC3/NCoR2-DAD can be competed out by the adduction of monoazide

probe 2. The dose-dependent signal decrease manner of biotinylated HDAC3 was
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visualized when the concentration of competing reagent was raised. Such dose-dependent
pattern suggested that the monoazide probe binds to the same place as diazide probe does;
however, it is not necessarily the active site of HDAC3. Therefore, another competitive
experiment was conducted to confirm that the probes bind to the HDAC active site

(Figure 25).

HDAC3 : HD-74 : SAHA
1:1:0 1:1:1 1:1:101:1:100

Strep-HRP

Anti-HDAC3

Figure 25: Competitive binding of HD-74 to HDAC3/NCoR2-DAD by SAHA

The HDAC3/NCoR2-DAD was incubated with HD-74 in a 1:1 ratio while the
concentrations of the competitor--SAHA increased from 0 to 100 equivalents. The
biotinylated HDACS3 signals declined in the blot as the increment of concentrations of
SAHA, implying that SAHA and HD-74 were competing for the HDAC3 active site.
Since SAHA is known to directly bind to HDAC3 active site, the photoaffinity probes

specifically target to the same site as well.

On the other hand, binding to the NCoR2-DAD can only occur when the NCoR2-DAD is
positioned within the reach of the UV-activated nitrene moiety of photoaffinity diazide
probe free or bound to HDAC3. To decipher between these two possibilities and to

exclude the possibility of non-specific binding to NCoR2-DAD, different concentrations
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of HD-74 was incubated with NCoR2-DAD alone (Figure 26). The equal protein loading

was assessed by coomassie staining.

NCoR2 vs HD-74
1:0 1:1 1:2 1:5

Coomassie staining

Figure 26: NCoR2 incubated with HD-74 reported by western blot.

The amount of HD-74 was increased as relative to the NCoR2 in the ratio of 0:1 to 5:1.
As shown in Figure 23, no change in signal intensity of biotinylated NCoR2 was
observed, thus implying that no interactions exist between NCoR2 and the photoaffinity
probe. The signals detected may be attributed to the nonspecific binding of biotin tag to
NCoR2. The results therefore suggest that probe HD-74 does not react in a dose-

dependent manner with NCoR2 in absence of HDAC3.

To exclude the possibility of our probes non-specifically binding to the HDAC3/NCoR2-
DAD, an inactive probe (Figure 16, probe 4) was used on photolabeling with
HDAC3/NCoR2-DAD (Figure 27, right panel). This probe adopts the same structure as

HD-74, but was inactivated by removing the hydroxamate portion (ICsp> 66 uM).
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Figure 27: Comparison of photolabeling of active/inactive diazide probes

Similarly, the amount of probe 4 was increased from 0 to 5 equivalents of NCoR2. We
observed no change in biotinylated HDAC3 signal intensity and a slight increase of
biotinylated NCoR2 upon incubating with probe 4. It indicated that probe 4 can slightly
react with NCoR2-DAD but not with HDAC3 even at the higher molar ratio investigated.
The interactions between zinc binding group (ZBG) on the probe and HDAC active site
are required for the photolabeling. Therefore, we proved that the binding to NCoR2 is
dependent on the photo-crosslinking to HDAC3. The signal intensity of biotinylated
HDAC3 and NCoR2 decreased in a proportional manner in the competition experiment,
thereby revealing that the NCoR2-DAD should be in close proximity to the HDAC3

binding site in order to be photocrosslinked by activated photoaffinity probes.

The biotinylated NCoR?2 signal observed when probed with probe 4 may be attributed to
the nonspecific binding of biotin tag to NCoR2. The NCoR2 and HDAC3/NCoR2-DAD
were directly incubated with BT to evaluate the non-specific background noise (Figure

28).



HDAC3 : B.T.
110 1:100 1:1000
NCoR : Biotin tag
HDAC3 ——
1:50 1:20 1:10 1:5 1:1
Strep-HRP
Coomassie
N Staining _
anti-HDAC

Figure 28: Nonspecific binding of B.T to NCoR2-DAD

As illustrated on the left panel of Figure 28, there was no background noise detected for
HDACS3 until the protein-tag ratio reaches 1:100. On the right panel, when incubated with
NCoR2, the background noises appeared at the ratio of 1:20. Therefore, the signal

displayed in Figure 26 can be attributed to the nonspecific binding of BT to NCoR2.

4.3.2 MALDI-ToF analysis of HDAC3/NCoR-DAD photolabeling

Selective modification of HDAC3 and NCoR2-DAD by the photoaffinity labeling
inhibitor was further confirmed using MALDI time-of-flight mass spectrometry (Figure
29). The HDAC3/NCoR2-DAD complex was incubated with HD-74 at different molar
ratios of protein to probe, and the samples were UV irradiated as described in the
supplemental material. In parallel incubations, HDACS8 was used as a control for non-
specific modification by the probe. Modification of HDAC3/NCoR2-DAD by the
photoaffinity probe was observed using positive ion MALDI mass spectrometry as a

dose-dependent increase in protein mass.[137] There was little change in the mass of the
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HDACS control due to the low affinity (ICso= 650 nM) of the photoaffinity probe HD-74
for this protein (Figure 29). The ionization of intact ion was relatively low due to the high

salt concentration in protein storage buffer and not enough matrix was used.
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Figure 29: MALDI time-of-flight mass spectra of HDAC3/NCoR-DAD and HDACS.
The HDACSs were incubated with the HD74 and UV irradiation at different molar ratios.
HDAC: HD-74=1:0 ; 1:5 ; 1:10

