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Background: The human Naa50p N-terminal acetyltransferase acetylates proteins on the �-amino group of methionine
residues to regulate genome integrity and has elevated activity in cancer.
Results:We report the structure of the Naa50p�CoA�peptide complex and related biochemistry.
Conclusion:We reveal the molecular basis for substrate-specific acetylation by Naa50p.
Significance: We provide a molecular scaffold for the design of Naa50p-specific inhibitors with possible therapeutic
applications.

The co-translational modification of N-terminal acetylation
is ubiquitous among eukaryotes and has been reported to have a
wide range of biological effects. The human N-terminal acetyl-
transferase (NAT)Naa50p (NAT5/SAN) acetylates the�-amino
group of proteins containing an N-terminal methionine residue
and is essential for proper sister chromatid cohesion and chro-
mosome condensation. The elevated activity of NATs has also
been correlated with cancer, making these enzymes attractive
therapeutic targets. We report the x-ray crystal structure of
Naa50p bound to a native substrate peptide fragment and CoA.
We found that thepeptidebackboneof the substrate is anchored
to theprotein through a series of backbonehydrogenbondswith
the first methionine residue specified through multiple van der
Waals contacts, together creating an �-amino methionine-spe-
cific pocket. We also employed structure-based mutagenesis;
the results support the importance of the �-amino methionine-
specific pocket of Naa50p and are consistent with the proposal
that conserved histidine and tyrosine residues play important
catalytic roles. Superposition of the ternary Naa50p complex
with the peptide-boundGcn5histone acetyltransferase revealed
that the two enzymes share a Gcn5-related N-acetyltransferase
fold but differ in their respective substrate-binding grooves such
that Naa50p can accommodate only an �-amino substrate and
not a side chain lysine substrate that is acetylated by lysine
acetyltransferase enzymes such as Gcn5. The structure of the
ternary Naa50p complex also provides the first molecular

scaffold for the design of NAT-specific small molecule inhibi-
tors with possible therapeutic applications.

Protein acetylation is one of the most common covalent
modifications found in the proteome (1). In this process, an
acetyl group is transferred from acetyl-CoA to an �-amino
group at the N terminus of a protein or an �-amino group on a
lysine side chain. Lysine acetyltransferase enzymes have been
more extensively characterized than N-terminal acetyltrans-
ferase (NAT)2 enzymes at the biochemical, enzymological, and
structural levels (2). To date, only one structure of a prokaryotic
NAT has been reported (3), and the mechanisms of substrate-
specific recognition and catalysis used by these enzymes remain
poorly understood.
In eukaryotes, N-terminal acetylation displays a wide range

of functional effects varying on a case-by-case basis (4).
Recently, thismodificationwas shown to serve as a degradation
signal for individual proteins (5) and also to prevent proper
post-translational translocation through the endoplasmic
reticulum (6). In eukaryotes, multiple protein complexes are
capable of performing N-terminal acetylation, the most pro-
miscuous and well characterized of which is the NatA complex
(7–9). This protein complex contains two catalytic subunits,
Naa10p (ARD1) and Naa50p, and two auxiliary subunits,
Naa15p (NATH (N-acetyltransferase human)) and HYPK,
which associate with the ribosome (9–11). The human and
fruit fly Naa50p enzymes are essential for normal sister chro-
matid cohesion and chromosome condensation, but the NatA
complex was not implicated in this phenotype, suggesting that
this is attributed solely byNaa50p-mediatedNATactivity inde-
pendent of the complex (12–14). However, the responsible sub-
strate potentially requiring N-terminal acetylation for proper
functioning remains to be identified. Interestingly, NatA sub-
units have been shown to be overexpressed in a number of
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cancer cell lines, and NatA knockdown results in a decrease in
cellular proliferation and induction of apoptosis (15–18).NATs
have therefore become an attractive chemotherapeutic target,
further driving the need for a molecular understanding of how
these enzymes carry out their functions.
NAT enzymes are differentiated based on their ability to

