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INTRODUCTION

TranscriPtional activators and repressors are often involved in cell cycle control and are altered
in breast cancer’. Consequently, this structural biology project focuses on the following proteins
involved in cell cycle regulation: the retinoblastoma tumor suppressor protein (pRB), DNA viral
oncoproteins HPV E7 and Adenovirus E1A, the p300/CBP-associated factor (PCAF) and p53. pRB is
an example of a transcriptional repressor that is critically involved in the control of the G1-S phase
transition of the cell cycle’. In cyclin D1- mediated breast cancer, overexpressed cyclin D1 binds to and
inactivates pRB through phosphorylation, which promotes uncontrolled cell proliferation®. Since DNA
viral oncoproteins and the cellular cyclin D protein share homologous regions that are essential for
interaction with pRB, we hypothesize that these viral oncoproteins compete with and possibly imitate
some interactions that pRB normally has with cyclin D and other cellular proteins. Therefore, a primary
goal of this project is to perform structural studies of the pRB tumor suppressor complexed with viral
oncoproteins HPV E7 and Adenovirus E1A in order to gain insight into pRB function and high affinity
pRB-protein interaction. Although structural information is already available for the pRB small pocket
domain bound to a nine amino acid HPV16 E7 peptide (amino acids 20-29)", the crystallized E7 peptide
is incapable of inactivating pRB and binds to pRB with a twenty-fold weaker affinity compared with
full-length HPV 16 E7°. Consequently, the constructs of HPV E7 and Adenovirus E1A utilized in this
project include the additional pRB inactivating regions™’. A second focus of this project is to elucidate
the mechanism of human PCAF-mediated p53 activation using structural biology. p53isa
transcriptional activator that is also involved in the control of the G1-S phase transition of the cell
cycle®’. p53 functions as a tumor suppressor that is often mutated in breast cancer’. Risk of breast
cancer recurrence and breast cancer related death is increased by at least 50% if p53 is abnormal’.
Human PCAF mediates transcriptional activation through its ability to acetylate nucleosomal histone
substrates as well as transcriptional activators such as the p53 tumor suppressor' >, Slpeciﬁcally, PCAF
acetylates lysine 320 of p53 in vitro, resulting in an increased affinity of p53 to DNA''. Correlatively,
lysine 320 of p53 is acetylated in vivo in response to DNA damage'’. PCAF is also inhibited by the
Adenovirus E1A oncoprotein, which leads to the suppression of PCAF mediated transactivation'?.

Since PCAF is targeted by a viral oncoprotein and modulates p53 tumor suppressor activity, the second
goal of this project is to determine the structure of the PCAF acetyltransferase domain with coenzyme A
and a p53-derived peptide in order to gain insight into pS3 activation.



BODY

pRB-viral oncoprotein studies

The cDNA of HPV16 E7 and HPV1a E7 was obtained from Dr. Robert Ricciardi and Dr.
Thomas Iftner, respectively. Three constructs of HPV16E7 and of HPV1a E7 were subcloned into a
pRSETA vector for protein expression with a T7 promoter-T7 polymerase expression system in the
bacterial strain BL21(DE3). Constructs of the full length HPV16 E7 (amino acids 1-98) and full
length HPV1a E7 (amino acids 1-93) were produced and include three highly conserved regions
(CR1-CR3, Figurela) among DNA viral oncoproteins HPVE7, Adenovirus E1A and SV40 large T
antigen. Constructs containing the minimal pRB binding domains (CR2-CR3, Figure 1a, Construct
2) were also generated for HPV16 E7 (amino acids 17-98) and HPV1a E7 (amino acids 16-93).
Smaller constructs that included only the pRB-inactivating region (CR3, Figure 1a, Construct 3)
were also generated for HPV16 E7 (amino acids 38-98) and HPV1a E7 ( amino acids 39-93). All
HPV16 E7 proteins, HPV1a E7(1-93) and HPV1a E7 (16-93) constructs express soluble proteins at
37°°C and are purified to homogeneity through a combination of anion exchange (Q-sepharose),
separation based on hydrophobicity (Pheny! sepharose or ammonium sulfate precipitation) and gel
filtration (Superdex-200). In contrast, HPV1a E7 (39-93) protein is insoluble when expressed at 37°
but is refolded and purified to homogeneity with gel filtration (s200). All E7 constructs elute from
the gel filtration columns in a single peak in the form of a multimer. Analytical ultracentrifugation
sedimentation equilibrium experiments of E7 constructs indicate that this protein exists as a stable
dimer with a K, at or below the low nanomolar range.

In addition to the E7 constructs, comparable Adenovirus 5 E1A constructs containing CR1-
CR3 (amino acids 36-189), CR2-CR3 (amino acids 114-189) and CR3 (135-189) were generated
from Adenovirus 5 E1A ¢cDNA that was obtained from Dr. Ricciardi (Figure 1a, Constructs 4-6).
These constructs are expressed in bacteria at 37°C using the same system as described for E7.
E1A(36-189) is purified with a combination of anion exchange (Q sepharose), dye affinity
chromatography (Reactive Red and Blue sepharose) and gel filtration on a Superdex-200 gel
filtration column. However, gel filtration indicates that the E1A( 36-189) protein exists as several
differently sized multimers that appear to be susceptible to degradation. E1A(114-189) and E1A
(135-189) are purified to homogeneity by anion exchange (Q sepharose), ammonium sulfate
precipitation and gel filtration. In contrast to the E7 dimer, the two shorter E1A constructs elute
from the gel filtration column in one peak that is consistent with the molecular weight of a monomer.

The retinoblastoma tumor suppressor protein (pRB) contains two domains that are required
for minimal viral oncoprotein interaction (domain A and domain B, Figure 1b). These two domains
are referred to as the small pocket of pRB. Several pRB constructs containing these domains were
subcloned into pRSET A for bacterial expression (Figure 1b, Constructs 1-5). The cDNA for full
length pRB was obtained from Dr Ricciardi. All pRB constructs are bacterially expressed in
BL21(DE3) cells. These constructs produce soluble proteins when induced at 15°C overnight. The
soluble 6xhistidine tagged pRB proteins are purified with a combination of affinity chromatography
(Ni-NTA agarose) and gel filtration on a Superdex-200 FPLC column. Each of these proteins elute
from the gel filtration column in one peak consistent with the molecular weight of monomeric
protein.

A bacterial coexpression system has been developed to conveniently prepare suitable
pRB/viral oncoprotein complexes (manuscript in preparation). Several pRB constructs have been
subcloned into a slightly modified version of the pMR102 expression vector (Figure 1b, Constructs
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Figure 1. Schematic representation of pRB and viral oncoprotein constructs. (A) The viral oncoproteins
contain three conserved regions (CR1,CR2 and CR3). The constructs of HPV16 E7 and Adenovirus 5 E1A
are shown schematically. Similar constructs were made for HPV1a E7 as described in the text. CR2 contains
the minimal pRB binding region LXCXE (were X represents any amino acid). CR3 contains a Zn * binding
region comprised of two CXXC motifs separated by a linker. The CR3 region of E7 is necessary for pRB
inactivation. (B) pRB is a 928 amino acid protein that contains two domains (A and B) which are necessary
for viral oncoprotein interaction. Five 6Xhistidine tagged pRB constructs are shown. All constructs contain
domain A and domain B. Construct 1 extends to the C-terminus of the protein. Construct 2 and construct 5
extend to the 2°* E7(CR3 region) binding site (amino acids 792-843)°. Construct 3 and construct 4 extend to
the end4of domain B. Construct 4 and construct 5 have deletions from 579 to 621 in the flexible linker region
of pRB".

