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Background: Based on their sequences, the closely related yeast Hpa2 and Hpa3 proteins appear to be acetyltransferases.
Results: Hpa2 and Hpa3 acetylate histones, polyamines, and some small basic proteins.
Conclusion: Although Hpa2 and Hpa3 are very similar in sequence, they have somewhat different substrate preferences.
Significance: This is the first biochemical characterization of these two acetyltransferases.

Based on their sequences, the Saccharomyces cerevisiaeHpa2
andHpa3proteins are annotated as two closely relatedmembers
of the Gcn5 acetyltransferase family. Here, we describe the bio-
chemical characterization ofHpa2 andHpa3 as bona fide acetyl-
transferases with different substrate specificities. Mutational
and MALDI-TOF analyses showed that Hpa3 translation initi-
ates primarily from Met-19 rather than the annotated start
site, Met-1, with a minor product starting at Met-27. When
expressed in Escherichia coli and assayed in vitro, Hpa2 and
Hpa3 (from Met-19) acetylated histones and polyamines.
WhereasHpa2 acetylated histonesH3 andH4 (atH3 Lys-14, H4
Lys-5, and H4 Lys-12), Hpa3 acetylated only histone H4 (at Lys-
8). Additionally, Hpa2, but not Hpa3, acetylated certain small
basic proteins. Hpa3, but not Hpa2, has been reported to acety-
late D-amino acids, and we present results consistent with that.
Overexpression ofHpa2 orHpa3 is toxic to yeast cells. However,
their deletions do not show any standard phenotypic defects.
These results suggest that Hpa2 and Hpa3 are similar but dis-
tinct acetyltransferases that might have overlapping roles with
other known acetyltransferases in vivo in acetylating histones
and other small proteins.

Acetyltransferases catalyze the transfer of an acetyl group
from acetyl-CoA to an acceptor residue on proteins or small
molecules and have wide-ranging roles in gene regulation, anti-
biotic inactivation, transcriptional silencing, and cell cycle pro-
gression (1, 2). The best characterized enzymes in this group,
the histone acetyltransferases (HATs),3 acetylate the �-amino
group of lysines on histone N-terminal tails and core regions
and bring about changes in chromatin structure and dynamics,
often resulting in transcriptional activation (3).

Many well known HATs, such as Gcn5, Hat1, and PCAF
(p300/CBP-associated factor), belong to the GNAT (Gcn5-re-
lated N-acetyltransferases) family with clear sequence and
structural similarity, but they acetylate different residues on
different histones (3). These HATs are often present in multi-
subunit complexes in vivo, such as Gcn5 in SAGA and ADA
complexes, Hat1 in the HAT-B complex, etc. In yeast, the
SAGA complex has well defined roles in transcriptional activa-
tion at promoters and also has roles in transcription elongation
and mRNA export (4). In the context of the SAGA complex,
Gcn5 is able to acetylate histones andnucleosomes primarily on
H3 Lys-14. Hat1 in the HAT-B complex acetylates free histone
H4 at Lys-5 and Lys-12 and is thought to be the primary acetyl-
transferase for newly synthesized histones (5). NuA4 andNuA3
are two other yeast HAT complexes. They contain the MYST
family acetyltransferases Esa1 and Sas3 as the catalytic sub-
units, acetylating histones H4 and H3, respectively (6, 7). The
multiplicity of HATs and their overlapping specificities indi-
cate built-in redundancy to maintain proper in vivo function.
Hpa2 and Hpa3 are two closely related members of the

GNAT superfamily, with nearly 50% identity and 68% similarity
over 156 amino acids (3). Both proteins share significant
sequence and structural similarity in their catalytic and acetyl-
CoA-binding regions (motifs A and D) with other members of
the GNAT superfamily (8). The Hpa2 crystal structure shows
that motif C is structurally conserved within the superfamily
even though there is very limited sequence conservation. Sedi-
mentation analysis shows that Hpa2 forms a dimer in solution
and can tetramerize in the presence of acetyl-CoA (8). The crys-
tal structure of the oligomer reveals that two Hpa2 dimers are
held together by interaction between the bound acetyl-CoA
molecules (8).
Despite their sequence homology, Hpa3, but not Hpa2, has