acetylate substrate peptides that are of a specific sequence, with
a particular dependence placed on the identity of the first two
residues. Naa10p, which is normally active in the presence of
Naa15p, is relatively promiscuous and able to acetylate �-a-
mino groups of peptides containing Ser, Ala, Gly, Val, Cys, Thr,
Asp, or Glu at the N terminus (19, 20). The identities of down-
stream residues are not crucial for activity but can influence
catalysis in some cases. Naa50p is only able to process substrate
peptides that contain a methionine residue at the N terminus
and is able to do so in vitro in the absence of other regulatory
protein subunits (20, 21). In vivo knockdown of Naa10p and
Naa15p indirectly destabilizes human Naa50p, resulting in
down-regulation of N-terminal acetylation of heterogeneous
nuclear ribonucleoprotein F, whichmay represent a true in vivo
substrate (19). Kinetic analysis of recombinant Naa50p has
been carried out using a 24-residue peptide that shares
sequence identitywith the first seven residues of heterogeneous
nuclear ribonucleoprotein F. This study revealed that point
mutations of any of the first four residues of the heterogeneous
nuclear ribonucleoprotein peptide can have a detrimental
effect on Naa50p activity, but only the first methionine residue
is strictly required for catalysis. Many proteins known to con-
tain acetylation-susceptible internal lysines have also been
screened with Naa50p, and no significant acetylation has been
detected (21). Notably, both Naa50p and Naa10p have been
reported to have the ability to acetylate themselves in vitro;
however, it is widely accepted that NAT enzymes are only min-
imally active as side chain lysine acetyltransferases and select
for N-terminal acetylation through an unknown mechanism
(21, 22).
To understand the molecular basis for how NAT proteins

such as Naa50pmediate catalysis and selectively target the �-a-
mino group of N-terminal residues over side chain lysine resi-
dues, we determined the x-ray crystal structure of a ternary
Naa50p complex with coenzyme A and a cognate N-terminal
substrate peptide and carried out structure-based mutagenesis
as well as accompanying biochemical and enzymatic
characterization.

EXPERIMENTAL PROCEDURES

Naa50p Expression and Purification—A pETM-GST vector
(G. Stier, European Molecular Biology Laboratory, Heidelberg,
Germany) containing DNA encoding full-length human
Naa50p (amino acids 1–169) fused to GST through a tobacco
etch virus protease-cleavable site was transformed into
BL21(DE3) cells. The transformed cells were cultured at 37 °C
until the cellA600 reached�0.7, induced for protein expression
with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside, and
grown overnight at 18 °C. Cells were isolated by centrifugation
and lysed by sonication in lysis buffer containing 25mMHEPES
(pH 7.5), 100 mM NaCl, and 10 mM 2-mercaptoethanol. The
supernatant was isolated and passed over GST-binding resin

(Clontech). Unbound proteins were washed off the resin with
lysis buffer, and tobacco etch virus protease was added directly
to the resin and allowed to incubate overnight at room temper-
ature. Untagged Naa50p was washed off the resin with lysis
buffer; collected; dialyzed into buffer containing 25 mMHEPES
(pH 7.5), 50 mM NaCl, and 10 mM 2-mercaptoethanol; and
bound to a 5-ml HiTrap SP ion exchange column (GE Health-
care). The protein was eluted in the same buffer using a salt
gradient of 50–750 mM NaCl and further purified to homoge-
neity using a Superdex 75 gel filtration column (GEHealthcare)
in storage buffer containing 25 mM HEPES (pH 7.5), 100 mM

NaCl, and 10 mM dithiothreitol. Peak fractions containing pro-
tein that was�95% pure as judged by SDS-PAGEwere concen-
trated to�12mg/ml using a 10-kDa protein concentrator (Mil-
lipore) and stored at �70 °C until used. All protein mutants
were generated using the QuikChange protocol from Strat-
agene (23). Protein harboring point mutations was obtained
following the expression and purification protocols described
above.
Crystallization and Data Collection—The peptides and CoA

used in crystallization were purchased fromGenScript and Sig-
ma-Aldrich, respectively. The ternary Naa50p�CoA�peptide
complex was prepared for crystallization by mixing in a 1:3:3
molar ratio, respectively. The length of the substrate peptide
was varied between 7 and 20 amino acids in crystallization tri-
als. The protein concentration used in crystallization was 12
mg/ml, and the peptide that produced the best diffracting crys-
tals was a 10-mer with the sequenceMLGPEGGRWG. Crystals
of the ternary Naa50p�CoA�peptide complex were grown by
hanging drop vapor diffusion at 20 °C over 1–3 days against
reservoir solution containing 16% PEG 8000, 20% glycerol, and
40 mM potassium phosphate (monobasic; pH 5.0). Crystals
were transferred to harvest solution containing well solution
supplementedwith 25%glycerol prior to flash-freezing in liquid
nitrogen. Data were collected at beamline X6A at the National
Synchrotron Light Source (Brookhaven National Laboratory)
and processed using HKL2000 (24).
Structure Determination and Refinement—The structure of