2-5). The kanamycin resistant pMR102 expression vector is used for pRB coexpression with viral
oncoproteins from the ampicillin resistant pRSET vector. pRB and viral oncoproteins are
coexpressed in bacteria at 15°C and purified with affinity chromatography (Ni-NTA agarose) and gel
filtration (Superdex-200). Several of the following pRB-viral oncoprotein complexes have been
purified: (pRB(376-792)/E1A(36-189), pRB(376-792)/E1A(114-189), pRB(376-792)/HPV16 E7(1-
98) and pRB(376-792)/HPV16 E7(17-98)). Gel filtration reveals that the pRB/E7 complex elutes
from the column as a molecular weight species that is greater than a 1:1 stoichiometric complex. In
contrast, gel filtration and analytical ultracentrifugation sedimentation equilibrium experiments
demonstrate that the pRB/E1A complex has a stoichiometry of 1:1.

All of the above complexes have been utilized for crystallization trials with several different
factorial screens. To date, these complexes have resisted crystallization. The recently determmed
three dimensional crystal structure of the pRB small pocket bound to a 9 amino acid E7 peptide® has
provided some insight into why these coexpressed complexes have not crystallized. The previously
crystallized pRB-E7 peptide complex was only able to crystallize when the linker region between
domain A and domain B of pRB was removed by proteolysis. The pRB(376-792) region that was
used for coexpression and crystallization trials in this study included this flexible linker region.
Therefore, a construct that contains the small pocket of pRB with a truncated linker (Figure 1b,
Construct 5) has been made for crystallization trials. This new pRB construct (376-843AL) also
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contains a region just C-terminal to the small pocket which is required for E7 CR3 binding (Figure
1b, Construct 5). This pRB construct has been expressed alone and purified to homogeneity.
Currently, a purification protocol is being developed to obtain suitable pRB(376-843AL)/viral
oncoprotein complexes for crystallographic studies.

Although pRB/viral oncoprotein complexes have resisted crystallization, crystals of the
HPV1a E7(39-93) protein have been obtained and tested for diffraction (Figure 2). These E7

crystals diffracted to approximately 2.8A at the Brookhaven synchrotron beamline X4A. However,
the diffraction spots from the crystal could not be processed and indicated that the crystal was highly
mosaic. These HPV1a E7 crystals are currently being refined in order to obtain higher quality
diffracting crystals. In addition to E7 crystallization, an excellent NMR spectrum of Adenovirus 5
E1A (135-198) CR3 region has been obtained recently. The NOE and chemical shift data in the

Figure 2. Crystals of HPV1a E7(39-93)
protein. Purified HPV1a E7(39-93) protein
was crystallized by a hanging drop vapor
diffusion method. The reservoir crystallization
condition contains 0.5-1.5 M NaCl, 20-30 %
Ethanol and 0.1M Hepes, pH 7.5. Crystals
tend to grow as plates with the average
dimensions of 200pm X 200pm X 20pm.

2D-NOESY spectrum of E1A are consistent with the presence of a mixed B-strand, a-helix structure
(Figure 3). Therefore, the NMR structure of the E1A CR3 region is being pursued as well.

L 3 s - Figure 3. Preliminary 2D-NOESY spectrum for the
e B Adenovirus 5 E1A CR3 region. Adenovirus 5
E1A(135-189) was used in this study. The NOE and
@ | chemical shift data for this domain are consistent
- with the presence of a mixed B-sheet, o-helix
® structure. The line widths and relaxation times of
- protons are consistent with a monomeric
S o Adenovirus 5 E1A species.
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PCATF transcriptional coactivator studies

A DNA construct that encoded for amino acids 493 to 658 of PCAF (plus N-terminal met-lys)
was subcloned into the pRSET-A vector for bacterial expression. After overexpression of PCAF at 15°
for 12 hours, the majority of the recombinant protein was found in the soluble cell extract. Soluble
p/CAF protein was purified by a combination of cation exchange chromatography (SP-sepharose),
affinity chromatography (Coenzyme A-agarose) and size exclusion chromatography (Superdex 200).
The monomeric protein was then concentrated to approximately 20-40 mg/ml, flash frozen, and stored at
-70°C.

For protein crystallization, 10mg/ml of the PCAF protein was mixed with 2-fold molar excess of
Na-acetyl coenzyme A. Crystals were grown by the hanging drop vapor diffusion method at room
temperature. The crystallization mixture contained 1.3-1.6M Li;SO4 and 0.1M Tris-Cl (pH 8.5). Rod-
shaped crystals generally appeared after 2 to 3 weeks with average cell dimensions of 0.2mm X 0.08mm
X 0.08mm. Crystals were then slowly and sequentially transferred into a cryoprotectant solution
containing 1.5M Li;SO4, 0.1M Tris-Cl (pH 8.5), and 15% Ethanol. The crystals were then flash frozen
in 15% ethanol with liquid propane for data collection. A native data set was collected on Beamline X4-
A (A=1.0009A) at the National Synchrotron Light Source at Brookhaven National Laboratory. The data
was collected in 1° oscillations using a Raxis-IV area detector. The programs Denzo and Scalepack™
were used to process and scale the data.

Two solutions for the PCAF-coenzyme A complex were obtained at 10.0 to 4.0A by molecular
replacement using the coordinates of a partially refined model (R=30.1%, Rgee=34.1%) of apo
Tetrahymena GCNS with program AMORE'". Prior to initial rigid body refinement, a randomly chosen
10% of the total number of reflections was designated as a test data set and all residues in the model that
were not identical to PCAF residues were alanized. The initial electron density maps generated with
Fourier coefficients 2|F,|-|[F.| and [Fo|-|F;| showed clear side chain density for most of the PCAF specific
residues. The alanized residues with p/CAF-specific side chain |F,|-|F| electron density were replaced
by p/CAF-specific residues using the program O. After one round of simulated annealing from 8.0 to
3.0A, |F,|-|F.| electron density maps showed strong peaks for the pantothenic acid and the
pyrophosphates of the 3’phosphate ADP moiety in Coenzyme A. Refinement proceeded by multiple
rounds of positional refinement, simulated annealing, and torsion-angle dynamics with periodic model
building in O. Refinement was carried out in resolution steps of 3.0, 2.7, 2.5, and 2.3A using the
program X-PLOR 3.8"° and CNS-SOLVE'®. At the final stages of refinement, a bulk solvent correction
was applied using data from 20.0-2.3A and tightly constrained B-factor refinement was performed using
the program CNS-SOLVE. Ordered water molecules were built into strong |F,|-|F.| peaks and only
retained if possible H-bond partners could be located and if they refined to a reasonable B factor.
Protein A in the asymmetric unit resulted in a model containing amino acids 493-653 plus an N-terminal
lysine. Protein B in the asymmetric unit resulted in a model containing 493-652 plus the N-terminal
lysine. For protein B only, density was not observed for solvent exposed residue side chains 503, 505,
625, 626, 627, 631, 636 and were therefore modeled as alanines. The final model of each protein-CoA
complex has good geometry (Table 1) with none of the non-glycine residues lying in disallowed regions
of the Ramachandran plot.

The 2.3A crystal structure of the PCAF protein acetyltransferase domain reveals an o/
globular fold that contains a central protein core which sits at the base of a pronounced cleft that is
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formed by the N- and C-terminal protein segments (Figure 4). The protein core at the base of this cleft
makes extensive contacts with the pantetheine arm of coenzyme A, marking the active site of the
enzyme. Additionally, correlation of this structure with extensive mutagenesis data for PCAF

and for the homologous yeast GCNS5 protein implicates this cleft and the N- and C-terminal segments to
play an important role in histone or p53 substrate binding. Inspection of this mutationally sensitive
region suggests that a glutamate residue within the protein core plays a catalytic role for protein
acetylation. From this
crystallographic study, a

Table 1. Crystallographic Data and Refinement Statistics

catalytic mechanism for the Crystal Parameters Data Collection Statistics
s : Unit Cell Dimensions Resolution Range 20.0-2.3 A
acetylation of histones and a=97.00 A, b=97.00 A,c=77.85A  Total Reflections 94,731
p53 is proposed. In order «=90.00°, $=90.00°, y=120.00° Unique Reflections 17,943
SIS Rym (%) 4.0 (15.5)
to gamn mSlgh t 1ntp p 53 Space Group P6, I/sigma (I) 18.0 (4.8)
substrate specificity, Asymmetric Unit 2 molecules Completeness (%) 96.5 (99.8)
crystalhz'atlon trials of Refinement Statistics
PCAF with coenzyme A Resolution Range  20.0-2.3 3 R.m.s. Values
_deri H Is cutoff 0.0 Bond length (A) 0.007
and a p53 derived pep tide Final Model Bond angles (°) 1.89
are underway. Protein atoms 2606 NCS molecules (A) 1.38
Water atoms 109 B-factors (A% . 1.64
CoA atoms 96 Average B-factors (%)
R-factors Protein (A/B)* 31.5/40.7
Ruorting 22.3% Water 39.0
Reree 26.8% CoA (A/B)" 39.4/52.2

R-factor: Ryortang= 2 | | Fol -1 Fe| [/Z1 Pl 5 Reee= 2 | [ K, =[RS 1/ 21 [F, |, where T
is a test data set of 10% of the total reflections randomly chosen and set aside before
refinement.

