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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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. PCAF protein reveals that it contains a C-terminal bromo-
The human p300/CBP-associating _ factor, PCAF,  4omain (within residues 725-819), a central histone acetyl-
mediates transcriptional activation through its ability transferase (HAT) domain (within residues 493-653)
to acetylate nucleosomal histone substrates as well  pighy homologous to the GCNS5 transciptional coactivator
as transcriptional activators such as p53. We have ity Tetrahymena(Brownell et al, 1996) and from
deterrlmnedf the 2.3 A cry§tal s'trucgture of thg h|s:jone yeast (Marcuset al, 1994)] and a structurally divergent
acety transzra%e] (HAT) domain ci PCAF c|)un to N-terminal region (Yangt al., 1996). More recently, Roth
coenzyme A. q e.sr:ructure revezAa sb.a d(_:entra dproteln and colleagues have shown that the N-terminal region of
core assoclated with coenzyme INding and a pro- pcaf shares homology with the predominant form of
nounced cleft that sits over the protein core and is 1,0 malian GCNS (Xet al., 1998). Functional character-
flanked on opposite sides by the N- and C-terminal j,4ii0 of the N-terminal segment of PCAF shows that it
protein segments. A corre!at|on of the structure with contains an interaction surface for p300/CBP (Yatgl.,
the extensive mutagenesis data for PCAF and the 1996,y ot al, 1998), other transcriptional activators
homologous yeast GCN5 protein implicates the cleft e 1998 Krumnet al, 1998) and E1A (Chakravarti
and the N- and C-terminal protein segments as playing ¢ o) "1999), and is required for nucleosomal acetylation
an important role in histone substrate binding, and a mediated by the PCAF HAT domain (Yareg al, 1996)
glutam_atle res:dqe |n| thg\ protein clore as playing _a;]n The HAT domain of PCAF has been anaI)}’zed ext.ens-
essential catalytic role. A structural comparison wit . . . :

ively at the amino acid and functional levels. The HAT

the coenzyme-bound forms of the relatedN-acetyl- don)wlain of PCAF shares a high degree of sequence
transferases, HAT1 (yeast histone acetyltransferase 1) homology with GCN5 from various species (GCNS/PCAF

and SmAAT (Serratia marcescensaminoglycoside subfamily of histones acetyltransferases) (Maretisl
3-N-acetyltransferase), suggests the mode of substrate 1994: Brownellet al., 1996 Candaet al, 1996: Smith

binding and catalysis by these enzymes and establishes et al, 1998a) and has functional homology with other

a paradigm for understanding the structure—function i iotional tivat that harbor HAT activit
relationships of other enzymes that acetylate histones - anscriptional coactivators ' that -harbor activity
and transcriptional regulators to promote activated including yeast ESA1 (Smitiet al, 1998b),_and human
uanscripton. 1966), Tipb0 (Yamamoto and Horkoshi, 1657, ACTR
- , Tip amamoto and Horikoshi, ,
oywords acety transferase/coactivator HAT/p300/ (Chenet al, 1997) and SRC-1 (Spencet al., 1997).
g factor ; .

More recently, detailed sequence analysis has revealed
that the HAT domain of PCAF shares limited sequence
homology with a biologically diverse family of GCN5-
Introduction related N-acetyltransferases (GNATs) within three rela-

tively small motifs (15—-33 residues) called A, D and B
The PCAF (p300/CBP-associating factor) transcriptional (Neuwald and Landsman, 1997).
coactivator was identified initially through its ability to In vivo, PCAF has been shown to function in the context
interact with p300/CBP for the transcriptional activation of a large multisubunit protein complex with20 distinct
of many genes, and to counteract the ability of the polypeptides including several of the TATA-binding
adenoviral E1A oncoprotein to inhibit p300/CBP-mediated protein (TBP)-associated factors (TAFs) and human
transcriptional activation (Yangt al, 1996). The same  counterparts to the yeast ADA2, ADA3 and SPT3 proteins
study showed that PCAF contains intrinsic histone acetyl- (Ogryzko et al, 1998). The histone substrate specificity
transferase activity, a property previously demonstrated of PCAF has been characterized, showing a strong prefer-
for the GCN5 transcriptional coactivator (Marcas al., ence for histone H3 and to a lesser extent histone H4
1994; Brownell et al, 1996), and is correlated with (Yanget al, 1996; Xuet al,, 1998). Interestingly, unlike
transcriptional activation (Brownell and Allis, 1996; yeast GCN5 (Kueet al., 1996, 1998; Wangt al., 1998),
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the histone preference of PCAF appears to be similar for
both free and nucleosomal histones. Surprisingly, PCAF
has also been reported to acetylate non-histone substrategrystal parameters