the ternary Naa50p�CoA�peptide complex was determined by
molecular replacement with Phaser in the CCP4 suite of pro-
grams using the binary Naa50p�CoA complex (Protein Data
Bank code 2PSW) as a search model (25). Solvent molecules
and CoA were excluded from the search model. Structure
refinement was performed by initially applying 3-fold non-
crystallographic symmetry and running phenix.refine with
group atomic displacement parameters for the initial cycles
(26). Subsequently, CoA and substrate peptide were built into
the resulting Fo � Fc electron density map, and additional
refinement was performed manually using the molecular
graphics program Coot (27). In advanced stages of refinement,
non-crystallographic symmetry restraints were released, indi-
vidual atomic displacement parameters were refined, and sol-
vent was added. The final model was checked for errors against
a composite omit map generated in CNS (28). Refinement sta-
tistics can be found in Table 1. The final model and structure
factors were submitted to the Protein Data Bank with code
3TFY (Research Collaboratory for Structural Bioinformatics
code RCSB067433).
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Acetyltransferase Activity Assays—Naa50p acetyltransferase
assays were carried out with 100 nM untagged full-length
enzyme at 37 °C for 40 min in 100 mM Tris (pH 8.0) and 50 mM

NaCl unless stated otherwise. A saturating amount of acetyl-
CoA (300 �M) was used in all enzymatic reactions, and the
substrate peptide (�NH3-MLGPEGGRWGRPVGRRRRP-
COO�; GenScript) concentration was varied to determine
steady-state catalytic parameters. In the assay, radiolabeled
[14C]acetyl-CoA (4mCi/mmol; PerkinElmer Life Sciences) was
mixed with the substrate peptide and allowed to incubate with
enzyme in a 25-�l reaction volume. To quench the reaction, 20
�l of the reactionmixture was added to P81 paper discs (What-
man), and the paper discs were immediately placed in wash
buffer. Washes were then carried out three times in 10 mM

HEPES (pH 7.5), with each wash lasting 5min, to remove unre-
acted acetyl-CoA. The papers were then driedwith acetone and
added to 4ml of scintillation fluid, and the signal wasmeasured
using a Packard Tri-Carb 1500 liquid scintillation analyzer.
Background control reactionswere performed in the absence of
enzyme. Reactions were also performed in the absence of the
substrate peptide to ensure that any possible signal due to auto-
acetylation was negligible. Substrate peptide Km and Vmax
parameters were derived by titrating the substrate peptide at
eight different concentrations ranging from 100 to 1500 �M in
the presence of 300 �M acetyl-CoA. Complications caused by
TFA from the addition of high concentrations of the substrate
peptide prevented point mutant catalytic assays from reaching
a saturating amount of peptide, so we instead analyzed the cat-
alytic efficiency (kcat/Km) of these mutants. By keeping the sub-
strate concentration far belowKm, we were able to plot velocity
versus [peptide] and use the slope of the resulting line to obtain
kcat/Km values for several of these mutants based on the follow-
ing equation: v � (kcat/Km)[E][S]. These results allowed us to
compare quantitatively the catalytic efficiencies of eachmutant
with the wild-type enzyme. The acetyl-CoA Km value was
determined by titrating a range of acetyl-CoA concentrations
(25–500 �M) into a reaction containing 2.5 mM peptide in
buffer containing 50 mM NaCl and 200 mM Tris (pH 8.0). The
high concentration of Tris is required to counter the pH effect
caused by TFA carried into the reaction with high concentra-
tions of peptide. A pH-rate profile was determined using a
three-component buffer system able tomaintain constant ionic
strength at all pH values used in this study (29). All reactions
were performed in triplicate. All radioactive count values were
converted to molar units using a standard curve created with
known concentrations of radioactive acetyl-CoA added to scin-
tillation fluid.

