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The Sulfolobus solfataricus protein acetyltransferase (PAT)
acetylates ALBA, an abundant nonspecific DNA-binding pro-
tein, onLys16 to reduce itsDNAaffinity, and theSir2deacetylase
reverses the modification to cause transcriptional repression.
This represents a “primitive” model for chromatin regulation
analogous to histone modification in eukaryotes. We report the
1.84-Å crystal structure of PAT in complex with coenzyme A.
The structure reveals homology to both prokaryotic GNAT
acetyltransferases and eukaryotic histone acetyltransferases
(HATs), with an additional “bent helix” proximal to the sub-
strate binding site that might play an autoregulatory function.
Investigation of active site mutants suggests that PAT does not
use a single general base or acid residue for substrate deproto-
nation and product reprotonation, respectively, and that a dif-
fusional step, such as substrate binding, may be rate-limiting.
The catalytic efficiency of PAT toward ALBA is low relative to
other acetyltransferases, suggesting that there may be better,
unidentified substrates for PAT. The structural similarity of
PAT to eukaryotic HATs combined with its conserved role in
chromatin regulation suggests that PAT is evolutionarily
related to the eukaryotic HATs.

Sulfolobus solfataricus, a thermoacidophile, is a member of
the archaeal domain of life, and is likely to have diverged from
bacteria and eukaryotes early during evolution. Despite its lack
of a nucleus or other organelles, archaeal DNA replication and
chromatin regulation seem to more closely resemble
eukaryotes than bacteria (1, 2). Sulfolobus belongs to the phy-
lum Crenarchaeota, which lacks histones, and instead uses two
analogous chromatin proteins: Sul7d and ALBA3 (acetylation
lowers binding affinity). Both proteins have been shown to
undergo post-translational modification in Sulfolobus. Sul7d is

monomethylated (3) and ALBA is acetylated (4, 5). The acety-
lation of ALBA by protein acetyltransferase (PAT) on Lys16 has
been shown to reduce DNA-binding affinity, and deacetylation
ofALBAby archaeal Sir2 deacetylase has been shown to repress
transcription in what appears to be a primitive form of chroma-
tin regulation by reversible post-translational modification (4,
5). PAT is also likely to regulate other proteins in Sulfolobus.
Based on its homology to PAT from Salmonella enterica, PAT
from Sulfolobusmay also play a role in metabolism by regulat-
ing the activity of acetyl-coenzyme A synthetase (6).
There are at least four families of histone acetyltransferases

(HATs) in eukaryotes: the Gcn5/PCAF family that also shows
sequence and structural homology to the GNAT (Gcn5-related
acetyltransferase) superfamily, which includesmany smallmol-
ecule acetyltransferases such as antibiotic acetyltransferases
(aminoglycosideN-acetyltransferases) and serotoninN-acetyl-
transferase; the MYST family, named from the founding mem-
bers of MOZ, Ybf2/Sas3, Sas2, and Tip60; the metazoan-spe-
cific transcriptional coactivators p300 and CREB-binding
protein; and the recently characterized fungal-specific
Rtt109 (regulator of Ty1 transposition gene product 109).
Recent structures of p300 and Rtt109 reveal that these seem-
ingly unrelated HAT families share considerable structural
homology throughout the HAT domain, even in the absence
of sequence homology (7, 8). Strikingly, each of the HAT
families contains a homologous acetyl-CoA binding core
segment. This raises the possibility that the eukaryotic
acetyltransferase families may have evolved from a common
ancestral or “primordial” scaffold.
Efforts to characterize the diversity in structure, mechanism,