Table |. Data and refinement statistics

including the basal transcription factors TFIIF and the ynit cell dimensions a=97.00Ab=09700Ac=77.85A
B-subunit of TFIIE (Imhofet al, 1997). Recently, we a = 90.00°,8 = 90.00°,y = 120.00°
have reported that PCAF specifically acetylates Lys320 Space group R6

of the p53 transcriptional activatdn vitro, resulting in ~ ASymmetric unit 2 molecules

an increased affinity of p53 for DNA (Liet al, 1999).
Correlatively, we find that these same sites are acetylated

Data collection statistics

A Resolution range 20.0-2.3 A

in vivo in response to DNA damage. Most recently, the Tqtal reflections 94 731
histone acetyltransferase activity of PCAF towards both Unique reflections 17 943
nucleosomal histones and p53 has been shown to be::jsy(rr) iéo?(glg)'S%)
inhibited by the direct binding of E1A to its HAT domain Completeness 96.5% (99.8%)

(Chakravartiet al, 1999). In order to obtain a detailed
view of the mechanism of protein acetylation by PCAF, Refinement statistics

we have determined the crystal structure of its HAT Resolution range 20.0-2.3 A
domain in complex with coenzyme A to a resolution /o cutoff 0.0
of 2.3 A. Final model
Protein atoms 2606
Water atoms 109
Results and discussion CoA atoms 96
Ruorking 22.3%
Overall structure of the PCAF-coenzyme A Riree 26.8%
complex R.m.s. values
The HAT domain of human PCAF (residues 493-658) ggﬂg f:é};hs((/ég %08%7
was overexpressed ischerichia coliand purified to NCS molecules (A) 138
homogeneity using a combination of cation exchange, B-factors (%) 1.64

coenzyme A affinity and gel filtration chromatography. AverageB-factors (&)
Crystals were obtained containing two protomers per Protein (A/Bf 31.5/40.7
. . . Coenzyme A (A/Bj 39.4/52.2
asymmetric unit and the structure was determined by \yaier 39.0
molecular replacement using the unrefined structure of the
nascent HAT domain oTetrahymenaGCN5 as a search  Ryorking = ZIIFol — Fell/ZIFol. _
model (JRRojas, RCTrievel, VMo, XLiy Jzhou, e flfd FAELL uner T es s o o s e
S.L.Berger, C.D.Allis and R'MarmorStem' SmeItted) 3A and B refer to complgxes A and B in the asymmetric unit cell. The
(Table I). The two PCAF protomers in the asymmetric numbers in parentheses are for the highest resolution bins.
unit make modest interprotein interactions and have nearly
identical structure, with an r.m.s. deviation between all
atoms of 1.38 A. flanked by thef4—loop-e3 segment that corresponds to
PCAF has aBaappBapaaf topology and contains a  motif A of the GNAT proteins on one side and tigé—
globular fold except for a pronounced cleft along one side loop-a4 segment corresponding to motif B of the GNAT
of the protein (Figure 1A). It is convenient to think of the proteins on the other side (Figures 1B and 2). Coenzyme A
core as being formed by two tertiary structural elements is bound in a bent conformation (Figure 2C) which helps
near the center of the protein. The first element contains facilitate an extensive set of protein interactions that are
B-strands 2, 3 and 4 aligned in an antiparallel orientation mediated predominantly by the pantetheine arm and the
on top of helixa3, while the second element is formed pyrophosphate group of coenzyme A (Figure 2A). Strik-
by an adjacenB5-strand—loope4-helix. The coenzyme A ingly, all but two groups of the 16 member pantheteine
cofactor is bound between the two elements of the core arm—pyrophosphate chain are contacted by the protein.
along one edge of the protein with its labile sulfhydryl All but one of these contacts are mediated through either
pointing into the protein cleft which is flanked on opposite protein backbone hydrogen bonds or protein side chain
sides by the N- and C-terminal domains of the protein. van der Waals contacts.
Within the N-terminal domain, #-strand forms sheet PCAF residues in the GNAT conserved motifs A and B
interactions with the32-strand of the core, and a helix— interact extensively with coenzyme A. Specifically, res-
turn—helix @1-turn-a2) sits on one side of the protein idues 580 and 582-587 in tigd—loop-a3 region of motif
above the core. The C-terminal domain contains a helix— A make an extensive set of both direct and water-mediated
loop—strand @5—loop-6) which lies opposite the hydrogen bonds with the pyrophosphate group (Figure 2).
N-terminal domain above the protein core and interacts Thr587 also makes the only side chain hydrogen bond to
with the core domain through parallel sheet interactions the coenzyme, through a pyrophosphate oxygen. The

betweenp5 and[36. aliphatic side chain of GIn581 and a Cys—Ala—Val sequence
(residues 574-576) at the tip of tifid-strand makes an
Mode of coenzyme A binding by PCAF extensive set of van der Waals contacts throughout most