RESULTS

Naa50p Shows a Gcn5-related N-Acetyltransferase (GNAT)
Fold with a More Constricted Protein Substrate-binding Site—
Crystals of the ternary Naa50p�CoA�substrate peptide complex
formed in space group P21 with three molecules in the asym-
metric unit and diffracted to a 2.75-Å resolution limit. The
structure was refined to an Rwork/Rfree of 19.0/25.4% with good
stereochemistry and with 96.9% of the residues in the favored
region of the Ramachandran plot (Table 1). The structure
reveals a mixed �/�-fold with a conserved acetyl-CoA-binding

core region composed of one �-helix (�3) and three �-strands
(�2–�4) as shown in Fig. 1. This motif is characteristic of
GNATs and allows us to confidently place Naa50p into this
family of enzymes (30). Indeed, Naa50p superimposes well with
the histone acetyltransferase (HAT) domain of Gcn5, with a
root mean square deviation of C� atoms of 4.1 Å (Fig. 1B). In
addition to a high degree of superposition within the core
domain, the entire �-sheet that cuts through the center of the
structure (�1–�5 and �7) and the �1-turn-�2 that flanks one
side of the protein substrate-binding site superimposewell (Fig.
1B). The greatest regions of divergence between the two pro-
teinsmap toC-terminal segments of the two proteins that flank
the opposing side of the respective protein substrate-binding
site, which also maps to the largest region of sequence and
structural divergence between the GNAT proteins (30, 31). In
the case of Gcn5, this region forms a loop-helix-loop-strand
motif that facilitates the formation of a relatively wide protein
substrate-binding site, whereas in the case of Naa50p, this
regions forms a �-hairpin (�6-loop-�7) containing a relatively
long 14-residue loop that blocks off part of the protein sub-
strate-binding site that is otherwise accessible inGcn5 (Fig, 1B).
In addition to well ordered electron density for the entire

CoAmolecule, we observed strong electron density in the Fo �
Fc map corresponding to the first four residues of the 10-resi-
due peptide that was used for the crystal structure (Fig. 2A).
Following refinement, side chain density was visible for the first
two residues of the peptide, whereas backbone density could be
traced to the fourth residue (Fig. 1A). This correlates with the
contacts formed between the peptide and the enzyme in the
crystal structure (Fig. 2, B and C). Hydrogen bonding can be
observed throughout the backbone for the first two residues,
and the Met1 and Leu2 side chains both sit in hydrophobic
pockets that appear to be tailored for these residues (Fig. 2, B

TABLE 1
Data collection and refinement statistics for the Naa50p�CoA�peptide
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.
r.m.s.d., root mean square deviation.

Crystal parameters
Space group P21
Unit cell dimensions a � 48.299 Å (� � 90.0°),

b � 104.103 Å (� � 106.3°),
c � 68.247 Å (� � 90.0°)

Data collection
Resolution range (Å) 33.70–2.75
Unique reflections 16,010
Multiplicity 3.6 (3.2)
Completeness (%) 94.7 (84.0)
Rmerge (%) 12.9 (40.9)
I/� 10.2 (2.1)

Refinement statistics
Rwork/Rfree (%) 19.0/25.4
r.m.s.d.
Bonds (Å) 0.008
Angles 1.596°

Average B-factor (Å2)
Protein 54.6
CoA 50.4
Peptide 73.9

Water 56.3
Ramachandran statistics (%)
Favored 96.9
Allowed 3.1
Outliers 0
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and C).3 There are no substantial interactions beyond the leu-
cine backbone carbonyl group seen in the structure. The overall
thermal B-factor of the peptide is 73.9, which is high in relation
to the overall thermal B-factor of the protein, 55. This discrep-
ancy can be accounted for by the skewed nature of theB-factors
of the individual residues of the peptide. Met1 has a B-factor of
62, and this value increases for each residue of the peptide that
extends out of the binding pocket, with the Pro4B-factor reach-
ing 93. For comparison, the atoms of CoA have an average
B-factor of 50. Superposition of the ternary complex with the
binary Naa50p�acetyl-CoA complex (Protein Data Bank code
2OB0) showed no significant structural rearrangement upon
substrate peptide binding (supplemental Fig. 1), further reveal-
ing that Naa50p does not undergo significant structural change
upon protein substrate binding.
The Naa50p Protein Substrate-binding Site Is Ideally Suited

to Accommodate an �-Amino Group of an N-terminal
Methionine—The N-terminal peptide substrate points into the
protein active site, with the backbone roughly perpendicular to
the central �-sheet and parallel to the pantothenate arm of the