and substrate selectivity derived from a conserved acetyl-CoA
binding scaffold by the different families of HATs are ongoing
and the topic is covered in depth in recent reviews (9–11).
Kinetic analysis combined with structural information has
revealed significant diversity in the mechanism and catalytic
residues employed in the reaction. For some HATs the rate-
determining step is the deprotonation of the incoming sub-
strate lysine to activate it for direct nucleophilic attack on the
acetyl-CoA in anOrdered Bi Bi ternary complexmechanism. It
has been demonstrated for Gcn5 that a mutation of the con-
served general base glutamate residue (173 in Saccharomyces
cerevisiae) to glutamine leads to a 320-fold reduction in activity
(12). Other acetyltransferases do not appear to depend on a
single general base residue. An investigation of the catalytic
residues in serotonin acetyltransferase found that His120 and
His122 had redundant roles as the general base (13). Some ambi-
guity remains about whether all acetyltransferases use a ternary
complex mechanism. A ping-pong mechanism, in which the
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acetyl group is temporarily transferred to a nucleophilic side
chain in the active site to form an acetyl-enzyme intermediate
has been proposed for yeast Esa1 (14); however, a more recent
investigation of Esa1 activity in complex with other subunits
reports data that supports a ternary complex mechanism (15),
suggesting that other associated protein factorsmight influence
HAT activity. Structural and enzymatic studies on the p300/
CBP HAT reveals that it employs a conserved tryptophan and
tyrosine for catalysis with the tyrosine likely functioning as a
general acid with no key general base residue and a Theorell-
Chance Bi Bi ternary complex mechanism (7). Finally, recent
enzymatic studies on the Rtt109 histone acetyltransferase
reveals a more complex reaction mechanism that does not fol-
low Michaelis-Menten kinetics and key general acid and base
residues have not yet been identified (8). Together, the picture
that emerges is that the four histone acetyltransferase families
have evolved to use a conserved templating structural scaffold
to mediate acetyl transfer, albeit through different chemical
strategies.
The regulation of chromatin through acetylation and

deacetylation of ALBA in Sulfolobus is a valuable paradigm for
understanding the origins of gene regulation by HATs in
eukaryotes. The structure of ALBA from Sulfolobus has been
reported (16). Structures and biochemical characterization of
the archaeal Sir2 deacetylase have also been carried out (17, 18).
Here we report the structure of PAT from S. solfataricus to
complete the structural basis for this model system. We then
report the results of mutational analysis to probe the mecha-
nism and substrate selectivity of PAT, and we discuss the sim-
ilarities and differences between PAT and the more complex
eukaryotic HATs.

EXPERIMENTAL PROCEDURES

PATCloning, Expression, andPurification—The gene encod-
ing PAT from S. solfataricus, amino acids 1–160, was cloned
into a pET-28a vector using NdeI and XhoI restriction sites.
Overnight expression at 18 °C in BL21(DE3) (Novagen) yields
PAT with a thrombin cleavable His6 tag. Following lysis and
nickel-nitrilotriacetic acid purification, the histidine tag was
removed by incubation with thrombin protease at 4 °C over-
night. The cleavage productwas then further purified by Super-
dex-200 size exclusion chromatography in 25mMTris-HCl, pH
7.5, 200 mM NaCl buffer. The protein was finally concentrated
to 35 mg/ml and stored at 4 °C until use. A plasmid expressing
glutathione S-transferase-tagged ALBA protein was a generous
gift of Professor MalcolmWhite and ALBA was expressed and
purified as described previously (19). Protein mutants were
generated by site-directed mutagenesis based on the
QuikChange protocol from Stratagene (20). The point mutants
were purified as described above. A selenomethionine deriva-
tive of PAT was prepared by expressing PAT in a methionine
auxotroph strain of Escherichia coli, B834 (Novagen), in mini-
malmedium (MolecularDimensions, Ltd.) containing 50�g/li-
ter of selenomethionine (Sigma) and was purified as described
above.
Crystallization and Data Collection—A PAT-coenzyme A

complex for crystallization was prepared by mixing concen-
trated PAT, with concentrated coenzyme A, in a 1:2 molar

ratio. The final concentration of PAT for crystallization was 30
mg/ml. Crystals of PAT-CoA were grown by hanging drop
vapor diffusion in 20 days at 20 °C using awell solution contain-
ing 0.1 M MES, pH 6.5, and 12% PEG 20,000. Crystals were
cryoprotected usingwell solution supplementedwith 30% glyc-
erol. A three wavelength MAD dataset was collected at beam-
line 23ID-D of the Advanced Photon Source. Data were pro-
cessed using HKL2000 (21).
Structure Determination and Refinement—The three wave-