The coenzyme A cofactor is bound in a cavity formed on of the length of the pantetheine arm. In addition, the
the surface of the core region of PCAF and buries over backbone residues of Cys574 and Val576 form hydrogen
one-half of the coenzyme A accessible surface area andbonds with the pantetheine arm. Residues in3keloop—
~520 A2 of protein surface area (Figures 1A and 2). It is a4 region of GNAT motif B make predominantly van der
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Crystal structure of the PCAF-coenzyme A complex
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Fig. 1. (A) Structure of the PCAF-coenzyme A complex. The four domains of the protein are color-coded, with the two structurally conserved
subdomains that make up the core, motifs A—-D and motiftsed on structural conservation), colored blue and green, respectively. The N- and
C-terminal protein segments flanking the core are colored magenta and gold, respectively. Coenzyme A is col@&egdefice alignment of

the GCN5/PCAF family of HAT domains. The primary sequence of the HAT domain of human PCAF (hP/CAF) used for the structure determination
is shown at the top of the alignment. Sequences from the homologous HAT domains from GCN5 oAyaaisiopsis Drosophila human and
Tetrahymenare aligned (CLUSTAL program) and displayed (BOXSHADE program). Black and gray backgrounds are used to indicate identical
and/or conserved residues found in at least 50% of the proteins at a given position, respectively. Secondary structural elements within the HAT
domain of PCAF are shown above the sequence alignment@Tsgmbol indicates residues that are buried within the core of the proteif]the

symbol indicates residues that contact the coenzyme A cofactor via backbone hydrogen bopdsytiieol indicates residues that contact

coenzyme A through side chain interactions, andhsymbol indicates residues that are highly conserved within the GCN5/PCAF family and that
are in sufficient proximity to facilitate substrate binding and/or catalysis. Positions of alanine mutations that decrease HAT activity in human PCA
(Martinez-Balbast al., 1998) and in the homologous yeast GCN5 protein are indicated below the sequence alignment: triple mutations are indicated
with gray bars (Wangt al.,, 1998) and single mutations are indicated with black bars (&ual., 1998). Mutations that have a negligible effect on

the HAT activity of yGCN5 are indicated with open rectangles. GNAT motifs D, A and B identified by Neuwald and Landsman (1997) are indicated
below the sequence alignment.
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Fig. 2. The coenzyme A-binding siteAj Schematic drawing of PCAF interactions with coenzyme A. Hydrogen bonds are indicated with black

arrows, and van der Waals interactions are indicated with white arr@y<C¢enzyme A—protein interactions. Protein residues that make van der

Waals contacts and hydrogen bonds (dotted line) are indicai@dA-weighted F—F, omit map around the pantetheine arm of the coenzyme A

cofactor. The map was generated by omitting residues within a 4.5 A radius of the cofactor followed by simulated annealing dynamics refinement at
a temperature of 1000 K. The map is contoured atol.B portion of coenzyme A is indicated in red and the surrounding protein is indicated in

green. The gold spheres indicate ordered water molecules.
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Crystal structure of the PCAF-coenzyme A complex

Fig. 3. Functional implications of the PCAF—coenzyme A compleéX) Highly conserved residues within the GCN5/PCAF subfamily of

acetyltransferases are mapped onto the PCAF protein. Residues that are associated with coenzyme A interaction are shown in red, residues that are
implicated in substrate binding and/or catalysis are shown in green. The remaining strictly conserved residues that are largely buried amg presumab
important for protein stability are omitted for clarity. Residue numbers at the borders of secondary structural elements are indicated fr referenc

(B) Mutations in human PCAF (Martinez-Balbas al., 1998) and yeast GCN5 (Kuet al, 1998; Wanget al, 1998) that decrease HAT activity are

mapped onto a schematic representation of the PCAF HAT domain. The color coding is the same as in (A), and residues involved in protein stability
are shown in gold.

Waals contacts with th@-mercaptoethylamine segment group interacts less extensively with the protein in the

of the pantetheine arm and thus play a major role in PCAF-coenzyme A complex. In general, residues in the
orienting the reactive sulfhydryl atom (atom 1, Figure 2) a4-helix make van der Waals contacts with the adenosine
for acetyl transfer. The protein residues involved are base; however, the contacted atoms differ between the
Ala613, Tyr616 and Phe617, while Tyr616 also makes two PCAF protomers of the asymmetric unit cell, and the

van der Waals contacts with the end of the pantetheine 3'-phosphate ADP group is structurally variable between

arm near the pyrophosphate group. the two protomers.