*A and B refer to complexes A and B in the asymmetric unit cell. The numbers in
parentheses are for the highest resolution bins.

Figure 4. Structure of the PCAF-coenzyme A
complex. The four domains of the protein are
color-coded. The core of the protein, motifs A-
D (as defined for the diverse family of V-
acetyltransferases) and motif B’(based on
structural conservation), are colored blue and
green, respectively. The N- and C-terminal
protein segments flanking the core are colored
magenta and gold, respectively. Coenzyme A is
colored red.

In summary, this study has demonstrated that HPV16 E7 and HPV1a E7 proteins exist as
stable dimers, while comparable constructs of Adenovirus 5 E1A exists as monomers. Bacterial
coexpression can be utilized to form stable pRB/viral oncoprotein complexes. pRB/E1A complexes
have a stoichiometry of 1:1, whereas the pRB/E7 complex has a greater stoichiometry. Although
pRB/viral oncoprotein complexes have resisted crystallization to date, a new “linkerless” pRB
construct has been generated for crystallization trials with viral oncoproteins. The HPV1a E7(39-93)
crystals are being refined to obtain high quality diffracting crystals. Structural studies using NMR
are currently being performed with the Adenovirus 5 E1A(135-189) CR3 region. Additionally, the
crystal structure of the human PCAF acetyltransferase domain has been solved to 2.3A and provides
tremendous insight into the mechanism of histone acetylation and p53 activation.
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APPENDIX

Key Research Accomplishments

e A bacterial coexpression system has been developed for convenient pRB/viral
oncoprotein complex formation.

e pRB/viral oncoprotein complexes have been purified from bacteria.

e This study reveals that the HPV E7 exists as a stable dimer, while corresponding
Adenovirus 5 E1A constructs exist as monomeric species.

e This study reveals that the stoichiometry of the pRB/E1A complexes is 1:1, while the
pRB/E7 complex exists as a larger oligomer.

e The HPV1a E7 CR3 region has been crystallized.

o The Adenovirus 5 E1A CR3 region gives an excellent NMR spectrum.

o The structure of the human PCAF protein acetyltransferase domain bound to
coenzyme A has been solved by X-ray crystallography.

Reportable QOutcomes
Manuscript:
Clements, A., Rojas, J.R., Treivel, R.C., Wang, L., Berger, S.L. and Marmorstein, R.

(1999) Crystal structure of the histone acetyltransferase domain of the human
PCAF transcriptional regulator bound to coenzyme A. EMBO J., in press.

Abstract/presentation:

Clements, A., Rojas, J.R., Treivel, R.C., Wang, L., Berger, S.L. and Marmorstein, R.
(1999) Crystal structure of the PCAF/Coenzyme A complex. Gordon Research
Conference: Molecular & Genetic Basis for Cellular Proliferation
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Crystal structure of the histone acetyltransferase
domain of the human PCAF transcriptional regulator

bound to coenzyme A
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The human p300/CBP-associaing factor, PCAF,
mediates transcriptional activation through its ability
to acctylate nucleosomal histone substrates as well
as transcriptional activators such as p53. We have
determined the 2.3 A crystal structure of the histone
acetyltransferase (HAT) domain of PCAF bound to
coenzyme A. The structure reveals a central protein
core associated with coenzyme A binding and a pro-
nounced deft that sits over the protein core and is
flanked on opposite sides by the N- and C-terminal
protein segments. A correlation of the structure with
the extensive mutagenesis data for PCAF and the
homologous yeast GCN5 protein implicates the cleft
and the N- and C-terminal protein segments as playing
an important rolc in histone substrate binding, aud a
glutamate residue in the protein core as playing an
essential catalytic role. A structural comparison with
the coenzyme-bound forms of the rclated N-acetyl-
transferases, HAT1 (yeast histonc acetyltransferase 1)
and SmAAT (Serratic marcescens aminoglycoside
3-N-acetyltransferase), suggests the mode of substrate
binding and catalysis by these enzymes and establishes
a paradigm for understanding the structure-function
relationships of other enzymes that acetylate histones
and transcriptional regulators to promote activated
transcription.
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Introduction

The PCAF (for p300/CBP-associating factor) transcrip-
tional coactivator was identified initially through its ability
to interact with p300/CBP for the transcriptional activation
of many genes, and to counteract the ability of the
adenoviral E1 A opcoprotein to inhibit p300/CBP-mediated
wanscriptional activation (Yeng ef al.. 1996). The same
study showcd that PCAF contains inwinsic histone acctyl-
transferase activity, 8 property previously demonstrated
for the GCNS traascriptional coactivator (Marcus ef al.,
1994: Brownell ¢r al., 1996), and is correlated with
transcriptional uctivaton (Browmell and Alis, 1996;
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Wolffe and Pruss, 1996; Grunsiein, 1997). More recently,
PCAF has also been shown to interact with the DNA.
binding domain of ruclear receptors such as RXR/RAR,
independently of p300/CBP binding, to promote retinoid-
responsive transcriptional ectivation (Blanco et al., 1998),
and has been shown t¢ interact direcily with E] A resulting
in an inhibition of its intrinsic histone acetyltransferase
activity and its ability to mediate transcriptional activation
(Reid er al., 1998; Chakravarti ef al., 1999).

Analysis of the primary sequence of the 832 residue
PCAE protein reveals that it contains a C-terminal bromo-
domain (within residues 725-819), 4 central histone acetyl-
transferase (HAT) domain (within residues 493-653)
highly homologous to the GCN5 transciptional coactivator
[from Tetrahymera (Brownell et al, 1996) and from
yeast (Marcus et al., 1994)] and a structurally divergent
N-terminal region (Yang ef al., 1996). More recently, Roth
and colleagucs have shown that the N-terminal region of
PCAF sheres homelogy with the predominant form of
mammzlian GCNS (Xu ef al., 1998). Functional character-
ization of the N-terminal segment of PCAF shows that it
contains an interaction surface for p300/CBP (Yang et al.,
1996; Xu ef al., 1998), other wanscriptional activators
{Currie, 1998; Krurnm et al., 1998) and E1A (Chakvavarti
et al., 1999), and is required for nucleosomal acetylation
mediated by the PCAF HAT domain (Yang et al, 1956).

The HAT domain of PCAF has been analyzed extens-
ively at the amino acid and functional levels. The HAT
domain of PCAF shares a high degree of sequence
homology with GCNS from various species (GCNS/PCAF
subfamily of histoncs acetyltransferases) (Marcus er al.,
1994; Brownell er al., 1996; Candau er al., 1996; Smith
et al., 1998a) and has functional homology with other
wranscriptional coactivators that harbor HAT activity
including yeast ESA1 (Smith ez al., 1998b), and hurnan
CBP/300 (Ogryzko e al., 1996), TAFg250 (Mizzen et ul.,
1996), Tip60 (Yamamoto and Horikoshi, 1997), ACTR
(Chen er al.,, 1997) and SRC-1 (Spencex e al., 1997).
More tecently, detailed sequence analysis hes revealed
that the HAT domain of PCAF shares limited sequence
homology with a biologically diverse family of GCN3-
related N-acetyltransferases (GNATS) within three rela-
tively small motifs (15-33 residucs) called A, D and B
(Neuwald and Landsman, 1997).