length anomalous signal (MAD) was used to find three sele-
nium sites in the asymmetric unit using Solve and Resolve (22,
23). Model building was carried out with Coot (24) and refine-
ment done with CNS (25). The model was initially refined with
simulated annealing, energy minimization and group B-factor
refinement. For later stages of refinement, solvent molecules
were added to the model and individual atomic B-factors were
refined. The final model was checked for errors against a sim-
ulated annealing omit map. Refinement of the structure
resulted in a model with excellent statistics and geometries
(Table 1). Figures were prepared using PyMOL (DeLano Scien-
tific, Palo Alto, CA) and CCP4mg (26).
PAT Acetyltransfer Assays—PAT assays were carried out

with 1 �M PAT at 75 °C for 1 h in 25 mM Tris-HCl, pH 8.0, 50
mM NaCl, and 0.01% bovine serum albumin buffer. For com-
parison of wild type and mutant PAT activities, concentra-
tions of 833 �M acetyl-CoA and 3 mM ALBA 11-mer peptide,
with the sequence VLIGKKPVMNY, were used. Radiolabled
[14C]acetyl-coenzyme A (4 mCi/mmol) from PerkinElmer
Life Sciences was used to measure the formation of acety-
lated product. Following 75 °C incubation, 30-�l reaction
mixtures were cooled to 4 °C to quench the reaction, 4 �l of
1 M HEPES pH 7.5 was added to adjust the pH, and 20 �l of
the reaction mixture was bound to P81 paper (Whatman).
The paper disks were washed three times for 5 min for each
wash, with 10mMHEPES pH 7.5 to remove unreacted acetyl-
CoA, and then dried with acetone. Scintillation fluid was
added and signal was measured using a Packard Tri-Carb
1500 liquid scintillation analyzer. The values derived from a
reaction lacking PAT and from a reaction lacking substrate
were subtracted from the counts to account for both back-
ground acetyl transfer in the absence of enzyme and possible
autoacetylation of PAT. SubstrateKm values were determined
by titrating substrate with acetyl-CoA concentration fixed at a
saturating concentration of 500 �M. Counts were converted to
rate using a standard curve, and data were fit to a one-site bind-
ing equation in Graph Pad Prism software. Acetyl-CoA Km val-
ues were determined by titrating acetyl-CoA with peptide sub-
strate fixed at a saturating concentration of 3000 �M. All
experiments were done at least in duplicate. The pH rate profile
was determined using a three-component buffer as described
previously (12). The pH values were corrected to account for
the change in pH at 75 °C. The peptides used in this study were
C-terminal amidated and were greater than 95% pure. Peptides
were obtained from GenScript (Piscataway, NJ), except for the
histone H4 peptide (sequence: GKGGAKRHRKI), which was
provided by Santosh Hodawadekar.
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RESULTS

Overall Structure—Full-length PAT from S. solfataricus,
amino acids 1–160, was initially crystallized following 3 weeks
of incubation by hanging drop vapor diffusion. Initial attempts
to reproduce the crystals failed and it was eventually found that
the crystallized form of PAT had degraded into two chains with
sizes of �5 and 11 kDa, as confirmed by SDS-PAGE (supple-
mental Fig. S1). It is unclear whether the degradation resulted
from contamination or occurred spontaneously; however, we
found that limited proteolysis with V8 protease from Staphylo-
coccus aureus accelerated formation of the identical crystal
form to 3 days. The structure of PAT was determined by MAD
from crystals of selenomethionine-derivatized protein, and
most of the protein could be readily traced into the experimen-
tal electron density map. There was no observable density cor-
responding to internal residues 42–52 and C-terminal residues
147–160 in the structure. The two protein chains resulting
from these interruptions in the sequence are consistent with
the 5- and 11-kDa fragments observed in the washed crystals.
Repeated attempts to obtain crystals of full-length PAT or a
PAT-(1–146) construct were unsuccessful, suggesting that res-
idues 42–52 and 147–160 are flexible, susceptible to proteoly-
sis, and inhibit crystallization.
The 1.84-Å structure of PAT (Table 1 and Fig. 1A) reveals