Two residues in the non-conserved (within the GNAT  The functional importance of the PCAF—coenzyme A
family) N-terminal segment of PCAF also interact with interactions correlates almost perfectly with the amino
coenzyme A. These residues, GIn525 and Leu526, whichacid conservation within the GCN5/PCAF subfamily of
sit above the core and on one side of the putative substrate-acetyltransferases and mutational analysis (Figures 1B and
binding cleft, make van der Waals contacts with the 3). Strikingly, 13 of the 17 protein residues that contact
pantetheine arm of coenzyme A (Figure 2). The proximity coenzyme A are strictly conserved within the GCN5/
of these residues to the cofactor—substrate junction sug-PCAF subfamily of acetyltransferases (this includes
gests that they play an important role in substrate-specific Gly615 which makes variable van der Waals contacts with
binding and/or catalysis. In contrast to the pantetheine the adenosine base), and of the remaining four residues
arm and pyrophosphate group of coenzyme A, which only conservative changes are observed (Figures 1B and
make extensive protein interactions that are conserved3A). In addition, 12 of the protein residues that contact
between both PCAF protomers in the asymmetric unit coenzyme A are sensitive to mutation in the form of either
cell, the adenosine base of thé-ghosphate adenosine single (Kuoet al, 1998) or triple (Wanget al, 1998)
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alanine substitutions. In particular, the yeast GCN5 to lle637, Tyr640, Thr644 and Leu645 were all found to be
mutation KQL (corresponding to residues 524-526 in the among the most debilitating mutations (Kabal., 1998).
al-loop region of PCAF), and IGY and FKK (correspond- Interestingly, residues proximal to the coenzyme A-
ing to residues 614-616 and 617-619 in the helix of binding site, but not directly involved in coenzyme A
PCAF) were among the most debilitating mutations for binding, are also highly conserved and sensitive to muta-
both growth and transcriptiom vivo and HAT activity tion. These residues cluster to the loop immediately
in vitro (Wanget al., 1998). Moreover, single mutations following the 35 strand (Figure 1B). Specifically, Ala609
of nearly all the residues in thg4—loop-e3 region that and Asp610 are strictly conserved within the GCN5/PCAF
make coenzyme A contacts in our structure have dramatic subfamily of HAT proteins, and the triple DNY mutation

effects on HAT activityin vitro (Kuo et al., 1998). in yeast GCNb5, corresponding to residues 610-612 of
PCAF, are defective in both growth and transcription

Histone/transcription factor substrate binding by in vivo and HAT activity in vitro (Wang et al, 1998)