4.3.3 Tryptic peptide mapping and identification of modified HDAC3/NCoR2-DAD

After confirming that significant modification of HDAC3/NCoR-DAD-DAD
occurred upon UV irradiation of the protein-inhibitor complex, we performed a tryptic
digestion followed by peptide sequencing using microcapillary HPLC coupled with high
resolution tandem mass spectrometry on an FTICR mass spectrometer to find the sites of
photoaffinity modification of HDAC3 and NCoR2-DAD by the inhibitor. MassMatrix
proteomics data analysis software was used to identify modified peptides with less than
10 ppm mass tolerance. Two NCoR2-DAD tryptic peptides (amino acids 407 to 424 and

444 to 461) and one HDACS3 tryptic peptide (amino acids 283 to 300) were found to be
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modified by the photoaffinity probe at a protein/probe molar ratio of 1:1 (Table IX).
Specifically, F409, F457, and amino acid residues between 420 and 424 (Figure 31) and
between 455 and 458 were identified as modification sites of the NCoR2-DAD tryptic
peptides. These covalently modified regions of NCoR2-DAD are located near the R426
and F444 surface interaction regions of DAD with HDAC3 that had been reported by
Codina et al.[130] An amino acid residue between 293 and 297 of HDAC3, which lies in
the probe binding region, was a modification site (data not shown). Not just one but two
azide groups on the aromatic ring of photolabeling inhibitor HD-74 were found to be
activated upon UV irradiation in 50% aqueous methanol solution resulting in formation
of both water and methanol adducts. Therefore, two different activation events of azide
groups by UV irradiation were considered to identify covalently modified HDAC3 and

NCoR2-DAD peptides.

TABLE IX: SUMMARY OF IDENTIFIED HDAC3/NCOR2-DAD AND HDACS
PEPTIDES MODIFIED BY HD74 (1:1 MOLAR RATIO).

Sequence Charge Mods

Proteins Peptide (start-end) [M+H] m/z state by
HDAC3 SFNIPPLVLGGGGYTVR 283-300 2780.4  927.5 3 2B
IKEINMNGLMADPM*KVYK 406-423 3155.5  789.9 4 A+.B
NCoR2 il
FM*QHPKNFGLLASFLERK 443-460 3196.6  640.1 5 +ox?M

HDACS8 No alkylated peptide found

oxi M indicates oxidation of Met. Structures of A and B are shown in Figure 30.
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Figure 30: General structures of photoaffinity probe HD-74 after UV-irradiation.
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Figure 31: Product ion tandem mass spectrum of NCoR?2 tryptic peptide.
IKFINMNGLMADPMKVYK, showing alkylation at Phe and a residue among MKVYK.
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4.3.4 Exploring with short diazide probe 5

Encouraged by these results, we synthesized probe 5 (Figure 16) with a much
shorter surface binding group (SBG). The experiments shown in Figure 24A were
repeated for probe 5 (Figure 32). We found that despite the difference, probe 5 can still
crosslink to both HDAC3 and NCoR2-DAD, suggesting that NCoR2-DAD is positioned

no farther than roughly 7-8 A from the entrance to the catalytic site.

HDAC3/NCoR2-DAD vs Probe 5 HDAC3/NCoR2-DAD vs HD-74
1:1 1:2 1:5 1:10 1:1 1:2 1:5 1:10

Strep-HRP

Anti-HDAC3

Figure 32: Exploration of HDAC3/NCoR2-DAD with short diazide probe 5

4.3.5 Docking and computational modeling

In agreement with the experimental results and the surface analysis presented above,
most high ranking solutions correspond to poses with the NCoR2-DAD located close to
the HDAC3 probe-binding site (Figure 33). The centers of all clusters are shown in

Figure 33A demonstrating that the majority (77%) of high ranking poses, and the biggest
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clusters correspond to a location of NCoR2-DAD in groove 1 next to the HDAC3 binding

site entrance.

Figure 33: Location of NCoR2-DAD on the HDAC3 surface.

A: The results of docking calculations are shown as the centers of mass of 15 groups of
NCoR2-DAD poses obtained from clustering of the 100 highest scoring NCoR2-DAD
poses on the surface of an HDAC3 model. The size, N, of each cluster is indicated by the
color, white (N=1) to red (N=17). Small green spheres indicate the possible locations of
the reactive azide group obtained through docking of probe 5 to uncomplexed HDAC3
models. The grooves (G1-G3) and ridges (R1-R3) formed by the protein surface are
designated similar to those for HDACS8.[107] B: An NCoR2-DAD pose that represents
one of the largest clusters (black circle in Figure 33A) and complies with constraints from
the Western blot and mass-spectrometry analysis. The two segments of NCoR2-DAD that
were tagged by HD-74 (Table IX) are colored red and green respectively. Also, the triads
of blue spheres shown are the reactive azide groups of HD-74 obtained by docking this
compound to the uncomplexed HDAC3.