amino acids 5–41 and 53–146 making up a mixed �/�-fold,
with a structurally conserved acetyl-CoA binding core region
made up of three �-strands (�2–4) and one �-helix (�4) that is
characteristic of GNATs and other HATs. The pantetheine

group of the CoA makes �-strand mimicking hydrogen bonds
with �4, and the N terminus of helix �4 is capped by a P-loop
motif found in many nucleotide-binding proteins, which binds
the pyrophosphate moiety of the CoA using backbone hydro-
gen bonds from Thr87, Leu88, Gly89, Gly91, and Thr92 (Fig. 1B).
In addition to interactionswith the conserved acetyl-CoAbind-
ing core region, the side chain ofAsn118makes a hydrogen bond
to O5 of the pantetheine group, Lys127 forms a salt bridge with
the 3� phosphate of CoA, and Lys123 hydrogen bonds to N3 of
the adenine moiety of CoA (Fig. 1B). This last interaction com-
bined with hydrophobic stacking against Pro120 likely accounts
for the observation that the adenine moiety is well ordered in
the crystal structure. Many previously reported acetyltrans-
ferase structures, including the Gcn5/PCAF and Esa1 HATs,
show poor density for the adenine due to its conformational
flexibility.
An unusual feature of the PAT structure is the presence of a

“bent helix,” from residues 32–41 (�2), which sits in a position
that is proximal to where protein substrate is likely to bind (Fig.
1C). The �2 helix is held in place by a series of salt bridges
between Asp29 and Arg83/Arg86, Arg33 and Glu68, and His36
and Glu76, and van der Waals interactions between Leu32 and
Leu115. Although it is possible that the proteolysis of residues
42–52 may have led to the helix assuming a non-native confor-
mation, we postulate that the �2 helix may play some dynamic
autoregulatory function in PAT activity. To investigate this
possibility we mutated side chains that formed salt bridges to
hold the helix in its observed conformation and compared their
activity to wild type PAT (see below).
Structural Relationship to Other Acetyltransferases—We

found that roughly 100 residues of PAT aligned well with both
aminoglycosideN-acetyltransferases (AAC) (Fig. 2A and Table
2), serotonin acetyltransferase, and Gcn5/PCAF (Fig. 2B and
Table 2) HAT structures, in addition to showing significant but
lower structural similarity to the larger eukaryotic Esa1, p300,
and Rtt109 acetyltransferases (Table 2). Specifically, the root
mean square deviation of C� atoms ranged from 2 to 3 Å for
each of these enzymes. Interestingly, the sequence identity of
more than 20% is greatest for the AAC(6�)-Iy and Gcn5 acetyl-
transferases, whereas sequence identity with the other acetyl-
transferases ranges from 9 to 18%. This structural similarity in
the face of limited sequence identity highlights the evolutionary
conservation of the acetyltransferase enzyme fold thatmediates
gene regulation and small molecule metabolism. This observa-
tion also raises the possibility that PAT serves as both a small
molecule and protein acetyltransferase for Sulfolobus. Dual
activity of aGNAT toward both aminoglycoside antibiotics and
histones has been reported for aminoglycoside 6�-N-acetyl-
transferase (AAC(6�)-Iy) from S. enterica; however, the physio-
logical substrates of AAC(6�)-Iy are not known (27).
Active Site Mutants and Insights into Catalysis—To investi-

gate the catalytic properties of PAT, a total of 19 mutants were
made and their steady-state activity at 75 °C was measured
using a 14C-based assay (Fig. 3A). The mutants fall into five
categories. The D29A, R33A, and H36Amutants were made to
disrupt salt bridges that hold the putative �2 autoregulatory
helix within the substrate binding site. The Y31S, Y38S, E42Q,
E43Q, D53N, E68Q, H72A, E76Q, Y113F, H72A/E76Q, and

TABLE 1
Data collection, phasing, and refinement statistics for the PAT�CoA
complex
Values in parentheses are for the highest resolution shell. Rfree was calculated using
10% of the reflection data chosen randomly and omitted at the start of refinement.