CoA (Figs. 1B and 2A). The peptide is anchored to the protein
through a series of hydrogen bonds between the side chains of
Tyr-31 and Tyr-139 and the backbone carbonyl atoms of
Met-75 and His-112 (Fig. 2C). The N-terminal methionine sits
in a hydrophobic pocket composed of Phe-27, Pro-28, and
Val-29 from the �1-�2 loop and Tyr-139 and Ile-142 from the
�6-�7 hairpin loop, which each make van der Waals contacts
withMet1 of the peptide. Leu2 also sits in a hydrophobic pocket
formed by Tyr-31 and Phe-35 from the �1-�2 loop segment,
Tyr-138 from the �6-�7 hairpin loop, and Tyr-73 and Met-75
from the �4 strand (Fig. 2C). There are also hydrophilic groups
in the vicinity of Leu2 such as the hydroxyls of Tyr-73 and Tyr-
138 and the guanidinium group of Arg-62 (Fig. 2C), which pro-
vides an explanation for the ability of Naa50p to acetylate a
substrate with a hydrophilic residue at the second position.
Consistent with the importance of residues that contact the

peptide, each of these residues is highly conserved within the
Naa50p orthologs from other species (Fig. 2D). In particular,
the residues that contact the peptide backbone (Tyr-31, Met-
75, His-112, and Tyr-139) and Met1 (Phe-27, Pro-28, Val-29,
Tyr-139, and Ile-142) are strictly conserved, and residues that
contact Leu2 (Tyr-31, Phe-35, Tyr-73, Met-75, and Tyr-138)
are strictly or highly conserved (Fig. 2D).
To establish directly the functional importance of Naa50p

residues that appear to make important peptide substrate con-
tacts in the crystal structure, we targeted several of these resi-
dues for mutagenesis, followed by enzymatic characterization
of the mutant proteins. Each mutated residue was changed to
alanine, and the catalytic efficiency of each mutant was deter-
mined and compared with that of the wild-type protein. Each
mutantwas purified to homogeneity and exhibited gel filtration
chromatography elution profiles identical to that of the wild-
type construct. To confirm further that the mutant proteins
were folded properly, they were subjected to circular dichroism
experiments, each revealing a similar spectrum to thewild-type
protein (data not shown). Notably, each of the mutant proteins
showed defects in catalytic efficiency, with most of the mutant
proteins showing no detectable activity (Fig. 3 and Table 2). Of
the residues that contact the peptide backbone, Tyr-31, His-
112, and Tyr-139 were mutated, and each of these mutants
showed no detectable activity, arguing for the importance of
these residues for backbone interaction, although Tyr-31 also
participates in Leu2 peptide contact, and His-112 likely partic-
ipates directly in catalysis, as will be described below (Fig. 3 and
Table 2). Of the residues that contact Met1 of the peptide, the
Phe-27 mutant showed no detectable activity, whereas the
Pro-28 andVal-29mutants showed at least an 85% reduction in
activity. The Tyr-139 mutant showed no detectable activity,
and the Ile-142mutant retained�40% activity (Fig. 3 andTable
2). Mutants of Leu2 peptide contact residues Tyr-31, Phe-35,
andTyr-73 each showed no detectable activity (Fig. 3 andTable
2). Taken together, the results from the structure-based
mutagenesis are consistent with the functional importance of
the protein-peptide substrate interactions observed in the crys-
tal structure.
Tyr-73 and His-112 Likely Play Catalytic Roles through an

Ordered Water Molecule—Analysis of the Naa50p active site
revealed that only two residues are in position to function in

3 The positions of residues in the peptide substrate are indicated by super-
script numbers, and those in the protein enzyme are indicated by hyphen-
ated full-size numbers.

FIGURE 1. Overall structure of the ternary Naa50p�CoA�peptide complex.
A, structure of the ternary complex showing Naa50p in teal; CoA as magenta
sticks with carbon, nitrogen, and sulfur atoms in Corey-Pauling-Koltun color-
ing; and the substrate peptide as yellow sticks with carbon, nitrogen, and
sulfur atoms in Corey-Pauling-Koltun coloring. Substrate peptide electron
density obtained from a composite omit map (blue) is shown contoured to
1.5�. B, superposition of the ternary Naa50p complex with the ternary Gcn5
HAT. The Gcn5 enzyme and accompanying substrate peptide (orange) are
shown in schematic format. The substrate peptides for each enzyme are
shown as thicker schematics for clarity.
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catalysis, Tyr-73 andHis-112 (Fig. 4A). Although the functional
groups of these residues could participate in proton extraction
of the amino nitrogen substrate, the hydroxyl of Tyr-73 and the
imidazole nitrogen of His-112 are too far for direct proton
extraction. To potentially circumvent this issue, a well ordered
watermolecule, with aB-factor of 48, is in a position tomediate
proton abstraction. This molecule is held in place via hydrogen
bonds with the peptide N-terminal �-amino group and the
backbone carbonyl and nitrogen of Ile-74 and His-112, respec-
tively (Fig. 4A). Supporting the role of such a water molecule,