In vivo, PCAF has been shown 10 function in the context
of a large multisubunit protein complex with >20 distinct
polypeptides including several of the TATA-binding
protein (TBP)-associated factors (TAFs) and human
counterparts to the yeast ADA2, ADA3 and SPT3 proteins
(Ogryzko et al., 1998). The histone subsiate specificity
of PCAF has been characterized, showing 2 strong prefer-
encc for histonc H3 and to a lesser extcnt histore Hé
(Yang ez al., 1996; Xu et al., 1998), Interestingly, unlike
yeast GCNS (Kuo ef al., 1996, 1998; Wang et al., 1998),
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the histone preference of PCAR appears 10 be sinilar for
both free and nuclecsomal histones. Surprisingly, PCAF
has 2lso been reported to acetylatc non-histone substrates
including the basal transcription factors TFIF and the
B-subunit of TFUE (Imhof er al., 1997). Recently, we
have reported that PCAF specifically acetylates Lys320
of the p53 transcriptiona) activator in vifro, resulting in
an increased affinity of p53 for DNA (Liu er al, 1999).
Correlatively, we fiad that these same sites are acetylated
in vivo in response o DNA damage. Most recently, the
histone acetyltransferase activity of PCAF towards both
nucleosomal histones and pS3 has been shown 10 be
inhibited by the direct binding of E1A to its HAT domain
(Chakravarti et al., 1999). In order to obtain a detailed
view of the mechanista of protein acetylation by PCAF,
we have determined the crystal structure of its HAT
domain_in complex with coenzyme A to a resolution
of 23 A.

Results and discussion

Overall structurs of the PCAF-coenzyme A ‘
complex 53
The HAT domain of hurnan PCAF (residues 493-653)
was overexpressed in Escherichia coli and purified to
homogeneity using a combinaden of cadon-exchange,
coenzyme A affinity and gel fltraton chromatography.
Crystals were obtained containing two protomers per
asymmetric unit and the structurc was determined by
molecular replacement using the unrefined structure of the
nasccnt HAT domain of Tetrahymena GCINS as a search
model (J.R.Rojas, R.C.Trievel, YMo, XLi, J.Zhou,
S.L.Berger, C.D.Allis and R.Marmorstein, submitted)
(Table Ij. The two PCAF protomers in the asymmetric
unit make modest interprotein interactions and have nearly
identical structure, with an r.m.s. deviation between all
atoms of 1.38 A,

PCAF has a BaufBpaBaaf topology and contains a
globular fold except for a pronouaced cleft along one side
of the protcin (Figure 1A). It is convenient to think of the
core 3s being formed by two tertiary structural elements
near the center of the protein. The first element contains
B-strands 2, 3 and 4 aligned ip an antiparallel orientation
on top of helix a3, while the second element is formed
by an adjacent B5-strand-loop—at4-belix. The coenzyme A
cofactor is bound between the two elements of the core
along one edge of the protein with its labile sulfhydryl
pointing into the protein cleft which js fianked on opposite
sides by the N- and C-terminal domains of the protein.
Within the N-terminal domain, a B-strand forms sheet
interactions with the B2-strand of the core. and a helix—
turn-helix (al-tun—a2) sits on one side of the protein
above the core. The C-terminal domain contains a helix~
loop-strand (aS-loop-B6) which lies opposite the
N-terminal domain above the protein corc and intcracts
with the core domain through parallel shect interactions
between BS and B6.

Mode of coenzyme A binding by PCAF

The coenzyme A cofactor is bound in a cavity formed on
the surface of the core region of PCAF and buries over
one-half of the coenzyme A accessible surfacc arca and
~520 A? of protein surface area (Figures 1A and 2), It is
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Table L Data and refincment statistics

Cryatal parwmeters . )
Unit ¢ell dimensions 2=9700A.b=97.00 A, c=TI85A

a = 50.00°, § = 90.00°, y = 120.00°

Space growp Pé,
ic unit 2 molcsuics

Data collection statistics .
Resolution range 20.0-23 A
Total reflections 94 731
Unigque refections 17 943
Ry 40% (15.5%)
lio(h 18.0 (4.8)
Completeness 96.5% (99.3%)
Refipement statistics
Resolution sange 200-23 A
lio zutoff 00
Final mode!

Prokcin atomg 2606

Water stoms 9

Cod atows 9%
Ruceking 22.3%
Reree 26.8%
R.m.s. values

Bond length (A) 0,007

Bond angles (%) 1.89

NCS molecules (A) 1.38

B-fuctors (A% 1.64
Avcrage B-factore (:\1)

Protcin (A/B) 31.5/40.7

Coenzyme A (A/BY 39.4/52.2

Waicr 190

Ruycrking = EWF ) ~ IFWTF .

Reee ® Sl ~ FJVERF,, where T is 2 west dats set of 10% of the
wotal refleztions randomly choseu and szt aside efore refinement.

°A and B refer to complexes A and B i1 the asymmettic unit cell. The
numbcrs in parentheses arc for the highest resclution bios.

flanked by the P4-loop—a3 segment that corrcsponds to
motif A of the GNAT proteins on one side and the 85-
loop—at4 segment corresponding to motf B of the GNAT
proteins on the other side (Figures 1B and 2). Coznzyme A
is bound in a bent conformation (Figure 2C) which helps
facilitate an extensive set of protein interactions that are
mediated predominantly by the pantetheine arm and the
pyrophosphate group of coenzyme A (Figure 2A). Strik-
ingly, all but two groups of the 16 mcmber pantheteine
arm-pyrophosphate chain are contacted by the protein.
All but one of these contacts are mediated through either
protein backbone hydrogen bonds or protein side chain
van der Waals contacts.

PCAF residues in the GNAT conserved motifs A and
B intersct extensively with coenzyme A. Specifically,
residues 580 and §82-587 in the B4~ loop~a3 region of
molif A make an extensive set of both dircet and water-
mediated hydrogen bonds with the pyrophosphate group
(Figure 2). ThrS87 also makes the only side chain hydrogen
bond 10 the coenzyme, through a pyrophosphate oxygen.
The aliphatic side chain of GIn581 and a Cys-Ala-Val
sequence (residues §74-576) at the tip of the Bd-strand
makes an extensive sct of van der Waals contacts through-
out most of the length of the pantetheine rm. In addition,
the backbone residues of Cys574 and Val576 form hydro-
gen bonds with the pantstheine arm. Residues in the $5—
Joop—a4 region of GNAT motif B make predominan:ly
van der Waals contacts with the B-mereapwethylamine
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Pig. 1. {(A) Stucture of the PCAF—<oenzyme A complex. The four domains of the protin acs color-oded, with the two stucturally conscrved
subdomains that maks up the core, motifs A-D and motif B’ (based on structural conservation), colgred blue und greeu, respectively. The N- aad
C-terminal protein segments flanking the core age colored magenta ané gold, respestively. Cocnzyme A is calored red. (B) Sequernce aligament of
the GUNS/PCAF family of AT domains. ‘e prirary sequence of the HAT domain of human PCAF (W/CAF) used for the structure determination
iy shown at the top of the alignment. Sequences from the homologous HAT domains from GCNS of yeast, Arabadopsis, Drosvphila, human and
Teiruhymena are aligned (CLUSTAL program) and displayed (BOXSHADE program). Black and gray backgroyrds are used to indicate identical
and/or conscrved resicucs found in at least S0% of the proteins at 3 given position, respeetively. Sceondary structurdl clements within the HAT
domain of PCAF arc shown above the sequence alignment The @ symbol indicates residucs that arc within the core of the prafein, the O
symbol indicates residucs that contact the cocnzyme A cofactor via backbane hydrogen bonds, the’, ) Symbol indicates residues tat comact = 5
coenzyme A through side chain interactions, ané the & symbol indicatcs residucs that arc highly conscrved within the GUNS/PCAF family and that
arc in sufficicnt proximity to facilitate substrate dinding and/or catalysis, Positions of alanine mutations that decrease HAT actvity in human PCAF
(Martinez-Ba'bas ¢f ai., 1998) andsthe hemologous yeast GONS protein are indizated delow the sequence alignment: miple motations are indlcated

i single mutations are indicated with black bars (Kuo ef al,, 1998). Mutations that have a negligihle effect on
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Crystal structure ot the PCAR-cosnzyme A complex