Data statistics Se Peak Inflection Remote

Space group P212121
Cell a (�) 44.701 (90)
Cell b (�) 46.750 (90)
Cell c (�) 68.624 (90)
Wavelength (Å) 0.97932 0.97945 0.94932
Resolution (Å) 50-1.84 50-1.84 50-1.84
Unique reflections 23,578 23,316 23,521
Completeness (%) 98.4 (86.4) 97.9 (81.8) 98.6 (89.2)
Multiplicity 6.1 6.1 5.9
I/� 25.0 (2.7) 22.6 (2.2) 23.1 (2.5)
Rmerge (%) 6.4 (39.4) 6.8 (45.8) 6.8 (42.3)
Phasing (solve)
Figure of merit 0.62
Z-score 14.0

Refinement (CNS)
Resolution (Å) 1.84
Rfree 22.1
Rwork 20.2
Bond length root mean

square deviation (Å)
0.006

Bond angle root
mean square deviation (°)

1.15

Average B-factor (Å2)
All atoms 27.5
Protein 26.6
Coenzyme A 27.8
Water 40.3

Ramachandran plot
Most favored 94.4%
Allowed 4.6%
Generously allowed 0.0%
Disallowed 0.9%
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H72A/E76A mutants were made to try to identify one or more
general base residues required for deprotonation of the incom-
ing substrate lysine. The S78A and S78Cmutants weremade to
explore what role the hydroxyl of Ser78 might play in substrate
binding or if it could form an acetylserine/acetylcysteine inter-
mediate indicative of a ping-pongmechanism. TheM121H and
M121Ymutants were made to investigate the effect of having a
non-polar versus polar side chain in the active site. Last, the
E76Amutant was made to compare with E76Q and investigate
the role of Glu76 in hydrogen bonding with incoming substrate
rather than acting as a general base.
As summarized in Fig. 3A, the �2mutant H36A shows activ-

ity similar to the wild type enzyme, whereas the �2 mutants
D29A andR33A show a reduction in activity by about 2-fold for
D29A and a reduction to near background levels for R33A. A

more detailed kinetic analysis of the
R33Amutant reveals that theKm for
Ac-CoA is similar to wild type and
elevated by about 2-fold for protein
substrate, whereas the overall kcat is
reduced about 5-fold relative to the
wild type protein (Table 3). Taken
together, this data are consistent
with a role of the �2 helix in facili-
tating protein substrate acetylation,
and inconsistent with a role in auto-
inhibition, as might be predicted
from its position in the structure,
although it is possible that the �2
helix might have an autoinhibitory
role for non-cognate substrates.
The �2 helix therefore likely plays a
dynamic role in facilitating PAT
activity on cognate substrates.
If PAT relies on a single general

base residue for catalysis, we would
expect that mutation of that residue
to have a significant effect on PAT
activity, as seenwithmutation of the
glutamate general base residue in
Gcn5 (12) and Esa1 (14). As seen in
Fig. 3A, mutation of Glu76 to Gln,
corresponding in three-dimen-
sional space to the general base
Glu173 residue of yeast Gcn5 (Fig.
3B), had no effect on activity. We
also carried out LC-MS/MS of tryp-
sin-digested PAT to confirm the
identity and stability of the E76Q
mutant to heating during enzymatic
analysis. Also, mutation of His72 to
Ala, corresponding in three-dimen-
sional space to one of two histidine
residues in AANAT that function as
a general base (Fig. 3B), had about a
2-fold effect on PAT activity sug-
gesting that it is not a required cat-
alytic residue. Mutants of other

polar residues near the active site that could play a catalytic role
(His36, Tyr38, Glu42, Glu43, Asp53, Glu68, Ser78, and Tyr113) still
exhibited significant acetyltransferase activity on ALBA pep-
tide substrate. Together, these mutational studies suggest that
PAT does not use a single general base side chain for substrate
deprotonation. To investigate if His72 and Glu76 have a redun-
dant role in substrate deprotonation, similar to two histidines
in AANAT (Fig. 3B), the H72A/E76Q mutant was tested and
still found to have significant activity. These findings suggest
that PAT either relies on another strategy for deprotonating
the substrate lysine, or substrate deprotonation may not be the
rate-determining step. Themodest reduction in activity for the
Y38S, E42Q, E43Q, D53N, and H72A mutants suggests that
theymay be acting as a protonwire to shuttle protons out of the
active site.