Diazide probe 5 was docked to multiple aligned HDAC3 structures using GOLD[138]
and the coordinates of the reactive azide groups in the resulting poses were recorded.

Exclusion of those NCoR2-DAD docking poses that either correspond to NCoR2-DAD
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side chains extending into the binding site or show at least one of the two tagged regions
(Table IX) being further away than 10 A from any azide group left only six very similar
poses, all members of one of the largest clusters identified. The center of mass of this

cluster is highlighted in Figure 33 A, and a representative pose is shown in Figure 33B.

4.4 Conclusion

The notable difference between experimental approaches commonly used to
elucidate the details of the protein-protein interfaces (e.g. electrostatic analysis, point
directed mutagenesis, or H/D-exchange) and the approach used in this study is that the
latter can not only determine the interface between the proteins but also the relative
orientation of the proteins and their accessibility by the inhibitors. We expect a
combination of docking with experimental constraints as done here to provide an
excellent means for generating hypothesis that can assist structure-based drug design
when the target represents a protein-protein complex. Our work demonstrated the value
of photoreactive probes for studying the structure of HDAC-containing complexes, and

this approach can be readily extended to study other macromolecular complexes.

The results presented in this study showed that our combined approach can not only
delineate the regions involved in the interface between two interacting proteins but also
lead to structural models where the relative orientation of the proteins and their
accessibility by small molecule inhibitors are defined. We anticipate that a combination
of small molecule photoreactive probes/inhibitors acting as “nanorules” with docking and
liquid chromatography-mass spectrometry analysis. We also envision that this approach

can be enhanced to design even more sophisticated probes, e.g. ‘“nanoprotractors”, to
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stimulate further exploration of new chemical scaffolds and reactions and how they can

be used in the study of protein-protein complexes in cell or animal models.



CHAPTER 5 EXPLORATION OF RELATIONSHIP BETWEEN ICsy AND

PHOTOLABELING EFFICIENCY

5.1 Introduction

Photoaffinity labeling is often used to determine the site of probe incorporation
within a protein. Phenyl azide-based photoprobes are widely used in photoaffinity-
labeling studies. Therefore, understanding of the reactivity of aryl azide with amino acid
analogs is important. Despite the widespread use of aryl azides as photoaffinity labels,
there have been a few reports by us and others, utilizing a diazide containing probe in
photoaffinity labeling. probeprobeln our recent publication we developed the isoxazole-
and pyrazole- based inhibitors with photoactive diazide groups.[139] After conducting a
series of photolabeling experiments we realized that sometimes even potent photoreactive

HDAC inhibitorsprobe gave poor yields of the photolabeled adducts.

There are many factors influencing the outcome of photoaffinity labeling. Although the
potency of inhibitor is usually the main criteria to evaluate photoaffinity probes, several
research groups mentioned that the photolabeling signal could not be solely ascribed to
potency in protein binding.[140-142] Salisbury compared the specific HDAC labeling
and inhibitory activities of 15 activity-based photoreactive probes with diverse structures
and realized that the differences observed in proteome labeling among the various probes
were not directly correlated with their respective affinities for HDACs.[140] They
suggested that other factors, such as the location and orientation of the cross-linking
moiety are critical for converting a tight-binding reversible inhibitor into optimal

performing photoaffinity probe. Likewise, the binding affinity did not foretell

76
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photolabeling efficiency of the 6 Lck photoprobes, instead, Kawamura[141] attributed
photolabeling efficiency to conformational flexibility through structure-activity
relationship (SAR) study. Similarly, Geurink[142] pointed that the inhibitory efficiency is
not directly correlated to photoaffinity labeling and tentatively ascribe labeling efficiency

to the close proximity of photoreactive group to amino acid nearby.

So far, no systematic study was conducted on the factors that affect the photolabeling
efficiency of the HDAC photoreactive probes. Apart from probe binding and
conformational flexibility, factors such as reactivity/specificity of the photoreactive
group, non-specific photolabeling, efficiency of the click reaction, the ability of probes to
correctly orient and covalently cross-linked to protein, the aggregation of probes/tags,
accessibility of the reactive groups for click chemistry ligation, and availability of the
biotin tag for recognition when using biotin tag as visualization reagent need to be
considered. While the reactivity/stability of the photoreactive moiety during photolysis
will be explored by other students/postdocs in Dr. Petukhov’s group, a series of
experiments were conducted in this thesis to explore probe potency, crosslinking
efficiency, irradiation requirements and accessibility/ availability of the probes for

visualization.