Fig. 3. Functional implications of the PCAF-cosnzyme A complex. (A) Highly conserved residues within the GCNS/PCAF subfamily of

acety ltransferases are mapped outo the PCAF protein. Residues that are associated with coeazyme A interaction are shown in red, residues that are
implicated in substratc binding and/or catalysis are shown in green, The remaining strictly conserved residues that exe fargely buried and presumably
important for protcin stability arc omitted for clarity. Residue nurbers at the borders of secoudary structural elements are indicated for reference.
(B) Mutations in human PCAF (Martincz-Balbas ef of, 1998) and yeast GCNS (Kuo et al., 1998; Wang et al., 1998) that decrease HAT uctivity are
mapged Onto a scheratic representation of the PCAF HAT domain, The color coding is the same as in (A), and residues involved in grotcin stability

are shown in gold.

segrent of the pantetheine arm and thus play a major
role in orienting the reactive sulfhydryl atom (atom :.
Figure 2) for acety! transfer. The protein residues involved
are AJe6is, Tyr615 and Phe617, while Tyr616 also makss
van der Waals contacts with the end of the pantstheine
arm near the pyrophosphate group.

Two residues in the non-conserved (within the GNAT
fanily) N-terminal segment of PCAF also interact with
coenzyme A. These residues, Gin525 and Leu526, which
sit above the core and on one side of the putative substratc-
binding cleft, make van der Waals contacts with the
pantetheine arm of coenzyme A (Figure 2). The proximity
of these residucs to the eofuctor-gubstrate junction sug-
gests that they play an important rolé in substrate-specific
binding and/or catalysis. In contrast to the pantetheine
arm and pyrophosphate group of coenzyme A, which
make extensive protein interactions that are conserved
between both PCAF protomers in the asymmetric unit
cell, the adenosine base of the 3'-phosphate adenosine
group interacts less extensively \in thce PCAF—coenzyme A

/

with +w prtein

complex. In general, residues in the @4-helix make van
der Waals contacts with the adenosine base; however, the
contacted atoms differ berween the two PCAF protomers
of the asynunetric unit cell, and the 3’-phosphate ADP
group is structurally variable between the two protomers.

The functional importance of the PCAF-coenzyme A
interactions correlates almost perfectly with the amino
acid conservation within the GCNS/PCAF subfamily of
acctyltransferases and mutational analysis (Figures 1B and
3). Strikingly, 13 of the 17 protein residues that contact
coenzyme A are strictly conserved within the GCN5/
PCAF subfamily of acetyltransferases (this includes
Gly615 which makes variabie van der Waals contacts with
the adencsine base), and of the remaining four residues
only conservative changes are observed (Figures 1B and
3A). In addition, 12 of the protein residues that contact
coenzyme A are sensitive (6 mutation in the form of either
single (Kuo er al., 1998) or tiple (Wang et al, 1998)
alaninc substitutions. In particular, the ycast GCNS muta-
tion KQL. (corresponding 10 residues 524-526 in the al-
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loop region of PCAF), and IGY and FKK {comresponding
to residues 614-616 and 617-619 in the a4 helix of
PCAF) were among the most debilitating mutations for
beth growth and transcription ir vive and histone acetyl-
transferasc activity in vitro (Wang et al., 1998). Moreover,
single mutations of nearly all the residues in the Bd=loop=
o3 region that make coenzyme A contacts in our structure
have dramatic effects on HAT activity in vitro (Kuo
et al., 1998).

Histone/transcription factor substrate binding by
PCAF
A striking feature of the PCAF—coenzymc A coraplex is
the pronounced cleft that is situated above the protein
core and flanked on Spposite sides by the N- and C-terminal
protein segments. There are several structural character-
istics of this cleft which implicate it as the site for binding
by histone and transcription factor substrates. First, at the
base of the cleft is an acidic patch formed by the side
chains of GluS570 and Asp610, as well as the backbone
carbonyis of LleS71, Val572 and Tyr608, creating an
attractive site for the basic lysine substrate (Figure 4B).
Secondly, the cleft has approximaw dirensions of
10X 10X20 A which could ¢asily accommodate a protein
strand harboring the reactive lysine side chain (Figure 1A).
Thirdly, relstively flexible loops (with relatively bigh
atomic B-factors) sit directly above the cleft between the
al-02 and aS-B6 regions and are in position to undergo
any minot souctural rearrangements that may be necessary
to accommodate substrate binding (Figure 4A). Most
importantly, the cleft sits directly above the coenzyme A
cofactor in the appropriate geometrical juxtaposition for
catalysis.

The high degree of aminoe gcid conservation within

the GCNS/PCAF subfamily of acetyltransferases and the -

mutational sensitivity of regions proximal to the cleft
is consistent with its importance in substrate binding
(Figures 1B and 3). A mapping of highly conserved
residucs within thc GCNS/PCAF subfamily onto the PCAF
structure shows thet a large number of them map to buried
residues iraportant for protein stability ar w residues that
interact with coenzyme A. Significantly, the majority of
the rernaining residues map to regions within or flanking
the pronounced protein cleft that sits above the corc
(Figure 3A). In particular, regions proximal to the two
loop regions flanking the cleft contain large patches of
conserved residues. Specifically, residues 525-534 (QLP-
XMPKEYT) in the loop-02 rcgion and residues 635-646
(GYIKDYXGATLM) in the loop-f6 rcgion arc highly
conserved and are in position to jnteract with a substrate
tha: may bind in the protein cleft Correlating well
with the importance of these residues is their mutation
sensltivity in the yeast GCNS homolog for growth and
transcription in vivo and HAT activity ir vitro (Kuo ez al.,
1998, Wang er al., 1998) (Figure 3B). Specifically, the
tripic alaninc yeast GCNS mutation corresponding to PRM
in residues $27-529 of PCAF was among the most
detilitating triple mutation identified (Wang ef al., 1998),
The C-terminal loop-B6 region was found o be even
more rmutationally sensitive, The yeast GCNJ KDY triple
rautation cotresponding to restducs 638-640 of PCAF
(Wang ez al., 1998) and the single mutations corresponding
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to Ne637, Tyr640, The644 and Leu645 were all found to be
among the most debilitating mutations {Kuo et al., 1998).

Interestingly, residues proximal 0 the coenzyme A-
binding site, but not dircetly involved in coenzyme A
binding, are also highly conserved ard scnsitive to muta-
tion. These residues cluster to the loop immediately
following the BS strand (Figure 1B). Specifically, Ala609
and Asp610 are strictly conserved within the GCN5/PCAF
subfamily of HAT proteins, and the triple DNY mutation
in yeast GCNS5, corresponding w0 residues 610-612 of
PCAF, are defective in both growth and twanscription
in vivo and HAT activity in vitro (Wang er al., 1998)
(Figure 3). These results suggest that this region of PCAF,
at the junction between the cleft and thc coenzyme A-
binding site, also plays an important role in substrate
binding and/or catalysis.