FIGURE 1. Structure of the PAT�CoA complex. A, overall structure of the PAT�CoA complex. The conserved
acetyl-CoA binding core region is in yellow, less conserved segments are colored in cyan, and CoA is colored by
element. B, PAT-CoA interactions. The electron density is from a simulated annealing omit map contoured at
1.0 � around the CoA. C, representation of the bent helix (�2) in cyan and the interactions that anchor it
proximal to the active site of PAT. CoA is colored by element.
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Ser78 is the nearest polar residue to the sulfhydryl of CoA
in the structure and is the only candidate nucleophile to form
an acetyl-enzyme intermediate if PAT utilizes a ping-pong
mechanism for catalysis. To investigate if Ser78 is important
for catalysis, S78A and S78C mutants were made. The activ-
ity for both mutants was close to wild type PAT (Fig. 3A)
suggesting that Ser78 is not important for catalysis and ruling
out the possibility that PAT might use a ping-pong mecha-
nism for catalysis.
A pH/rate profile was carried out to identify the optimal pH

for catalysis and perhaps identify a titratable residue that is
utilized in themechanism.An inflectionwas observed at pH 6.5
in the profile with the rate reaching a plateau at pH7.5 (Fig. 3C).
Because none of the general base candidate residueswere found
to be essential for activity, this pH inflection could represent the
sum of contributions from several residues. Alternatively, the
inflection could represent the pKa of the incoming substrate
lysine, which has been significantly reduced from its typical pKa
of 10.5 due to the significant hydrophobicity of the active site
(Fig. 3D). The pocket surrounding the sulfur atom of acetyl-
CoA is comprised of the hydrophobic side chains of Leu79,
Phe112, andMet121. It has been demonstrated that the energetic
barrier to putting a charged residue, such as a substrate lysine,

in a hydrophobic pocket can significantly alter the pKa of the
residue (28, 29). As an interesting alternative to using a general
base for catalysis, this hydrophobic pocket of PAT may lower
the pKa of the incoming substrate lysine or select for deproto-
nated substrate that is capable of nucleophilic attack on the
acetyl-CoA. Consistent with this hypothesis, mutation of
Met121 to His or Tyr has the most significant effect on catalysis
by PAT (Fig. 3A) resulting in about a 2-fold increase in protein
substrate Km and about a 5-fold decrease in overall kcat, despite
little change in the Km for acetyl-CoA (Table 3).
Protein Substrate Binding and Selectivity by PAT—An anal-

ysis of the electrostatic surface of PAT around the active site
reveals what appears to be a substrate binding surface with a
small tunnel leading to the CoA (Fig. 4). This suggested that the
lowered activity for theH72A and R33Amutantsmay be due to
steric changes to the substrate binding surface or elimination of
substrate orienting hydrogen bonds rather than removal of a
catalytic residue. To further investigate this putative substrate-
binding surface, E76A and H72A/E76A mutants were made
and activity was found to be reduced to near background levels
(Fig. 3A and Table 3). The observation that E76Q had wild type
activity suggests that Glu76 may have an important role in sub-
strate binding rather than performing a chemical step in catal-

ysis. Moreover, the correlation
between lowered kcat and increased
substrateKm observed for the debil-
itating PAT mutants (Table 3) sug-
gests that a diffusional step such as
substrate binding or CoA product
dissociation, not substrate deproto-
nation,may be the rate-determining
step under these conditions.
To investigate whether PAT

shows a preference for ALBA sub-
strate, and if specific residues adja-
cent to Lys16 of ALBA form a sub-
strate recognition sequence, kinetic
analysis was done to compareALBA
peptide substrate with full-length
ALBA protein. PAT showed an
�5-fold lower Km for full-length
substrate versus ALBA 11-mer pep-
tide (Table 4). This suggests that

FIGURE 2. Structural comparison of PAT to other acetyltransferases. A, PAT�CoA complex aligned with S.
enterica AAC(6�)-Iy (Protein Data Bank code 1S5K). B, PAT�CoA complex aligned with a tetrahymena Gcn5
ternary complex (PDB code 1PUA) illustrating overlap between the Gcn5 substrate peptide (red) and helix �2 in
the active site of PAT.