5.2 Methods and Materials

5.2.1 Synthesis of probes and tags

All the organic synthesis work was done by Dr. Raghupathi Neelarapu and Dr.
Subash Velaparthi. The synthetic route for regular aromatic azide probe 2 and 3 was

illustrated in our previous publication.[107] The strategy for the synthesis of pyrazole-
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HD-55 and isoxazole-based HD-74 photoaffinity probe was identical to that we published
previously.[139] Biotin tag linker group length was varied to evaluate the impact of
accessibility for recognition of Strep-HRP on western blot. The long biotin analogue
(LBT) was prepared as outlined in (Figure 34). A coupling reaction between biotin (6)
and amine (7) using CDI in DMF gave (8). Deprotection of Boc-group of 8 using TFA
followed by another coupling reaction with pentynoic acid using NMM, isobutyl

chloroformate in DMF afforded LBT.
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Figure 34: Synthesis of Long biotin tag (LBT)
Reagents and conditions: a) biotin, CDI, DMF, 0 °C-rt, 1 h, then 7, overnight; b) TFA,
CH,Cl,, 0 °C-rt; c¢) pentynoic acid, NMM, isobutyl chloroformate, DMF, rt.
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5.2.2 HDAC inhibitory assay

Three diazide photoaffinity probes were tested for inhibition of HDAC3 and
HDACS isoforms, the general class I/Il HDAC inhibitor suberoylanilide hydroxamic acid
(SAHA) and trichostatin A (TSA) were tested as control. The procedure was identical to
what was published before[107] except 0.1% triton X-100 was used as detergent to
examine aggregation of probes. The inhibition of HDACS8 was measured using HM
HDACS and acetylated HDAC substrate Fluor de Lys (BML-KI178, Enzolife), for
HDAC3, commercial available HDAC3 (BPS bioscience, CA) and acetylated HDAC

substrate (Boc-Lys-Acety, Chem-Impex) were used.

5.2.3 Enzyme kinetics study

The probes at various concentrations were tested to determine the type of inhibition
on HDAC3 and gain insight into the mode of inhibitor binding. The inhibition profile of
the probes was acquired when incubated with various predetermined concentration of
substrate in assay buffer for 30 min. The reaction was quenched for 30 min and read on
Optima micro-plate reader. The Lineweaver-Burk plot was generated and model of
HDAC inhibition by different probes was confirmed by non-linear regression analysis of

data using Graphpad Prism 5.0 (Graphpad software Inc. CA).

5.2.4 Photolabeling of diazide probes to HDAC3 and HDACS

Recombinant human HDAC3/NCoR-DAD or HM HDACS (0.5 pg in 5 pL of assay
buffer or assay buffer with 0.1% triton X-100) was incubated with various concentrations

of probe 3, HD-55 and HD-74 with or without competent SAHA for three hours in the
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dark, after which the formation of a covalent bond between the azide group present in the
probe and reactive side chains of the HDAC was initiated by UV irradiation (A= 254 nm)
for 3x1 min with 1 min rest. Then “click chemistry” was used to attach BT to the diazide
probes attached covalently to the protein. The biotin tag was added to all the tubes at a
final concentration of 50 puM, and the chemical reaction was initiated by addition of
TCEP (0.5 mM final concentration), TBTA (0.1 mM) and CuSO4 (1 mM). After 60 min
incubation at room temperature, protein samples were analyzed by SDS-PAGE and
western blot using an anti-biotin primary antibody, streptavidin conjugated to horseradish
peroxidase (Pierce, Rockford IL) and ECL (Pierce, Rockford IL). In order to evaluate the
effect of certain click-chemistry catalyst on photolabeling efficiency, different

combinations of catalyst were applied after UV-irradiation and analyzed on western blot.

5.2.5 Direct measurement of modification by MALDI-ToF

HDAC protein was treated with different diazide probes at the ratio of 1:1 to 1:20
and UV-irradiated to induce covalent cross-linking. The protein-probe complex was
diluted with 50% methanol in water to make 2 pM as final concentration, mixed with
saturated sinapic acid. 1 pL of the mixture was spotted onto a MALDI plate and air-dried
before analysis. Positive ion MALDI TOF mass spectra were acquired using an Applied
Biosystems (Foster City, CA) Voyager-DE pro MALDI-TOF mass spectrometer in linear
mode. A total of 500 or more laser shots were acquired and signal averaged per mass

spectrum.
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5.2.6 Effect of biotin length on photolabeling

The isoxazole-containing probe HD-74 was preincubated with HDAC3/NCoR-DAD
or HDACS for 3 hours, UV irradiated and mixed with click chemistry catalyst and two
different biotin tags: regular biotin tag or longer version of biotin tag. Allow 1 hour for

click chemistry cycloaddition and the reaction mixture was then separated on SDS-PAGE

and probed by Strep-HRP.

5.3 Results and discussion

5.3.1 Inhibitory potency and detergent effect

Many studies have demonstrated that most of hits found in high throughput
screening are due to the promiscuous inhibition by colloid-like aggregates of the small
molecule.[143-147] The particles are usually formed in the aqueous buffer, leading to the
nonspecific inhibition of enzymes.[148] It was reported that at 30 uM, up to 19% of
“drug like” molecules can form aggregates.[149] Even at concentrations as low as 5 uM,
about 1-2% of “drug like” molecules still tend to aggregate. This is not trivial, since the
hit rate of HTS itself is usually less than 1%.[149] At the same time, the aggregation of
photoaffinity probes is likely to yield stronger photolabeling signals when probed with
strep-HRP on western blot. In order to preclude the possibility that the inhibitory potency
of our probes for HDAC proteins was aggregation-based nonspecific inhibition, we
adopted non-ionic detergent to explore the potential aggregation of our probes. 0.1%
Triton X-100 detergent was applied in HDAC acitivity assay during the 1Cs, screenings.
The probe 3, HD-55, HD-74 and SAHA were tested in HDAC assay buffer in the

presence of 0.1% triton X-100 detergent following the same protocol against HDAC3 and
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HDACS (Section 3.2.1). The inhibitory activity of three diazide probes and SAHA tested

in detergent was compared with which in assay buffer and data was listed in Table X.