been shown to acetylate a wide variety of D-amino acids in vitro
(9). This activity is required in vivo to prevent toxicity when
D-amino acids are taken up by the cell (10). Uptake of exoge-
nous D-amino acids through the Gap1 permease is inhibited by
the presence of L-amino acids and rich nitrogen sources such as
ammonium ions (11). However, in limiting nitrogen medium,
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even a low concentration of D-amino acids is toxic to cells pre-
sumably by beingmisincorporated into proteins. Acetylation of
D-amino acids by Hpa3 combined with the action of D-tyrosyl-
tRNATyr deacylase to recycle mislabeled D-aminoacyl-tRNAs
allows the cells to export the D-amino acids out of the cell and
overcome their toxicity (10, 12).
Our goal in this study was to understand the substrate spec-

ificity of Hpa2 and Hpa3. Our earlier attempts to understand
the HAT activity profile of these proteins led us to hypothesize
that only Hpa2 can acetylate histones (8). However, as we show
in this study, the natural form of Hpa3 can acetylate histones
but with a different substrate specificity than Hpa2. Our bio-
chemical analysis also shows that Hpa2 and Hpa3 are unique
acetyltransferases, with a wide range of substrates in vitro,
including histones, polyamines, and some non-histone chro-
matin proteins.

EXPERIMENTAL PROCEDURES

Yeast Strains andMedia—The following strains were used in
this study: W303-1a (MATa ade2 ura3 leu2 his3 trp1 can1),
VSY48 (MAT� ura3 can1, a segregant from a cross of W303-
1a with AN1 MAT� lys1), VSY49 (MAT� can1, a prototroph
generated by integrating pRS306 at the ura3 locus of
VSY48), VSY50 (MAT� ura3 can1 hpa3�::URA3), VSY51
(MAT� ura3 can1 hpa2�::URA3), and VSY52 (MAT� ura3
can1 hpa3�::kanMX4). Yeast cells were grown at 30 °C in yeast/
peptone/dextrose or synthetic complete medium plus appro-
priate supplements or inminimal synthetic definedmedium for
prototrophs (13). Standard yeast manipulations were per-
formed as described (14).
Plasmids—pVS7 was generated by cloning the HPA3

upstream region (nucleotides �420 to 1) and ORF in frame
with a C-terminal GST tag in pRS426. pMS04 was generated by
replacing theGST tagwith theHis6-HA-protease 3C-protein A
(ProtA) ZZ domain in pVS7. pVS46 (M1R), pVS47 (M19R),
pVS48 (M27R), and pVS49 (M19R/M27R) were generated by
site-directed mutagenesis of the HPA3ORF in pMS04.
To overexpressHpa2 andHpa3 in yeast, theHPA2 andHPA3

ORFs were cloned into the p423 TEF expression vector (15) at
BamHI andXhoI sites, generating pLBS68 and pLBS71, respec-
tively. pLBS71 expresses Hpa3 amino acids (aa) 19–179.
pSTT103 and pJL1 express LexA fusions to Hpa2 and
Hpa3(19–179) that were generated by inserting the ORFs as
EcoRI-SalI fragments into the two-hybrid vector pSTT91 (16).
HPA2 and HPA3 (expressing aa 19–179) ORFs were cloned
as EcoRI-SalI fragments in frame with the GAL4 activation
domain in pGAD424 (17) to generate pSTT105 and pJL2,
respectively.
Plasmids for expressing Hpa2 and Hpa3 proteins in Esche-

richia coli were constructed as follows. pSTT97 was con-
structed by inserting the HPA2 ORF into the pET28c expres-
sion vector as a BamHI-XhoI fragment. pSTT104 was made by
cloning theHPA3ORF (aa 1–179) into the BamHI-XhoI sites of
pET28c. pLBS61 was made by insertion of the HPA3 ORF (aa
19–179) into the NdeI and XhoI sites of pET28a. Plasmids
pLBS53, pLBS51, pLBS55, and pLBS57 were constructed by
inserting the ORFs of NHP6a, NHP6b, HMO1, and ABF2 into
the NcoI and XhoI sites of pET28b. The HMO2 ORF was

inserted into the NdeI and XhoI sites of pET28a to form plas-
mid pLBS56.
Protein Expression and Purification in E. coli—Hpa2 and