PCAF (Figure 3). These results suggest that this region of PCAF,

A striking feature of the PCAF—coenzyme A complex is at the junction between the cleft and the coenzyme A-
the pronounced cleft that is situated above the protein binding site, also plays an important role in substrate
core and flanked on opposite sides by the N- and C-terminal binding and/or catalysis.
protein segments. There are several structural character-
istics of this cleft which implicate it as the site for binding Catalysis by PCAF
by histone and transcription factor substrates. First, at the Acetyl-coenzyme A-dependent transferases catalyze the
base of the cleft is an acidic patch formed by the side transfer of an acetyl group to the substrate through one
chains of Glu570 and Asp610, as well as the backbone of two mechanisms. The ping-pong mechanism involves a
carbonyls of Ile571, Val572 and Tyr608, creating an covalent protein intermediate in which acetyl-coenzyme A
attractive site for the basic lysine substrate (Figure 4B). binds to the enzyme and acetylates an active site nucleo-
Secondly, the cleft has approximate dimensions of phile which in turn transfers the acetyl group to the
10x10x20 A, which could easily accommodate a protein substrate. The second mechanism requires formation of a
strand harboring the reactive lysine side chain (Figure 1A). ternary protein—cofactor—substrate complex and proceeds
Thirdly, relatively flexible loops (with relatively high  through the direct nucleophilic attack of substrate on
atomic B-factors) sit directly above the cleft between the acetyl-coenzyme A. This ternary complex mechanism
al-a2 anda5-36 regions and are in position to undergo usually requires the presence of a protein side chain to
any minor structural rearrangements that may be necessangerve as a general base for substrate proton extraction to
to accommodate substrate binding (Figure 4A). Most facilitate acyl addition. Inspection of the PCAF structure
importantly, the cleft sits directly above the coenzyme A reveals that there is no residue in the proximity of the
cofactor in the appropriate geometrical juxtaposition for active site to function as a nucleophile via the ping-pong
catalysis. mechanism. Cys648, which in theory could act as a
The high degree of amino acid conservation within nucleophile, is strictly conserved in the GCN5/PCAF
the GCN5/PCAF subfamily of acetyltransferases and the subfamily of acetyltransferases, but is too far from the
mutational sensitivity of regions proximal to the cleft active site to play a catalytic role. The inability of
is consistent with its importance in substrate binding Brownell and Allis (1995) to prepare a covalefitiJacetyl
(Figures 1B and 3). A mapping of highly conserved intermediate of TetrahymenaGCN5 using fH]acetyl-
residues within the GCN5/PCAF subfamily onto the PCAF coenzyme A also argues against a ping-pong mechanism
structure shows that a large number of them map to buriedfor PCAF.
residues important for protein stability or to residues that  Inspection of the substrate-binding cleft of PCAF reveals
interact with coenzyme A. Significantly, the majority of that there are two residues that are in sufficient proximity
the remaining residues map to regions within or flanking to act as a general base for catalysis via a ternary complex
the pronounced protein cleft that sits above the core mechanism (Figure 4A). These residues, Glu570 in the
(Figure 3A). In particular, regions proximal to the two p4-strand and Asp610 in the loop between fitestrand
loop regions flanking the cleft contain large patches and thead4-helix, are both located in the core domain of
of conserved residues. Specifically, residues 525-534PCAF and are strictly conserved within the GCN5/PCAF
(QLPXMPKEYI) in the loop-e2 region and residues 635— subfamily of histone acetyltransferases. Mutational ana-
646 (GYIKDYXGATLM) in the loop-36 region are highly lysis strongly favors the catalytic involvement of Glu570
conserved and are in position to interact with a substrate since mutation of the corresponding residue in yeast GCN5
that may bind in the protein cleft. Correlating well (Glul73) to alanine or glutamine is one of the most
with the importance of these residues is their mutation debilitating mutations within the HAT domain of yeast
sensitivity in the yeast GCN5 homolog for growth and GCNS5 in both transcriptional activation vivoand histone
transcriptionin vivo and HAT activityin vitro (Kuo et al., acetylation in vitro (Wang et al, 1998; R.Howard,
1998; Wanget al., 1998) (Figure 3B). Specifically, the R.C.Trievel, R.Marmorstein and S.L.Berger, unpublished).
triple alanine yeast GCN5 mutation corresponding to PRM In contrast, mutation of the yeast counterpart of Asp610
in residues 527-529 of PCAF was among the most in PCAF is only marginally compromised in both transcrip-
debilitating triple mutation identified (Wanet al., 1998). tional activationin vivo and histone acetylatiom vitro
The C-terminal loopB6 region was found to be even (Kuo et al., 1998).
more mutationally sensitive. The yeast GCN5 KDY triple Close inspection of the protein environment proximal
mutation corresponding to residues 638-640 of PCAF to Glu570 shows that it is in an ideal environment to play
(Wanget al.,, 1998) and the single mutations corresponding a catalytic role (Figure 4). First, Glu570 is located proximal
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Fig. 4. Histone acetyltransferase active site of PCAK) Detailed view of the PCAF active site. A close-up view around the putative general base
Glu570 is shown in red with thB-mercaptoethylamine moiety of the coenzyme A shown in aqua. Hydrophobic and polar side chains are indicated

in blue, the one acidic side chain in the vicinity, Asp610, is indicated in pink, and two basic side chains in the vicinity, Arg561 and Lys632, are
indicated in green.R) Electrostatic surface of PCAF looking into the active site. Red indicates regions of negative electrostatic potential, blue
indicates regions of positive electrostatic potential and white indicates neutrally charged regions. Coenzyme A is indicated as a stick figure.

(C) Proposed reaction mechanism. Protein residues and coenzyme functionalities that play a direct role in the catalytic mechanism are indicated. The
hydrophobic residues (F563, F568, 1571, V572, L606, 1637 and Y640) that function to raisklué fhe catalytic base (E570) and the backbone