TABLE X: COMPARISON OF INHIBITORY ACTIVITY (ICso, MM) OF SAHA,
PROBE 3, HD-55, AND HD-74 AGAINST HDAC3/8 IN HDAC ASSAY BUFFER
AND DETERGENT

1C50 SD Ki 1C50 SD

HDAC3/AB.| M) | @M) | @M) |HDACID.T.| @M | @M | KiwM)
SAHA 0.05 0.00 | 0.04 SAHA 0.05 0.00 0.04
Probe 3 4.13 0.04 1.41 Probe 3 0.37 0.01 0.13
HD-55 0.39 0.03 0.28 HD-55 0.20 0.01 0.15
HD-74 0.08 0.01 0.03 HD-74 0.07 0.01 0.02

HDACS/A.B. HDACS/D.T.
SAHA 0.24 002 | 024 SAHA 0.30 0.00 0.30
Probe 3 2.87 0.06 | 2.86 Probe 3 0.80 0.02 0.80
HD-55 0.06 0.00 | 0.06 HD-55 0.05 0.00 0.05
HD-74 1.04 0.04 1.04 HD-74 1.20 0.14 1.20

A.B.: HDAC assay buffer
D.T.: Detergent in HDAC assay buffer

In the assay buffer, among three probes, probe 3 inhibited HDACS8 and HDAC3 with the
lowest potency. HD-55 exhibited the highest potency inhibiting HDAC8 whereas HD-74
was the most active inhibitor for HDAC3. On the other hand, SAHA showed comparable

inhibitory activity on both HDAC3 and HDACS.

Compared to the data acquired in the HDAC assay buffer, there was no significant ICs
value change observed (within 2 fold difference) among SAHA, HD-55 and HD-74 for
HDAC3 and HDACS8. However, ICs of probe 3 determined with HDAC3 in assay buffer

has decreased by about 10 fold after introduction of detergent. Similarly, for HDACS, the
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ICsg value of probe 3 in the detergent was about three to four fold lower than which was

tested in assay buffer.

Unlike promiscuous inhibitors, our probes did not lose their inhibitory potency for
HDAC:Ss upon application of detergent. In fact, the HDAC inhibitory potency of probe 3
became more pronounced while assayed in detergent. This is to be expected because like
the other two probes, probe 3 is confirmed to be an HDAC competitive inhibitor (data
shown in section 5.3.4) as well. The aggregation of the specific inhibitor lowered the
nominal concentration of free inhibitor in solution. While enzyme activity was similar
after introduction of detergent (data not shown), the detergent separates the aggregates,
increases the amounts of free inhibitors in the solution, and lowers the ICsy values as a
consequence. Therefore, by comparing the ICs, values of three diazide probes and SAHA
in the assay buffer with or without detergent, we can gain some insight into the
aggregation of inhibitors under the similar conditions used in the photolabeling assay.
Probe 3 is more prone to aggregate than SAHA and other two diazide probes and it is

more likely to yield higher than usual photolabeling signal on western blot.

5.3.2 Photolabeling efficiency on HDAC3 and HDACS8

The photolabeling in aqueous buffer usually suffered non-specific binding and
resulted in a high background signal.[150] The photolabeling of HDACS by probe 2 and
3 was illustrated in Figure 18, panel A and the photolabeling of HDAC3 by probe 3, HD-
55 and HD-74 was shown in Figure 24, panel A. There was strong biotinylated HDACS
signal shown even when HM HDACS was incubated with biotin tag alone, whereas there

was almost no signal observed for HDAC3 at similar condition, indicating the possible
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aggregation of biotin tag with HDACS but not with HDAC3. Therefore, the detergent

was applied to explore the effect of aggregation of biotin tag brought to photolabeling of

HDACS (Figure 35).
G HDACS : 3 HDACS ; 3
HDAC8 HDACS in AB in D.T.
inAB inD.T. 1:1 1:5 1:10 1:20 1:1 1:5 1:10 1:20
Strep-HRP
anti-HDACS8
8 HDACS : 3 HDAC8: 3 :SAHA
HDAC8 HDACS8 in D.T. inD.T.
inAB inD.T. 11 1:5 1:10 1:20 1:5:0 1:5:05 1:5:5 1:5:50
Strep-HRP
anti-HDACS8

"1"is equivalent to 10pmol or 1uM

Figure 35: Detergent effect on photolabeling of HM HDACS

The leftmost bands in Figure 35 illustrated that even in absence of photoaffinity probes,
the incubation of HDACS with biotin tag alone yielded strong bands, indicating that the
aggregation of biotin tag in assay buffer could be recognized by anti-biotin antibody.
Similarly, when photolabeling performed in assay buffer, as shown in Figure 35 panel A,
the modification of HDACS8 by photoaffinity probes was shielded by the background

noise and there was no significant signal increase when amount of probe 3 increased from
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1 to 20 equivalent of HDACS protein. On the other hand, dose-dependent increase pattern
re-emerged when photolabeling performed in detergent. This pattern was reproduced in
Figure 35 panel B. Furthermore, after the introduction of detergent, while keeping probe
3 constant, blots intensity decreased in a dose-dependent manner by raising the
competition reagent SAHA concentration. The addition of non-ionic detergent separated
the biotin tags and reduced background noise. This observation led to the conclusion that
our diazide photoaffinity probe 3 could specifically modify HDACS8 and binds to the
same sites as SAHA, and we should have detergent included in the assay buffe in order to

get more accurate photolabeling signal of HDACS.