the GNAT histone acetyltransferase Gcn5 has been shown to
employ a glutamate residue tomediate proton abstraction from
the substrate peptide through a well ordered water molecule
(32). An active site alignment of these two proteins showed that
Tyr-73 of Naa50p aligns very well with the catalytic Glu-122 of
Gcn5 (Fig. 4B), which supports a role of Tyr-73 of Naa50p as
participating in catalysis. Superposition of the Naa50p active
site with the active site of the bacterial NAT protein RimI (3)
further supports the catalytic roles of Tyr-73 and His-112 of
Naa50p (Fig. 4B). This superposition illustrates that the cata-

FIGURE 2. Naa50p interactions with substrate peptide. A, surface of Naa50p highlighting the peptide substrate-binding site with the peptide shown in stick
representation with the same color coding as described in the legend to Fig. 1A. B, ChemDraw representation summarizing all of the interactions between
Naa50p and the peptide. Hydrogen bonding interactions are denoted by dotted lines, and van der Waals interactions are depicted with arches. C, stereo
diagram of Naa50p interactions with the substrate peptide. Protein residues that make peptide interactions are highlighted. The His-112 side chain has been
omitted for clarity. Substrate peptide resides are labeled with yellow numbers corresponding to their sequential order. D, sequence alignment of Naa50p
orthologs from several species. The names of the orthologs are abbreviated as follows: Atha, Arabidopsis thaliana; Odio, Oikopleura dioica; Ptri, Populus
trichocarpa; Smoe, Selaginella moellendorffii; and Vvin, Vitis vinifera. For comparison, two Naa10p orthologs are also shown. hARD1, human ARD1; Spom,
Schizosaccharomyces pombe. Numbering and secondary structure elements for Naa50p are indicated above the Naa50p sequence. Residues of Naa50p that
contact the peptide backbone (�), Met1 (●), Leu2 (E), and catalytic residues (*) are highlighted as indicated above the Naa50p sequence.
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lytic glutamate general base residue of RimI sits roughly mid-
way between Tyr-73 and His-112 of Naa50p and that RimI also
contains a well ordered water molecule in a similar position to
the corresponding water molecule of Naa50p.
To probe directly the functional importance of Naa50p

Tyr-73 and His-112, we mutated these residues individually to
both alanine and phenylalanine, purified these proteins to
homogeneity, confirmed that these proteins were properly
folded by circular dichroism, and analyzed their catalytic prop-
erties. As shown in Table 2, each of the mutants showed back-
ground levels of catalytic activity consistent with a role for
Tyr-73 andHis-112 in catalysis byNaa50p, although other non-
catalytic effects of mutating Tyr-73 and His-112 cannot be
ruled out. We also carried out a pH-rate profile of wild-type
Naa50p from pH 8.0 to 6.0, the most acidic environment at
which activity could still bemeasured (Fig. 4C). As shown in Fig.
4C, the wild-type enzyme showed optimal activity above pH
7.5, and the kcat decreased by �3-fold when the pH was
decreased to 6.0. The inflection point at pH �7.0 could repre-
sent the pKa of the catalytic base or that of the substrate �-a-
mino group in the active site. Although a pHof 7.0 is reasonable
for the imidazole side chain, one would expect a more drastic
catalytic effect once the side chain is fully protonated if the
histidine was the only residue that participated in proton
abstraction. Taken together, these data are consistent with the
proposal that Tyr-73 and His-112 cooperate in functioning as
general bases for catalysis that proceeds through the ordered
water molecule observed in the crystal structure. Tyr-73 and

His-112 do not appear to be in the proper position in the cur-
rent structure to act as general acids for reprotonation of the
CoA leaving group, although it is possible that one of these
residues or a different protein residuemight swing into place to
play this role following the acetyl transfer.
Comparison with the Ternary Gcn5 Complex Suggests Why