NH of C574 that serves to stabilize the tetrahedral reaction intermediate are indicated.
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to an acidic patch described above which forms an sugar and adenine base adopt different conformations
attractive surface for the basic lysine substrate (Figure 4B). (Figure 5B). Significantly, the majority of the interactions
Secondly, the carboxylate of Glu570 is surrounded by between the A motif of the structurally conserved core
several hydrophobic residues (Phe563, Phe568, lle571,and the pantetheine arm and pyrophosphate group of
Val572, Leu606, 11le637 and Tyr640) that probably function coenzyme A are conserved between the three proteins
to raise the [, of the glutamate side chain and thus (Figure 5C). Specifically, a stretch of seven residues in a
facilitate proton extraction from the lysine substrate. loop—helix region (residues 581-587 in PCAF) make a
Thirdly, the carboxylate of Glu570 is only ~11.5 A away conserved set of backbone contacts to the pyrophosphate
from the putative position of the reactive thioester (adjusted group of coenzyme A. Significantly, these residues harbor
by a rotation about the 2—-3 bond, Figure 2A) of acetyl- the conserved and mutationally sensitive Q/RxxGXG/A
coenzyme A (Figure 4A). Depending on where the lysine motif found in a large number of coenzyme A-binding
substrate binds, proton extraction may proceed directly proteins (Luet al,, 1991; Neuwald and Landsman, 1997),
through the carboxylate of Glu570 or, alternatively, and shown in this and other studies to be an important
through a water molecule. Consistent with the involvement structural component for coenzyme A binding (Dutnall
of a water molecule in catalysis is the presence of a water et al,, 1998; Wolfet al., 1998). In addition, a three amino
molecule tightly bound to the carboxylate oxygen of acid stretch of residues at the tip of tBestrand of motif
Glu570 which is closest to the coenzyme. Significantly, A (residues 574-576 in PCAF) and the first residue of
this water is present in both PCAF complexes in the the Q/RxxGxG/A motif (residue 580 in PCAF) also make
asymmetric unit. The final requirement for catalysis is conserved van der Waals and hydrogen bond interactions
the presence of hydrogen bond donors to stabilize the throughout the pantetheine arm of the coenzyme A.
tetrahedral reaction intermediate involving the substrate, Residues just C-terminal to the structurally conserved
PCAF enzyme and acetyl-coenzyme A cofactor. The only B’ motif also make coenzyme A contacts in all four
potential hydrogen bond donor in the binary complex is protein structures (PCAF, HAT1, SmAAT and NMT);
the backbone NH of Cys574, although in the presence of however, there is no pattern of conservation between these
substrate additional donors may also be provided by onecontacts. The importance of these residues in the HAT
or more backbone NHs of the histone or transcription activity of PCAF is suggested by their strict conservation
factor substrate. Based on the discussion above, we propose&vithin the GCN5/PCAF subfamily and by their high

a mechanism for catalysis illustrated in Figure 4C. degree of mutational sensitivity (Figure 1B). Interestingly,
these residues are located in a region overlapping the

Implications for core domain structure and putative substrate-binding site of PCAF. Taken together,

coenzyme A binding for other N-acetyltransferases these observations suggest that the protein regions just

Recently, the structures of the coenzyme A-bound forms C-terminal to motif A of the core may play an important
of two other members of the GNAT superfamily of general role in correctly orienting acetyl-coenzyme A for
N-acetyltransferases have been reportedccharomyces  substrate-specific catalysis and/or play a direct role in
cerevisiae histone acetyltransferase 1 (HAT1) (Dutnall substrate-specific recognition. Consistent with this hypo-
et al, 1998) and th&erratia marcescensminoglycoside  thesis, PCAF and HAT1, which acetylate protein sub-
3-N-acetyltransferase (SmAAT) (Wolét al., 1998). A strates, show an extension of the homology within the
structural comparison of the PCAF HAT domain with motif B’ regions to an additional helical segment[in
these proteins reveals that the PCAF core domain, formedPCAF, and a9 in HAT1 (Dutnall et al, 1998)]. In
by motifs A and D, superimposes well, with r.m.s. devi- contrast, SmAAT, which catalyzes the acetylation of an
ations between gatoms for PCAF compared with HAT1  aminoglycoside substrate, contairfs-strand in the corres-
and SmAAT of 0.74 and 0.80 A, respectively (Figure 5B). ponding position (Wolfet al., 1998).
Interestingly, the recently published structure of  Taken together, the degree of structural conservation
N-myristoyl transferase (NMT) (Bhatnagat al., 1998; within the A and D motifs of the GNAT proteins (Neuwald
Westonet al., 1998), which uses a myristoyl-CoA cofactor and Landsman, 1997) PCAF, HAT1 (Dutnetl al., 1998)
to modify the N-terminal glycine of substrate proteins, and SmAAT (Wolfet al., 1998), as well as the conservation
also shows homology within the core domain of PCAF of coenzyme A contacts within these proteins, suggests
(r.m.s. between Catoms of 0.93 A), despite the fact that that other GNAT family members will share homologous
NMT shows no sequence homology with the GNAT structural and functional coenzyme A-binding properties.
superfamily ofN-acetyltransferases (Modis and Wierenga, The fact that this structural homology also extends to the
1998). Surprisingly, motif B (Figure 1B) of the GNAT unrelated NMT protein (Bhatnagast al, 1998; Weston
superfamily, which shows sequence homology comparableet al., 1998) suggests that the core domain of PCAF may
with that of motifs A and D (Neuwald and Landsman, form a structural paradigm that extends beyond just
1997), shows no structural homology between the PCAF, the acetytransferase proteins that constitute the GNAT
HAT1 and SmAAT proteins (Figure 5A). Instead, there is superfamily (Neuwald and Landsman, 1997).
a small region of structural homology between these
proteins just C-terminal to motif A which forms a short Implications for substrate binding and catalysis by
turn—strand—turn substructure which we call motif B other N-acetyltransferases
(Figure 5C). Regions N- and C-terminal to the PCAF core domain
Superposition of the core domain of PCAF with the show no sequence homology with other acetyltransferase
corresponding regions of HAT1 and SmAAT shows an enzymes. Interestingly, however, the N-terminal segment
excellent superposition of the pantetheine arm and pyro- of PCAF shows structural homology with the HATL,
phosphate groups of coenzyme A, while the ribose SmAAT and NMT proteins (Figure 5A). The structural
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PICAF