To evaluate the photolabeling efficiency between three diazide probes, the photolabeling
of HDAC3 and HDACS8 was performed in assay buffer and detergent, respectively. The

data was shown in Figure 36.
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H.M. HDACS vs Different probes in Detergent
HDACS: Probe 3 HDACB8:HD-55 HDAC8:HD-74
10 11 12 15 110 1.1 112 15 1:10 1:1 1:2 1:5 1:10

Jp— Strep-HRP

BPS HDAC3/NCoR2-DAD vs Different probes in Assay Buffer
HDACS3: Probe 3 HDAC3:HD-55 HDAC3:HD-74
1.0 11 1.2 15 1:10 111 1:2 1:5 1:10 1.1 1.2 1:5 1:10

e
Strep-HRP

Figure 36: Photolabehng of three_ diazide probes to HDAC3/8 and visualized by biotin
tagging

The pyrazole-containing diazide HD-55 displayed highest band intensity for both
HDAC3 and HDACS8 while isoxazle-containing HD-74 always the weakest. There is
clearly discrepancy between the order of probe inhibitory potency and band intensity: for
HDAC3, HD-74 is much more potent than HD-55 and probe 3 while the blot intensity is
the weakest. Similarly, for HDACS in detergent, the similar potency of HD-74 and probe

3 disagreed with the much thinner blot size of HD-74.
5.3.3 Aggregation of biotin tag and background noise

The non-specific labeling of HDAC by biotin tag alone would contribute to
photolabeling outcome as illustrated in 5.3.2. The effect of biotin tag concentration on
background noise was thus explored (Figure 37). 10, 100 and 1000 equivalents of biotin

tag was incubated directly with HDAC3 or HDACS protein followed by SDS-PAGE and
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western blotting. Since no probe introduced in this study, the signal shown on blots was
solely resulted from non-specific labeling of biotin tag. As shown on Figure 37, HDACS
had stronger background than HDAC3 at the same biotin concentration as expected. At
1:50 of the protein:biotin ratio applied in this work, the detergent should be used for

HDACS to reduce the background noise results from biotin aggregation.

HDAC3:B.T. HDACS : B.T.
1:10 1:100 1:1000 1:10 1:100 1:1000

HDAC3 ——
—— HDACS8
Strep-HEP

NCoR ——

HDAC3 ——
anti-HDAC
—— HDACs8

Figure 37: Non-specific background noise with respect of tagging concentration.

The background noise of photolabeling could be ascribed to non-specific interaction with
click-chemistry catalyst, therefore, the effect of catalyst and UV-irradiation were
explored while maintain the biotin tag concentration constant. In the panel A of Figure 38,
no signal was detected under the condition in the absence of the catalyst regardless UV
irradiation. On the other hand, strong signal was observed in the reaction mixture after

incubating with click-chemistry catalyst, even without UV-irradiation. It is clear that the
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UV-irradiation has little to do with non-specific photolabeling signal while the catalysts

are responsible for background noise. To further understand the role of different catalysts

in generating photolabeling signal, varies of combinations of catalysts were applied as

shown in Figure 38 panel B. Similar to panel A, the UV-irradiation or not did not make

significant

difference in background noise. There was no background signal shown

except TCEP and CuSO, were both applied. TBTA stabilizes the Cu™' ion generated from

CuSO, and TCEP, since Cu'" catalyzes the click-addition of biotin tag to diazide probe,

as predicted, the higher background noise is observed after introduction of TBTA.

A HDACS
Probe 3

BT
uv
Cat.

HDACS
Probe 3
B.T.
Cuso4
TCEP
TBTA
uv

Figure 38:
noise

1 1 1 1 1
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50 50 50 50 50
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- .-
B B 3 B anti-HDACS
Role of different catalyst on photolabeling
1 1 1 1 1 1 1 1 1
0 0 0 0 0 0 0 0 1
50 50 50 50 50 50 50 50 50
- - - - + - + + +
- + - + + - + + +
- - + + - + + + +
+ + + + + + - + +
Exploration of different click-chemistry catalysts in photolabeling background
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5.3.4 Enzyme kinetics study

The type of inhibition of HDAC enzyme by photoaffinity probes determines where
and how the probes interact with HDAC, therefore, the enzyme kinetics is of critical
importance to understand the probe binding and photolabeling. Hydroxamic acid based
HDAC inhibitor trichostatin A was reported to be a noncompetitive inhibitor for
HDACs[151, 152], implying that it acts at a site other than HDAC catalytic site. However,
the crystal structure of HDAC8 complexed with TSA and SAHA, showed that these
inhibitors fit into the catalytic site of protein, suggesting that they are competitive
inhibitors as well.[120] Sekhavat et al demonstrated that TSA and butyrate are
competitive inhibitors for HDACs through HDAC assays and enzyme Kkinetic
studies.[153] In this study, we investigated the interactions between the diazide probes
and HDAC3 protein, and provided the evidence that SAHA and three diazide probes all
act as competitive inhibitors for HDAC3. A kinetic analysis of SAHA and three probes
inhibition of HDAC activity were performed (Figure 39). The test results were shown in

a Lineweaver-Burk plot (1/V versus 1/S).
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@ no inhibitor