Catalysis by PCAF

Acetyl-coenzyme A-dependent wansferases catalyze the
transfer of an acetyl group to the substrate through one
of two mechanisms. The ping-pong mechanism involves a
covalent protein interraediate in which acetyl-cocnzyme A
binds to the enzyme and acstylaies an active site nucleo-
phile which in turn transfers the acetyl group to the
substrate. The second mechanism requires formation of a
temary protein—cofactor-substrate complex and proceeds
through the direct nucleophilic attack of substrate on
acetyl-coenzyrue A. This ternary complex mechanism
usually requires the presence of a protein side chain to
serve as a general base for substrate proton extraction to
facilitate acyl addition. Inspection of the PCAF structurc
reveals that there is no residue in the proximity of the
active site to function as a nucleophile via the ping-pong
mechanism. Cys648, which in theory could act as a
nucleophile, is sirictly conserved in the GCNS/PCAF
subfamily of acetyltransferases, but is too far from the
active site to play a catalytic role. The inability of
Brownell and Allis (1595) to prepare a covalent [PHjacertyl
interruediate of Tetrahymena GCNS using CPHjacetyl-
coenzyme A also argues against a ping-pong mechanism
for PCAF.

Inspection of the substrate-binding cleft of PCAF raveals
that there are two residues that are in sufficient proximity
to act as a general base for catalysis via a ternary complex
mechanism (Figure 4A). These tesidues, GluS70Q in the
B4-strand and Asp610 in the loop between the B5-strand
and the a4-helix, are both located in the core domain of
PCAF and are strictly conserved within the GCNS/PCAF
subfamily of histone acetylransferases. Mutational ana-
lysis swongly favors the catalytic involvement of Glu570
since mutation of the corresponding residuc in yeast GCNJ
(Glul73) to alanine or glutamine is one of the most
debilitating mutations within the HAT domain of yeast
GCNS in both transcriptional activation in vive and histone
acetylation in visro (Wang et al,, 1998; R.Howard, R.C.
Trievel, R.Marmorstein and S.L.Berger, unpublished}. In
contrast, mutation of the yeast counterpart of Asp610 in
PCAF is only marginally ¢corapromised in both transcrip-
tional activation in vivo and histone acetylation in vitro
{Kuo et al., 1998). ~

Close jnspection of the protein environment proximal
10 Glu570 shows that it is in an ideal environment to play
a catalytic role (Figure 4). First, Glu570 is located proximal
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Fig. 4. Histone acetyltransteruse actve site of PCAR. (A) Detailed view of the PCAF active site. A close-up view around the putetive gencral base
GiuS70 is shown in red with the B-mercaptoethylamine moiety of the coenzyrme A shown in uqua Hydrophobic and polar side chaitis are indicated
in blue, the ore acidic side chain in the vicinity, Asp610, is indicated in pink, and two basic side chains in the vicinity, ArgS61 and Lys632, me
indicated in green. (B) Elcctrosuric surface of PCAF looking intc the active site. Red indicates regions of negative slectostutic potenual, tlue
indicates regions of positive electrestatic potential and whitc incicates ncutrally charged regions. Coenzyme A is indicated 3s 3 stick figure.

{C) Proposcd reaction mechanism. Protein residuss and coenzyme functionalities that play a direct role in the catalytic mechanism are indicated. The
hydrophobic residues (F563, FS68, 1571. V572, LG06, 1627 and Y640) that function 10 leswes the pK, of the catalytic bass (ES70) and the backborne
NH of C574 thut serves to stabilize the tetruhedral reaction imtermediate are indicated, A
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to an acidic patch described above which forms an
artractive surface for the basic lysine substrate (Pigure 48).
Secondly, the carboxylate of Gn570 is surrounded by
several hydrophobic residucs (Phe563, PheS68, He571,
Val§72, Leus06, le637 and Tyr540) that probably function
10 raise the pX, of the glutamate side chain and thus
facilitate proton extraction from the lysinc substrate.
Thirdly, the carboxylate of Glu570 is only ~11.5 A away
from the putative position of the reactive thioester (adjusted
by a rotation about thc 2-3 bond, Figure 2A) of acetyl-
¢ocnzyme A (Figure 4A). Depending on where the lysine
substrate binds, proton extraction may proceed directly
through the carboxylate of GluS70 or, alternatively,
through a water molecule. Consistent with the involvement
of a weter molecule in catalysis is the presence of a water
molecule tightly bound to the carboxylate oxygen of
Glu370 which is closest o the coenzyme. Significanty,
this water is present in both PCAF complexes in the
asymmetric unit. The final requirement for catalysis is
the presence of hydrogen bond donors to stabilize the
tetrahedral reaction intermediate involving the substeate,
PCAF enzyme and acetyl-coenzyme A cofactor. The only
potential hydrogen bond donor in the binary complex is
the backbone NH of Cys574, aithough in the presence of
substrate additiopal donors may also be provided by onc
or more backbone NHs of the histone or transcription
factor substrate, Based on the discussion above, we propose
a mechanism for catalysis illustrated in Figure 4C.

Implications for cors domain structure and
coenzyme A binding for other N-acetyitransferases
Recently, the structures of the cocnzyme A-bound forms
of two other members of the GNAT superfamily of
N-acetyltransferases have been reporied; Sacchuromyces
cerevisiae histone acetyltransferase 1 (HAT1) (Dumall
¢t al., 1998) and the Serrania marcescens aminoglycoside
3-N-aceryliransferasc (SmAAT) (Wolf er al, 1998). A
stucwral comparison of the PCAF HAT domain with
these proteins reveals that the PCAF core domain, formed
by motifs A and D, superimposes well, with r.m.s. devi-
ations betwzen C, atoms for PCAF compared with HAT!
and SMAAT of 0.74 and 0.80 A, respectively (Figure 5B).
Interestingly, the recently published structure of
N-royristoyl tansferase (NMT) (Bhatmagar er al., 1998;
Weston ef al., 1998}, which uses a myristoyl-CoA cofactor
to modify the N-ierminal glycine of substate proteins,
also shows homology within the core domain of PCAF
(rm.s. between C, atoms of 0.93 A), despite the fact that
NMT shows no sequence homclogy with the GNAT
superfamily of N-acetyliransferases (Modis and Wierenga,
1998). Surprisingly, motif B (Figure 1B) of the GNAT
superfamily, which shows sequence homology comparable
with that of motfs A and D (Neuwald and Landsman,
1997), shows no structura) homology betwesn the PCAF,
HAT1 and SmAAT proteins (Figure SA). Instead, thers is
a small region of stuctwral homology between these
proteins just C-teeminal to motif A which forms a short
tum-strand-turn  substructurc which we call motf B’
(Figure 5C).

Superposition of the core domain of PCAF with the
corresponding regions of HAT1 and SmAAT shows an
excellent superposition of the pantctheine arm and pyro-
phosphate groups of coenzyme A, while the ribose
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sugar and adeninc base adopt different conformations
(Rigure 5B). Significantly, the majority of the interactions
between the A motif of the structurally conserved core
and the pantetheine arm and pyrophosphate group of
coenzyme A are conserved between the three proteins
(Figure SC). Specifically, a stretch of seven residues in a
Joop-helix region (residues 581-587 in PCAF) make a
conserved set of backbone centscts to the pyrophosphate
group of coenzyme A. Significantly, these residues harbor
the conserved and mutationaily sensitive Q/RxxGxG/A

motif found in a large number of cgu.mm;ggﬂ
proteing (Neowatd-ardTardsmam—+99+), and shown in

this and other studies to be an important structural com-
ponent for coenzyme A binding (Dutnall ez al.,, 1998;
Wolf et al., 1998). In addition, a three amino acid stretch
of residues at the tip of the B-strand of motif A (residues
$74-576 in PCAF) and the first residue of the QRxxGxG/
A motif (residuz 580 in PCAF) also make conserved van
der Waals and hydrogen bond interacrions throughout the
pantetheine anm: of the coenzyme A.