HAT1
Cc )

hP/CAF 545 T 2
YHAT1 176 1YW LNKKTK EL
SMAAT 78 A AFD--QEA|

Motif D

hp/car — I —
YHAT1 - ————
SmAAT ———

hP/CAF 602 - LNFLT 442 D ENS

YHAT1 248 s EDPNA

SmAAT 139 -AYV v A D3
Motif B’

Fig. 5. Comparison with other acetyltransferase enzymesS@perposition of the PCAF, HAT1 (Dutnadt al., 1998) and SmAAT (Wolkt al.,

1998) proteins. The color coding for PCAF, HAT1 and SmAAT is red, blue and aqua, respectively. The NMT (Bhatrelgat998; Westoret al.,

1998) protein shows a comparable superposition but was omitted for clarity. Only the coenzyme A cofactor from PCAF is shown in yellow for
clarity. (B) Superposition of the core domain and coenzyme A-binding site for PCAF, HAT1 and SmAAT. In the superposition, the core domain
(motifs D, A and B) is superimposed. Residues 199, 209 and 210 of HAT1 were omitted for clarity. Coenzyme A is shown in the color of the
protein with which it is associatedC§ Sequence and secondary structure alignment of PCAF, HAT1 and SmAAT®T8yenbol indicates residues

that play conserved roles in protein stability, and the box symbols indicate residues that play conserved roles in coenzyme A bindgygnhioé
indicates backbone interactions and fhesymbol indicates side chain interactions with coenzyme A. Secondary structural elements of the respective
proteins are shown above the sequence alignment. The alignment of the B motif of HAT1 was based on the structural alignment with PCAF and
differs from the sequence alignment described by Neuwald and Landsman (1997). We have called this modified version of motif B, initially

described by Neuwald and Landsman, motif B

o
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homology between these proteins is formed ify¢strand— that Glu167 of NMT is in an almost identical position to
turn-a-helix—turn, in which the3-strand forms conserved  Glu570 of PCAF. Although this does suggest a catalytic
sheet interactions with the core domain and dhkelix— role for Glu167 in NMT, recent mutational and structural
turn region sits above the protein core of PCAF. Regions studies indicate that the C-terminal carboxylate group of
C-terminal to the core domain of PCAF show no structural NMT (which is in approximately the same region) plays
homology with HAT1, SmAAT or NMT (Figure 5A). a more important catalytic role (Rudnickt al, 1992;
This observation, coupled with the apparent functional Bhatnagaret al.,, 1998; Westoret al., 1998).
importance of the N- and C-terminal segments of PCAF
for substrate binding specificity, suggests that the corres- Conclusion
ponding regions of other members of the GNAT super- The structure of the PCAF-coenzyme A complex has
family also play an important role in substrate binding revealed an enzyme primed for substrate binding and
specificity. This hypothesis is consistent with a general catalysis. Coupled with the extensive mutational data on
model in which substrate binds over the structurally PCAF (Martinez-Balbast al., 1998) and the highly related
conserved core domain in close juxtaposition to the acetyl- yeast GCN5 enzyme (Kuet al., 1998; Wanget al., 1998),
coenzyme A cofactor. This binding is mediated by the the PCAF HAT domain structure affords the details of
N- and C-terminal protein segments which contribute cofactor binding and has implications for the mechanism
specificity determinants for substrate; the N-terminal of substrate binding and catalysis. Comparison with the
portion contributes a homologous structural scaffold con- structures of HAT1, SmAAT and NMT implies that
taining substrate-specific side chain determinants, whereasother N-acetyltransferases, such as those that function
the C-terminal segment also contributes to substrate bind-to acetylate histone and transcription factor substrates
ing through structure-specific components. As described including ESA1, TAR250 and CBP, may have similar
in the preceding section, the structurally divergent motif B structural and functional properties. Further insights will
(Neuwald and Landsman, 1997) of the core domain may undoubtedly be provided by the structure of other HAT
also play a role in substrate-specific binding by the GNAT enzymes, appropriate ternary enzyme complexes with
superfamily ofN-acetyltransferases. coenzyme A and substrate, and detailed biochemical
The identification of the general base within the core analysis of substrate binding and enzyme catalysis.
domain of PCAF, coupled with the conservation of the Nonetheless, the structure presented here forms a paradigm
core domain structure and the mode of coenzyme A for substrate-specific binding and catalytic mechanism,