TABLE 2
Structure and sequence alignment for the acetyl-CoA binding core region and the full-length acetyltransferase domain of PAT with other
acetyltransferases
Aminoglycoside 6�-N-acetyltransferase from S. enterica (AAC(6�)-Iy, PDB code 1S5K), aminoglycoside 2�-N-acetyltransferase fromMycobacterium tuberculosis (AAC(2�)-
Ic, PDB code 1M4I), serotoninN-acetyltransferase fromOvis aries (sheep) (AANAT, PDB code 1CJW), Gcn5 fromTetrahymena (PDB code 1PUA), Esa1 from S. cerevisiae
(PDB code 1FY7), human p300 (PDB code 3BIY), and Rtt109 from S. cerevisiae (PDB code 3D35).

Comparison
Acetyl-CoA binding core Full acetyltransferase domain

Residues aligned C� root mean
square deviation Sequence identity Residues aligned C� root mean

square deviation Sequence identity

Å % Å %
PAT versus AAC(6�)-Iy 52/56 1.0 19.2 101/153 1.9 20.8
PAT versus AAC(2�)-Ic 52/65 1.1 13.5 112/181 1.9 10.7
PAT versus AANAT 51/53 1.3 21.6 112/166 2.1 17.9
PAT versus Gcn5 51/58 1.4 23.5 110/162 2.4 21.8
PAT versus Esa1 50/61 1.7 22.0 92/273 2.5 15.2
PAT versus p300 50/77 2.2 10.0 103/317 2.6 12.6
PAT versus Rtt109 37/70 2.5 8.1 108/355 3.0 9.3
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surfaces or specific side chains distal to Lys16 of ALBA may be
recognized by PAT. It has been proposed that P(X)4–7GK may
be a substrate recognition sequence for PAT (5). To test this
hypothesis we prepared P6A, P8A, andG15Amutants of ALBA
for comparison with wild type ALBA protein (Table 4). These
ALBA mutants were found to have Km values similar to wild
type ALBA (Table 4), thus revealing that these residues do not
play a significant role of PAT acetylation of ALBA. Taken
together, these findings suggest a modest selectivity for full-
lengthALBA, possibly due to a preference for the conformation
of Lys16 in the folded substrate. A substrate Km of 107 �M sug-

gests weak binding compared with the Gcn5 Km of 28 �M for
histones, or the p300 Km of 12.5 �M for histone H4 peptide
(7, 12).
The observation that PAT achieves a very modest kcat/Km of

just 2.1 � 104 M�1 min�1 toward full-length ALBA substrate at
75 °C also suggests that it is a relatively inefficient enzyme, con-
sistent with the absence of key catalytic residues that mediate
catalysis. It may also be possible that better PAT substratesmay
exist that have not yet been identified, or that PATmay associ-
ate with activating subunits to achieve increased turnover or
greater substrate selectivity similar to recent reports that yeast

Rtt109 requires a histone chaperone
protein, Vps75 or Asf1, for activity
(30–33).

DISCUSSION

The finding that post-transla-
tional histone modifications effect
chromatin structure and gene
expression has lead to remarkable
advances in our understanding of
eukaryotic gene expression and how
misregulation of gene expression
can cause disease. Less is under-
stood about the analogous mecha-
nisms used by lower organisms to
regulate chromatin structure and
there seems to be an evolutionary
gap in our understanding of the ori-
gins of chromatin regulation. PAT
from S. solfataricus is a GNAT
acetyltransferase from a lower orga-
nism that is reported to regulate
chromatin-like structures through
reversible acetylation of Lys16 of
ALBA, and a better understanding
of the structure and activity of PAT
provides new insights into protein
acetylation as a mechanism for reg-
ulation of gene expression.
A comparison of PAT with

eukaryotic histone acetyltrans-
ferases suggests that these proteins
have in common a structurally con-
served core region that provides
functional conservation for acetyl-
CoAbinding and a structural frame-
work for catalysis (Fig. 5). Based on