Residues just C-termiral to the strucaurally conserved
B’ motif also make coenzyme A contacts in all four
protein structures (PCAF, HAT1, SmAAT and NMT);
however, there is no pattern of conservation between these
contacts. The importance of these residues in the HAT
activity of PCAF is suggested by their strict conservation
within the GCNS/PCAF subfamily and by their high
degree of mutationa) sensitivity (Figure 1B). Interestingly,
these residues arc located in a region overtlapping the
putative substrate-binding site of PCAF. Teken together,
these observations suggest that the protein regions just
C-terminal to motif A of the core may play 4n important
general role in carrectly orienting acetyl-coenzyme A for
substrate-specific catalysis and/or play a direct role in
substrate-specific recognition. Consistent with this hypo-
thesis, PCAF and HAT1, which acetylate protein sub-
strates, show an extension of the homology within the
motif B’ regions to an additional helical segment [04 in
PCAF, and a9 in HAT1 (Dumall et al, 1998)]. In
contrast, SMAAT. which catalyzes the acetylation of an
aminoglycoside substrate, contains & 8-strand in the corres-
ponding position (Wolf er al., 1998). '

Taken together, the degree of structural conservation
within the A and D motifs of the GNAT proteins (Neuwald
and Landsman, 1997) PCAF, HAT{ (Dutnall er al., 1998)
and SmAAT (Wolf er al,, 1998), as well as the conservation
of coenzyme A contacts within these proteins, suggests
that other GNAT family members will share hemologous
souctura! and functional coenzyme A-binding propertics.
The fact that this structural homology also extends to the
unrelated NMT protein (Bhatagar er al., 1998; Weston
et al., 1998) suggests that the cors domain of PCAF may
form a soucnwral paradigm that extends beyond just
the acetytransferase proteins that constitate the GNAT
superfamily Neuwald and Landsman, 1997).

Implications for substrate binding and catalysis by
other N-acetyitransferases

Regions N- and C-teyminal o the PCAF core domain
show no sequerce homology with other acetyltransferase
enzymcs. Intcrestingly, however, the N-terminal segment
of PCAF shows structural homology with the HATI,
SmAAT and NMT proteins (Figure 5A). The structural
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Fig. 5. Comparison with other scetyltransterase enzymes. (A) Supcrposition of the PCAF, HATI (Dutnall er al., 1998) ard SmAAT (Wolf et al.,
1998) proteins, The color coding for PCAF, HAT! and SmAAT is red, blue and aqua, respectively, The NMT (Bhamagar et al, 1998: Weston cf al.,
1998) protein shows a comparable supcrposition but was omitted for clarity. Only the coenzyme A cofactor from PCAF is shown in yellow for

Suucture alignment of PCAF,

clarity. (B) Superposition of the core domain and coenzyme A-binding site for PCAF, HAT1 and SmAAT. In the superposition, the core domain

n ‘) is super 4. Coenzyme A is shown in the color of the prowein with which it is associated. (C) Sequence and secondary
and SMAAT. The @ symbol indicates residuss that play cooserved roles in protein stavility, and the box
syrmbols indicate residues that play conserved roles in coeszyme A binding: the 0 symbol indiccies backsone interactions and the f symbol™> &
indicates side chain intcractions with coenzyme A. Secondary structurnl elercents of the respective proteins ase shown above the scquence alignment.
The alignment of the B motif of HAT] was based on the structural alignment with PCAF und differs from tne sequence alignment desceibed by
Neuwald and Landsman (1997). We have called this modified version of motif B, iniGally descrided by Ncuwald and Landsman, motif B'.

Residues IQQIZO"’) and 210 of HATI were omdbed for d,[arlJf\p 109
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homology between thesc proteins is formed by a B-strand-
turn—&-helix-tum, in which the B-strand forms conscrved
sheet interactions with the corc domain and the a-helix—
turn region sits above the protein core of PCAF. Regions
C-terminal to the core domain of PCAF show no sguctural
homology with HAT!, SmAAT or NMT (Figure 5A).
This observation, coupled with the apparent functional
jmportance of the N- and C-terminal segments of PCAF
for substrate binding specificity, suggests that the corres-
ponding regions of other members of the GNAT super-
family also play an important role in substrate binding
specificity. This hypothesis is consistent with a general
mode) in which substratc binds over the structurally
conserved corc domain in close juxtaposition to the acetyl-
coenzyme A cofactor. This binding is mediated by the
N- and C-terminal protein segments which contribute
specificity determinants for substrate; the N-terminal
portion contributes a homologous structural scaffold con-
taining substrate-specific side chain determinants, whereas
the C-terminal segroent also contributes to substraie bind-
ing through stmcmre-speciﬁc components. As described
in the preceding section, the structurally divergent motif
B (Neuwald and Landsman, 1997) of the core domain
may also play a role in substrate-specific binding by the
GNAT superfamily of N-acctyltransferases.

The identification of the general base within the corc
domain of PCAF, coupled with the conservation of the
corc domain suucture and the mode of cocnzyme A
binding within the HAT1, SmAAT and NMT acctyltrans-
ferases, leads to predictions about the mechanism of
catalysis for these other acerylwansferascs. Foremost, it
seems likely that like PCAF, these other acetylransferases
carry out catalysis through a temmary complex mechanism.
This ts supported further by thc absence of conserved
residues within the active sites of the HAT1, SmAAT and
NMT enzymes that may play a role as a nucleophile n a
proposed ping~pong racchanism. Interestingly. a structural
superposition of the core domain of PCAF with the
respective core domains of HAT1, SmAAT and NMT
reveals the presence of acidic rcsidues that superimpose
closely with Glu570 of PCAF and that are thus implicated
as playing a catalytic role. Specifically. superposition of
the core domains of PCAF and SmAAT shows that Aspl10
of SmAAT, located-on-an-snalogou
S In posiion to act as a general base for catalys:s
(Figure 5B). This is consistent with the proposed catalytic
role of this residue by Burley and co-workers (Wolf et 4k,
1998), and with the assumption that thc bound spermine
molecule in the SmAAT structure mimics the position that
would be occupied by the aminoglycoside substrate (Wolf
er al., 1998). Superposition of PCAF with the core domain
of HAT! rcveals that the Glu255 of HATI, emanating
from a B-strand just C-terminal to the conserved A
totif, maps closely to the position of GluS70 of PCAF
(Figure 5B). Interestingly, this glutamate residue in HAT1
forms an insertion sits relative to the homologous position
of PCAF and SmAAT within the stucturally conserved
motif B’ (Figure 5C). Consistent with the impartance of
Glu255 in catalysis by BATI is its szict conservation
across different species of HAT1 (Dutnall er al.. 1998).
Interestingly, a superposition of the core domain of PCAF
with the respective core domain of NMT tevezls that
Glul67 of NMT is in an aimost idemicallfmsition w
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Glu5711 of PCAF. Although this does suggest a catalytic
sole for in NMT, recent mutational and structural

studies indicats that the C-terminal carboxylatc group of
NMT (which 3s in approxircately the sams region) plays
a more tmportant catalytic role (Rudnick er al., 1992;
Bhamagar er al., 1998; Weston ¢t al., 1998).

Conclusion

The stucture of the PCAF-coenzyme A complex has
tevealed an enzyme primed for substratc binding and
catalysis. Coupled with the extensive mutational data on
PCAF (Matinez-Balbas ef al., 1998) and the highly related
yeast GCNS eazyme (Kuo er al., 1998; Wang et al., 1998).
the PCAF HAT domain structure affords the details of
cofactor binding and has implications for the mechanism
of subswate binding and catalysis. Comparison with the
structures of HATI1, SmAAT and NMT implies that
other N-acetyltransferases, such as these that function
to acetylate hisionc and transcription factor substrates
including ESAJ, TAF;250 and CBP, may have similar
structural and functional properties. Further insights will
undoubtedly be provided by the stucturs of other HAT
cnzymcs, appropriste ternary enzyme complexes with
coenzyme A and substrate, and detsilcd biochemical
analysis of substrate binding and enzyme catalysis.
Nonetheless, the structure presented here forms a paradigm
for substrate-specific binding and catalytic mechanism,
not only for the GCNS/PCAF subfamily of histone acetyl-
transferases, but also for other N-scetyluransferases that
function to acerylat= histones, transcription factors, or
other prot¢in or small molecule substrates,

Materials and methads

Expression and purffication of the recombinant PCAF HAT
domain

The DNA sequence encoding residucs 493-658 (including an V-terminal
Met-Lys sequence) of PCAF was amplificd by PCR and subclonad into
the pRSET-A vector (Invilrogen) for overexpression. The plasmid was
transformed into E.coli szain BL21(DE3) and overexpressed by induction
with 0.5 mM isopropyl-B-p-thisgalactopyrancside (TFTG) and grown at

" 15°C for 12 h. Following sonication, the protein, which was containcd

predominantly within the sclubk fraction, was purifisd with sequentiat
we of SP-Sepharose (Pharmacia) cation-cxchange, coenzyme A-igarose
(Sigma) and Superdex 75 (Pharmzcia) gel filtration chramatographiss.
Gel fillration revealed that the PCAF HAT domain was monomgric in
soluGon. Purified protein, which was judged to be >99% pure by SDS~
PAGE, was concentrated to ~20-40 mg/ml, flash frozen, and stored at -
70°C in a buffcr containing 20 mM Na-citate pH 6.0, 150 mM Nali,
10 mM B-mercaptoethanol.