M 0.96 uM HD-55
0.192 uM HD-55

© 0.0384 uM HD-55

@ no inhibitor

M 0.96 uM HD-74
0.192 uM HD-74
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Figure 39: Kinetic analysis of HDAC3 inhibition by SAHA, probe 3, HD-55 and HD-74.
(A): HDACS3 activity in the presence of 0 (#), 3.84 nM (e), 19.2(4A) and 96 nM (m) of
SAHA is presented as a Lineweaver-Burk plot. (B, C, D) HDAC3 activity in the presence
of 0 (@), 38.4 nM (e), 192(4) and 960 nM (m) of probe 3, HD-55 and HD-74 is
presented as a Lineweaver-Burk plot. Standard error of the mean is presented.
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As shown in Figure 39, the y intercepts appeared similar with the concentrations of
probes being increased, implying the presence of probes did not affect V.. All three
diazide probes as well as SAHA are competitive HDAC inhibitor utilizing hydroxamic
acid to chelate the zinc ion in the active site of HDAC, and this interaction becomes a

prerequisite of photolabeling.

5.3.5 MALDI-ToF direct measurement of protein modification

Matrix-assisted laser desorption ionization time-of-flight technique (MALDI-ToF) is
a soft ionization technique used in mass spectrometry for analysis of biomolecules
(biopolymers such as proteins, peptides and sugars), which tend to be vulnerable to
fragmentation when ionized by conventional ionization methods. A laser beam is used for
triggering ionization and a matrix is used to protect the protein from being destroyed by
direct laser beam and to facilitate vaporization and ionization. In such way, MALDI-ToF
measures the total mass of intact peptide or protein.[154] Similarly, MALDI-ToF could
be utilized to examine mass shift of modified protein due to the covalent modifications by
photoaffinity probes. The more probes labeled, the higher mass shift would be yielded.
Noticeably, since the molecular weight of probes is different, at the same ratio of
labeling, the mass shift will be different. However, considering the limited resolution of
MALDI-ToF mass spectrometry in the range between 15 and 70 kD as well as the
heterogeneity of sample prepared, quantitative analysis of probes photolabeled to protein
would be difficult.[155] Therefore, MALDI-ToF-MS here in this study was adopted to
qualitatively compare molar fraction of HDAC3/8 modified by three diazide probes, the

standard deviation between measurements of the same probe should be considered to


http://en.wikipedia.org/wiki/Ionization�
http://en.wikipedia.org/wiki/Mass_spectrometry�
http://en.wikipedia.org/wiki/Biomolecule�
http://en.wikipedia.org/wiki/Biopolymer�
http://en.wikipedia.org/wiki/Proteins�
http://en.wikipedia.org/wiki/Peptides�
http://en.wikipedia.org/wiki/Sugars�
http://en.wikipedia.org/wiki/Laser�

93

determine whether there is significant difference between probes. The mass shift of

modified HDAC compared with native HDAC protein was shown on Table XI.

TABLE XI: MASS SHIFT OF HOMEMADE HDAC8 MODIFIED BY DIAZIDE
PROBES

1:1 1:5 1:20
Mass shift
avg. sd. avg. sd. avg. sd.

Probe 2 4 41.3 113.5 37.1 256.8 37.1
Probe 3 3 154 13.2 7.5 60.1 77.6
HD-55 6.4 11.8 42.7 23.9 406.5 17.2
HD-74 6.4 11.8 10.9 15.7 15.5 10.4
HDACS alone 42799.8 9.8

The mass shift increased in a dose-dependent manner as probe concentration. Mass shift
of HD-55 is the highest among three diazide probes while HD-74 the lowest. This agrees
with our observation of IT-ToF probe stability data. HD-55 is the most active probe upon
UV-irradiation, therefore, the highest amount of HD-55 could be labeled to HDAC

protein nearby leading to highest mass shift.

5.3.6 Effect of B.T length on photolabeling

In order to complete click-chemistry attachment, the aryl azido group on the probe
has to be accessible by biotin tag. To explore the accessibility of acryl azido group, the
longer version of biotin tag was synthesized and applied in photolabeling of HDAC3 and
HDACS. Different concentration of HD-74 was cross-linked with short and long biotin

tags for comparison (Figure 40).
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HDAC3 vs HD-74 (short B.T.) HDAC3 vs HD-74 (Long B.T.)
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Figure 40: Effect of biotin tag on photolabeling

Similar to the study performed for HDACS, the regular (short) biotin tag exhibited
stronger signal for HDAC3 than the longer version. This may be attributed to the higher
energy barrier of longer tag to rotate due to the steric hindrance effects, which prohibits
the intermediate state from formation. In conclusion, a shorter biotin tag is advantageous

in enhancing photolabeling efficiency.