Naa50p Prefers �-Amino Versus Side Chain Lysine Substrates—
Although there have been several reports of NATs performing
internal lysine acetylation, it is clear that the process is very slow
in relation to N-terminal acetyltransferase activity (16, 21). To
better understand the structural basis for Naa50p preference
for N-terminal acetylation, we superimposed the ternary
Naa50p complex with the TetrahymenaGcn5�CoA�H3 peptide
complex to identify key differences in substrate peptide-bind-
ing motifs. As noted above, the two structures share a similar
overall fold, with the most pronounced differences mapping to
the C-terminal segment of the proteins and particularly to the
�6-�7 loop flanking one side of the protein peptide-binding site
(Fig. 5A). As a result of this difference, one side of the Naa50p
protein substrate-binding site is constricted such that a lysine
side chain-containing peptide segment cannot sit across the
substrate-binding groove (Fig. 5B). Indeed, Ile-142 of the�6-�7
loop makes van derWaals interactions with Pro-28 and Val-29
of the �1-�2 loop across the binding groove, and Arg-141 also
sits across the binding groove (Fig. 5A). Because the more con-
strictedNaa50p substrate-binding site cannot easily accommo-
date a peptide sitting across the substrate-binding site, it must
accommodate a peptide substrate that enters the active site in a

FIGURE 3. Catalytic efficiency of Naa50p and mutant proteins. Four data
points were collected for each enzyme in triplicate. The straight line formed by
these four data points crosses through the origin, indicative of the fact that
their slope can be used to calculate catalytic efficiency. Ac, acetyl.

TABLE 2
Catalytic efficiency of the wild-type Naa50p enzyme and mutants

Enzyme kcat/Km Wild-type efficiency

�M�1 min�1 %
Wild-type 1.94 �10�2 100
F27A NDa �10
P28A 2.59 �10�3 13.4
V29A 2.38 �10�3 12.3
Y31A ND �10
F35A ND �10
Y73A ND �10
Y73F ND �10
H112A ND �10
H112F ND �10
Y139A ND �10
I142A 8.18 �10�3 42.2

a ND, mutants that did not yield detectable activity at 2.0 mM substrate peptide
and a saturating amount of acetyl-CoA.

FIGURE 4. Naa50p active site. A, detailed view of the active site highlighting
an ordered water molecule that plays a putative catalytic role along with
Tyr-73 and His-112 in proton extraction from the �-amino group of the pep-
tide substrate. Hydrogen bonds are depicted with gray dashed lines. Substrate
peptide resides are labeled with yellow numbers corresponding to their
sequential order. B, superposition of the Naa50p active site with the active
sites of bacterial RimI and the Gcn5 HAT. Catalytic residues and water mole-
cules of RimI and Gcn5 are shown in purple and orange, respectively. C, pH-
rate profile for wild-type Naa50p. See “Experimental Procedures” for details.
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different orientation. This is consistent with the binding mode of
the N-terminal peptide that enters the active site from the acces-
sible end of the peptide-binding groove and at roughly a 90° angle
relative to the histone H3 peptide bound to Gcn5 (Fig. 1B). Resi-
dues that participate in constricting one end of the Naa50p bind-
ing groove, Pro-28, Val-29, and Ile-142, also participate in N-ter-
minal peptide binding (Fig. 2C). The unique features that
differentiate Naa50p from Gcn5 are conserved in the RimI struc-
ture (Fig. 5C), andweextrapolate that they are conserved through-
out the NATs tomediate N-terminal acetylation specificity.

DISCUSSION

Despite its biological importance, the process of N-terminal
protein acetylation remains relatively poorly understood. In
contrast,HATs thatmodify side chain lysine residues have been
extensively characterized at both the biochemical and struc-
tural levels, and this understanding has led to the development
of HAT-specific inhibitors (33–35). The ternary structure of
Naa50p bound to CoA and a peptide fragment of its native
substrate reported here now provides the first molecular
insights into the mechanism of substrate binding and possibly
also catalysis used by this class of enzymes and provides a
molecular scaffold for the design of NAT-specific inhibitors.