binding within the HAT1, SmAAT and NMT acetyltrans-

not only for the GCN5/PCAF subfamily of histone acetyl-

ferases, leads to predictions about the mechanism oftransferases, but also for othBracetyltransferases that
catalysis for these other acetyltransferases. Foremost, itfunction to acetylate histones, transcription factors, or
seems likely that like PCAF, these other acetyltransferasesother protein or small molecule substrates.

carry out catalysis through a ternary complex mechanism.

This is supported further by the absence of conserved Materials and methods

residues within the active sites of the HAT1, SmAAT and
NMT enzymes that may play a role as a nucleophile in a

Expression and purification of the recombinant PCAF HAT

proposed ping-pong mechanism. Interestingly, a structural domain

superposition of the core domain of PCAF with the
respective core domains of HAT1, SmAAT and NMT

The DNA sequence encoding residues 493-658 (includirg-earminal
Met-Lys sequence) of PCAF was amplified by PCR and subcloned into
the pRSET-A vector (Invitrogen) for overexpression. The plasmid was

reveals the presence of acidic residues that superimposeransformed intd.colistrain BL21(DE3) and overexpressed by induction

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 Asp110
of SmAAT, located on g-strand that is analogous to the
PCAF [34-strand, is in position to act as a general base
for catalysis (Figure 5B). This is consistent with the
proposed catalytic role of this residue by Burley and co-
workers (Wolfet al., 1998), and with the assumption that
the bound spermine molecule in the SmAAT structure
mimics the position that would be occupied by the
aminoglycoside substrate (Wadft al., 1998). Superposi-
tion of PCAF with the core domain of HAT1 reveals that
the Glu255 of HAT1, emanating from B-strand just
C-terminal to the conserved A motif, maps closely to the
position of Glu570 of PCAF (Figure 5B). Interestingly,
this glutamate residue in HAT1 forms an insertion site
relative to the homologous position of PCAF and SmAAT
within the structurally conserved motif’BFigure 5C).
Consistent with the importance of Glu255 in catalysis by
HATL1 is its strict conservation across different species of
HAT1 (Dutnall et al., 1998). Interestingly, a superposition
of the core domain of PCAF with the respective core
domain of NMT from Saccharomyces cerevisiaeveals
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with 0.5 mM isopropylB-p-thiogalactopyranoside (IPTG) and grown at
15°C for 12 h. Following sonication, the protein, which was contained
predominantly within the soluble fraction, was purified with sequential
use of SP-Sepharose (Pharmacia) cation-exchange, coenzyme A—agarose
(Sigma) and Superdex 75 (Pharmacia) gel filtration chromatographies.
Gel filtration revealed that the PCAF HAT domain was monomeric in
solution. Purified protein, which was judged to 589% pure by SDS—
PAGE, was concentrated to ~20—-40 mg/ml, flash frozen, and stored at
—70°C in a buffer containing 20 mM Na-citrate pH 6.0, 150 mM NacCl,
10 mM B-mercaptoethanol.

Crystallization and data collection

Crystals of the PCAF—coenzyme A complex were obtained at 20°C
using the vapor diffusion hanging drop method. An aliquot (Bh6of

a protein—cofactor mix, containing 10 mg/ml of protein with a 2-fold
molar excess of cofactor, was mixed with an equal volume of reservoir
solution containing 1.3-1.6 M L8O, and 0.1 M Tris—HCI pH 8.5.
Although Na-acetyl-coenzyme A was used as the cofactor in the
crystallizations, only coenzyme A was modeled in the final structure
(see discussion below). Equilibration of the crystallization drop against
1 ml of reservoir solution produced rod-shaped crystals within 2—-3 weeks
with average cell dimensions of 0x®.08<0.08 mm. Crystals were
transferred sequentially into a cryoprotectant solution containing 1.5 M
Li, SOy, 0.1 M Tris—HCI pH 8.5 and 15% ethanol prior to flash freezing
them in liquid propane for data collection. Diffraction data was collected
on beamline X4-A X = 1.0009q) at the National Synchrotron Light
Source at Brookhaven National Laboratory from a single crystal at
—180°C using a Raxis IV image plate detector. The data were processed
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