5.4 Conclusion

We recently developed several potent photoreactive probes for HDACS8 and other
isoforms.[107, 139] Since photolabeling efficiency of probes is critical for photolabeling
and there is no systematic research exploring it, we decided to identify the major factors
affecting the photolabeling efficiency. To answer this question, three diazide probes with
different scaffold — regular aromatic ring, isoxazole- and pyrozole- were compared.
Through enzyme kinetics study, inhibitor activity assay, biotin length exploration, in-
vitro photolabeling and competition experiment, IT-ToF and MALDI-ToF mass

spectrometry direct measurement of modification and photoreactive moiety stability, we
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systematically investigated photolabeling efficiency of photoaffinity probes and possible

influential factors.

When the activity assay was performed in assay buffer, SAHA and all diazide probes
exhibited promising potency for HDAC3 and HDACS. Probe 3 has the lowest potency
for HDAC3 and HDACS, HD-55 ranks the best for HDACS8 while HD-74 is the best
inhibitor for HDAC3. Upon introduction of detergent, the decrease of ICsy value of probe
3 for both HDAC3 and HDACS implied that the addition of detergent separates the
aggregates and increases the free probe 3 concentration in solution. Probe 3 is prone to
aggregate under the condition of photolabeling, therefore, probe 3 is tend to yield higher

photolabeling signal than usual.

In kinetic study performed against HDAC3, the V,.x determined in Lineweaver-Burk plot
with or without probes was very similar to each other. The modification on the linker and
surface binding group of SAHA did not change the type of inhibition and all three diazide
probes were confirmed to be competitive inhibitor for HDAC3. The probes compete with

substrate for binding to active site of HDAC3.

In photolabeling experiment, the application of detergent separated biotin aggregation
and significantly reduced background noise. With the help of detergent, the dose-
dependent photolabeling signal change was observed while varying photoaffinity probe
concentration or SAHA concentration. Therefore, the influence of biotin aggregation

needs to be taken into consideration when comparing photolabeling efficiency.
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Direct measurement of HDACS8 modification by photoaffinity probes using MALDI-ToF
was performed on three independent experiments at three concentrations in assay buffer.
Standard deviation was considered to identify significant difference between three
probes. As a result, HD-55 has the strongest ability to cross-link HDAC8 while HD-74 is
proven to be the photoaffinity probe with the lowest cross-linking efficiency. The more

probe cross-linking, the higher photolabeling signal yielded.

The weaker signal intensity of long biotin tag implied that higher energy barrier of longer
tag due to the bulky size prohibits the intermediate state from formation. Therefore, the
steric effect of biotin tag needs to be taken into consideration for optimization of

photolabeling efficiency.

In conclusion, besides binding affinity of probes to target enzymes, we explored other
factors that may influence photolabeling efficiency and shed some light in photoaffinity

probe and reporter group design for future.



CHAPTER 6 SUMMARY AND FUTURE DIRECTION

In this study we have explored the binding poses of HDAC3 and HDACS using
activity-based photoaffinity probes. The combination of activity-based photolabeling,
mass spectrometry analysis and computational modeling supplies a unique power in
analysis of the binding of ligands to their macromolecular targets by expanding the data
typically obtained in the protein X-ray crystallography or providing an alternative tool
when cocrystallization of the protein with the ligand of interest has failed. Most
importantly, the binding poses determined in this study are determined in solution and,
thus, the captured “snapshots” reflect the dynamic nature of the ligand and its

macromolecular target conformations.

Our findings demonstrated that multiple binding poses of HDAC ligands are likely to
contribute to the binding of HDACS. The data also helped to determine the binding
modes of photoaffinity probes to HDAC3/NCoR2-DAD and suggested that NCoR2-DAD
is positioned no further than roughly 7-8 A from the entrance of the channel leading to
HDACS3 binding site. It was shown that our combined approach can not only delineate
the regions involved in the interface between two interacting proteins but also lead to
structural models where the relative orientation of the proteins and their accessibility by

small molecule inhibitors are defined.

Our ongoing and future studies will be directed towards refinement of the BEProFL
approach. Minimization of the fragmentation of the probe is highly desirable to facilitate
the analysis of MS/MS data. The mechanism of nonspecific tagging of the HDACS

protein upon incubation with biotin tag remains unclear, warranting further investigation.
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To further explore the factors which influence the photolabeling efficiency, the stability
of photoreactive moiety during UV irradiation will be evaluated using mass spectrometry.
The flexibility of probes in the HDAC active site may have significant impact on the
insertion reaction with nearby protein residues, which will be reflected in the outcomes of
the photolabeling experiment. Therefore, we will perform molecular simulation to

investigate the orientation/flexibility of the probes.

Our future plans also include conducting BEProFL experiments with all class I HDAC
proteins to enhance our understanding of the binding poses of the probes and gather more
information for further refinement of the docking approaches for HDACs and solvent
exposed binding sites in general, extension of the BEProFL approach to experiments in
cells, identification of the potential targets of photoaffinity probes in cytoplasm and
nuclei, evaluation of histone acetylation upon treatment with probes, completion of the
HDAC isoform profiling, and extensive investigation of SAR of the promising pyrazole-

and isoxazole-based histone deacetylase probes.
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