The stringent requirement of Naa50p for a substrate con-
taining an N-terminal methionine is well explained by the
structure and accompanying mutagenesis and enzymology
studies. The enzyme uses a hydrophobic pocket that forms van
der Waals contacts with the methionine residue, which pre-
vents the enzyme from interacting with all other potential
N-terminal residues. BLAST alignments revealed that these
residues are highly conserved among Naa50p but not Naa10p
orthologs (Fig. 2D). It is likely that the corresponding residues
in Naa10p are optimized to be more tolerant of amino acid
variability in this position. Notably, most of the Naa50p resi-
dues that mediate peptide backbone interactions (Tyr-31, His-
112, andTyr-139) are conservedwith theNaa10p proteins, sug-
gesting that the mode of binding of the N-terminal protein
segment to the Naa10p proteins might be similar to that of
Naa50p. The interactions between Naa50p and peptide resi-
dues C-terminal to Met1 are less extensive, which allows for
more flexibility in residue identity at these positions (Fig. 2C).
Previous studies show that Naa50p activity is affected by the
first four residues of the substrate peptide sequence (21). Here, we
have been able to provide an explanation for the ability of the
enzyme to accommodate both hydrophobic and hydrophilic resi-

FIGURE 5. Structural comparison with other acetyltransferases. A, structural alignment of Naa50p with the Gcn5 HAT. The proteins are shown as a schematic
with the peptide substrates shown in stick representation with Corey-Pauling-Koltun coloring. The CoA molecule from Naa50p is also shown in stick repre-
sentation. The zoom view (rotated 30° clockwise on the y axis) shows a stereo image that includes the position of several side chains in the Naa50p substrate-
binding loops. B, surface representation of Naa50p with a stick model of the Gcn5 substrate peptide docked into the Naa50p peptide-binding site. C, structural
alignment of Naa50p with the bacterial NAT RimI. The Rim protein is shown in purple with the associated bisubstrate inhibitor shown as purple sticks with
Corey-Pauling-Koltun coloring.
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dues at the second amino acid position of the substrate. The third
and fourth substrate residues in the structure presented here are
partially disordered, so it is difficult to draw conclusions regarding
their role in substrate binding from the structure. A point muta-
tion screen showed that conservative mutations in the third and
fourthpositionsare toleratedquitewell,with themostdetrimental
mutations at these positions exhibiting only a 5-fold reduction in
Km and amodest effect on kcat (21). This is in contrast to themore
drastic effects onmutations ofMet1 or Leu2.

The GNAT family of enzymes has been shown to employ a
variety of different chemical strategies to perform protein
acetylation. For example, the Gcn5/PCAF (p300/CBP-associ-
ated factor) family of HATs uses a conserved glutamic acid
residue to serve as a general base for a ternary complex mech-
anism (2); the p300/CBP (cAMP-responsive element-binding
protein-binding protein) family does not employ a dedicated
general base for catalysis but likely uses a tyrosine residue as a
general acid tomediate aTheorell-Chance catalyticmechanism
(36). In addition, the small molecule acetyltransferase sero-
tonin acetyltransferase employs two histidine residues to act as
general bases for catalysis (37). In light of the varied ways in
which acetyltransferase enzymes carry out chemistry, it is not
surprising that Naa50p appears to use yet another chemical
strategy that likely involves histidine (His-112) and tyrosine
(Tyr-73) general base residues, at least one ofwhichmight func-
tion as a general acid as well (Fig. 4A).
It is also of note that the in vitro catalytic parameters derived

in this study are inefficient relative to those of other acetyltrans-
ferases (which are measured on a s�1 scale). The slower rate
observed for recombinant Naa50pmay be a consequence of the
absence of the Naa15p or Naa10p subunits, which might func-
tion to elevate the catalytic rate. Consistentwith this possibility,
recombinant Naa10p has been shown to harbor a greater cata-
lytic activity toward its classical substrates in the presence of
the Naa15p subunit (20).
Finally, this study represents the first description of the

molecular details that distinguish the substrate-binding modes
between the N-terminal and side chain lysine protein acetyl-
transferases. There appear to be several features of the Naa50p
protein substrate-binding site that center around an extended
�6-�7 hairpin loop, which plays a particularly important role in
biasing the specificity of the NAT proteins for N-terminal �-a-
mino groups. Our results are therefore in agreement with pre-
vious studies that have shown that Naa50p is a very inefficient
lysine side chain acetyltransferase (21). We also anticipate that
the ternary Naa50p scaffold provided here, along with the dis-
tinguishing features between NATs and lysine acetyltrans-
ferases, may lead to the development of NAT-specific inhibi-
tors that might have therapeutic applications.
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