FIGURE 3. The PAT active site. A, steady-state kinetic analysis of PAT mutants. Assays were done in duplicate
with 833 �M [14C]acetyl-coenzyme A and 3 mM ALBA peptide. Bars represent the activity of each mutant
measured in counts and plotted as a percent of wild type PAT counts. Error bars represent the range for the two
measurements. B, the putative substrate binding face of PAT showing some of the residues mutated. The
position of the general bases of yeast Gcn5 (green, Glu173 from PDB code 1YGH) and AANAT (gray, His120 and
His122 from PDB code 1CJW) are shown following superposition of the structures with the PAT�CoA complex.
C, pH-rate profile for PAT. Rates represent the mean of two measurements. The pH of each assay buffer was
measured at 75 °C to account for the shift in pH at high temperature. D, the active site of PAT highlighting
hydrophobic residues Leu79, Phe112, and Met121 around the sulfur of CoA.

TABLE 3
Bisubstrate kinetic analysis of wild type PAT compared with the R33A, E76A, H72A/E76Q, M121Y, and M121H mutants
Values represent the mean of two measurements. Km values are rounded to 2 significant figures. The values for each of the two measurements are shown in parentheses.

PATmutants kcat ALBA 11-mer Km Acetyl-CoA Km kcat/Km peptide

min�1 �M M�1 min�1

Wild type 2.31 (2.36, 2.25) 580 (592, 565) 48 (44, 52) 4.0 � 103
R33A 0.50 (0.51, 0.50) 1200 (1194, 1266) 37 (36, 38) 4.2 � 102
E76A 0.40 (0.40, 0.39) 940 (1062, 825) 59 (54, 64) 4.3 � 102
H72A/E76Q 1.32 (1.25, 1.39) 910 (800, 1022) 39 (40, 38) 1.5 � 103
M121Y 0.40 (0.44, 0.36) 1300 (1525, 1057) 50 (49, 50) 3.1 � 102
M121H 0.55 (0.57, 0.54) 1200 (1253, 1071) 48 (50, 45) 4.6 � 102
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this structural similarity, it is tempting to speculate that PAT
represents aminimal scaffold similar to the original HAT; how-
ever, there is no direct evidence of this and considerable evolu-
tion has likely occurred since archaea and eukaryotes branched
from a common ancestor. Its similarity to other GNATs
reported to acetylate small molecules, such as aminoglycosides
and serotonin, suggests that PAT could also have unidentified
small molecule substrates in Sulfolobus.

Despite the structural conservation between histone acetyl-
transferases, these enzymes have evolved different chemical
strategies for mediating acetylation. This is likely facilitated by
the relative simplicity of carrying out an acetyltransferase reac-
tion thus leading to several different chemical strategies, prob-
ably tailored to the different substrate and biological require-
ments of the particular enzyme. PAT appears to be the least
efficient acetyltransferase, catalyzing only about 5-fold faster
acetyl transfer comparedwith the uncatalyzed reaction at 75 °C
and PAT is nearly completely inactive at room temperature
(data not shown). PAT is likely to achieve a higher turnover at
even higher temperatures consistent with the environment of
Sulfolobus. It is also possible that better, yet unidentified PAT
substrates exists. It could also suggest that PAT represents a
primitive acetyltransferase scaffold upon which additional
chemical groups evolved to stimulate the reaction rate. The
poor turnover is consistent with the finding that PAT does not
appear to use essential catalytic residues for acetylation. The
putative role of the �2 helix of PAT in autoregulating PAT
activity might also represent an evolutionary connection to the
autoregulation of the fungal Rtt109 and metazoan p300/CBP
proteins by acetylation. Another interesting connection
between PAT and p300 is that the PAT Lys127 salt bridge with
the 3�-phosphate of CoA that orders the adenine base of the
cofactor is analogous to a similar CoA contact mediated by
Arg1410 of p300. Taken together, the PAT-CoA structure
reported here reveals a small and inefficient protein acetyl-
transferase scaffold with distinct similarities and differences to
the larger and more selective eukaryotic acetyltransferases.
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