Crystalilzation and data collection

Crystaly of the PCAR—cocnzyme A complex were obteined st 20°C
using the vapor diffusion hanging drop methad. An aliquot (3-6 pi) of
2 protein-cofactor mix, contining 10 mg'm! of protein with a 2-fold
molar excess of cofactor, was rixed with an cgual volume of reservoir
solution containing 1.3-1.6 M LiySO, and 0.1 M Tris-HC! pH 8.5,
Altbough Na-acetyl-coenzyme A was used as e cofucior in the
crystallizations, only coenzyme A was modeled in the final structure
(see discussion below). Equilibration of the crysudlization drop against
1 m] of reservoir solution produccd rod-shaped crystals within 3-3 woeks
with average cell dimensions of 0.2X0.08X0.08 mm. Crysials were
transfered sequentally into 2 cryoprotectant soluticn conuiniog 1.5 M
Li;S0,, 0.1 M Tris-FICl pH 8.5 and 5% ethanal prior to flash freezing
them in lquid propane for data collection, Diffraction dats was collected
on beamline X4-A (A = 1.0009 @) at the National SynC*u'otmn Light
Source st Brookhaven National Laboratory from a singie cryswl at
-180°C using 3 Ruxds IV image plate detector. The data were processed
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wid scded using DENZO and SCALBPACK (Okwinowski, 1993)
(Talle 1),

Structure determination and refinement
The stucture of th: PCAF—cocnayme A compiex was solved by
molecular replacement usiog the program AMORE (Navara. 1994), with
a patinlly refined mocel of residucs 49-198 of the Temrahymena
thermophilia GCNS (tGCNS) HAT domain (J.R-Rojas, R.C.Trevel,
YMo, X.Li, J.Zhou, $.L.Berger. C.D.Allis and R.Mamcrswein, submit-
ted). Rotationa) and anslational scarches yielded two solutons that
were related by noncrystullographic symuetry (NCS) with an estimated
solvent content of 56%, Prior to refinement, a randomly generated 10%
of the reflections was designzied as an Ry, Sct 10 monitor the progress
of the refmement. Following rigid body refinement fram 10 10 3.0 A
resolution with the program X-PLOR (Britnger, 1992}, the initial elecron
densily maps generated with oA-weighted Fourler coefficients 207, -
P! and Fol — IF| showed clear side chain density for most of the
PCAP speclﬂc residues that were omitted for the molecuiar replacement.
These residues were built into 17, — IF! electron density using the
program O (Jones ¢t al, 1991), producing 3 mode! that contained
residues 498-646 of PCAF. After ome round of positional refinement
and simulsicd anncaling (Brunger and Krukowski, 1990) using swict
NCS constraints from 10.0 10 3.0A, IF,l = FJ clecton density maps
showed stroog peuks for the pantothenic acid and the pyrophosphates
of the 3’-phosphatc ADP maiety in coenzyme A in addition to severs)
additional C-terminal progein residucs. Afser including the coenzyme A
and C-terminal protein residues in the model with Q. refinement
proceedod by muliple rounds of posilional refinement, simulatcd
annealing (Brunger and Krukowsld, 1990) and torsion angle dynamics
(Rice and Bruager, 1994) with periodic mode! building in O. Refinement
was extended in resolution steps of 2.7, 2.5 ad 2.3 A using the programs
X-PLOR and CNS-SOLVE (Bringer ef al., 1998). As (e resojution was
exiended, the NC$ restraints were grudually removed. During mods!
building, the model was sdjusted periodically to simulared annealed
omit maps (Bringer ef al., 1957) that were generated over the entirc
strocture by omitting 5~10 rosiducs at & time. At the final stages of
refinement, a bulk solvent correction (Jiang and Brupger, 1994) was
spplied using data from 20.0 to 23 A, and tightly constrained atomnie
B-facter were refined with CNS-SOLVE. Watexr molecules were built
into streng (Fy = o peaks and only retdined i possible hydrogen
bond paurmers could be locawd and if dzy refined to reasomable
atoric B-factors, i

The finul xtructure containg restdues\d93-653 (and o N-terminal
lysine) of complex A and residues 493683 (and an M-ferminal lysine)
of complex B in the asymmetric unit ceil. Complex A, whith makes
roore crystal lattice contacts than complcx B, is better ordered, with an
sverupe atoraic B-factor of 31.8 A2, Residucs in complex B have an
averoge utormie B-factor of 41.1 A%, and the side chains of residues $03,
508, 623, 626, 627, 631 and 636 were modcled as alanines xince side
chain density way not observed for these usiducs ‘n the final electron
density map. Bach protein in the o ric unit is bound to onc
molccule of cocnzyme A Although scetylcoenzyme A was included
during crystallization, neither ccmplex shows strong density for the
acetyl group or the thioester bond of acetylcocozyme A, supgesting
that the rccty] group wes hydrolyzed in solution of that the acety) group
is highly flexible and disordered. The final structwe has an Ry, Of
25.8% and an Rycrklog Of 223% with exceilent gzometry (Tadle () and
none of the non-glycine residucs lying in disallowed regions of the
Ramachandran plot (Kleywegt and Jongs, 1996b). N
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Crystal Structure of the PCAF/Coenzyme A Complex

Adrienne Clements, Jeannie R. Rojas, Raymond C. Trievel, Lian Wang, Shelley L.
Berger, and Ronen Marmorstein

ABSTRACT

The p300/CBP associated factor (P/CAF) is a transcriptional coactivator that was
originally identified through its ability to interact with p300/CBP, and to counteract the
ability of the adenoviral E1A oncoprotein to inhibit p300/CBP-mediated transcriptional
activation. Specifically, P/CAF contains histone acetyltransferase activity that is
associated with transcriptional enhancement and myogenesis. In addition to nucleosomal
histone H3 acetylation, P/CAF enhances transcription by acetylating transcriptional
activators such as p53. In order to gain insight into P/CAF-mediated transcriptional
activation, we have determined the 2.3R crystal structure of the histone acetyltransferase
domain of P/CAF bound to coenzyme A. The structure reveals an o/ globular fold that
contains a central protein core which sits at the base of a pronounced cleft that is formed
by the N- and C-terminal protein segments. The protein core at the base of this cleft
makes extensive contacts with the pantetheine arm of coenzyme A, marking the active
site of this histone acetyltransferase domain. Additionally, correlation of this structure
with extensive mutagenesis data for P/CAF and the homologous yeast GCNS protein
implicates this cleft and the N- and C-terminal segments to play an important role in
histone binding. Inspection of this histone binding region suggests that a glutamate
residue within the protein core plays a catalytic role for histone acetylation. A structural
comparison with the coenzyme A bound forms of the related N-acetylransferases,
HAT1(yeast histone acetyltransferase 1) and SmAAT (Serratia marcescens
aminoglycoside 3 N-acetyltransferase ), implicates the mode of substrate binding and
catalysis by these enzymes and establishes a paradigm for understanding the structure-
function relationships of other enzymes that acetylate histones and transcriptional
regulators to promote activated transcription.