Hpa3 proteins were expressed in E. coli BL21(DE3) cells after
induction with 1 mM isopropyl �-D-thiogalactopyranoside at
room temperature for 5 h. The protein was purified using
His�Bind affinity resin (Novagen) according to themanufactur-
er’s instructions. Purified Hpa2 protein was dialyzed against 50
mM Tris-HCl (pH 8.0) and frozen at �80 °C by adding glycerol
to a final concentration of 10%. Purified Hpa3 protein was
directly frozen at �80 °C by adding glycerol to a final concen-
tration of 10% without being dialyzed. Nhp6a, Nhp6b, Hmo1,
and Abf2 were also cloned into pET28 and expressed and puri-
fied as described above.
Hpa3 Purification from Yeast—VSY48 expressing pMS04

was grown overnight at 30 °C in 1 liter of synthetic defined
medium to A600 � 2. His-HA-ProtA-tagged Hpa3 was purified
according to established protocols (18). Briefly, the cell pellet
was lysed by bead beating, and ProtA-tagged Hpa3 was recov-
ered by overnight incubation with IgG-Sepharose beads, fol-
lowed by washing three times with 25 mM Tris-HCl (pH 8) and
0.1% Nonidet P-40 and once with 50 mM Tris-HCl (pH 7), 150
mM NaCl, 1 mM EDTA, and 1 mM DTT. His-HA-tagged Hpa3
was cleaved from the IgG-Sepharose beads by incubation with
GST-protease 3C (GEHealthcare), followed by incubationwith
glutathione-Sepharose beads for 2 h. The supernatant contain-
ing lysed His-HA-Hpa3 was further purified through a nickel-
nitrilotriacetic acid column and quantitated on a 15% SDS-
polyacrylamide gel with BSA protein standards.
Mass SpectrometryCharacterization—Hpa3was analyzed on

a Voyager-DE STR MALDI-TOF mass spectrometer system
(Applied Biosystems) operated in the linear mode. Samples
were dissolved in a 50% solution of acetonitrile and 0.1% TFA
containing sinapinic acid (10 mg/ml) and then dried on the
sample plate. The accelerating voltage was set to 25 kV with a
delay of 300 ns. The mass scale (m/z 1000–25,000) was cali-
brated with myoglobin (1 pm/�l), and �200 laser shots were
used to produce each spectrum.
SDS-PAGE and Western Blot Analysis—For the mutational

analysis of Hpa3 start sites, the strains were grown to A600 � 1,
lysed by bead beating according to standard protocols, and elec-
trophoresed on a 20-cm 15% SDS-polyacrylamide gel in a Stur-
dier apparatus (Hoefer Inc.) at 250 V for 3–4 h. The gel was
transferred onto a PVDF membrane using the Bio-Rad wet
transfer system. The membrane was divided at the 50-kDa
mark. The lower part was probed with amouse anti-HAmono-
clonal antibody, and the upper part with a rat anti-tubulin
antibody.
HAT Assays—HAT assays were carried out in a 25-�l total

reaction volume with 37.5 mM Tris-HCl (pH 7.9), 1 mM DTT,
0.1 mM EDTA, 0.25 �Ci of [3H]acetyl-CoA (5.60 Ci/mmol; cat-
alog no. TRK688, Amersham Biosciences), 0.5–1 �g of recom-
binant Hpa2 or Hpa3, and 10 �g of chicken histones purified
from erythrocytes or �1 �g of recombinant non-histone pro-
teins as substrates. Reactionswere incubated at 30 °C for 30min
and then spotted onto Whatman P-81 cation exchange paper
and dried in a hot air oven. The dried papers were washed three
times for 5min eachwith 50mM sodiumcarbonate (pH9.0) and
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once with acetone. Radioactivity retained on the paper was
quantified in a liquid scintillation counter.
Polyamine Acetyltransferase Assays—Assays were carried

out in a 50-�l total reaction volume containing 3 mM poly-
amines (putrescine, spermidine, or spermine; Sigma), 100 mM

Tris-HCl (pH 7.9), 0.5 �Ci of [3H]acetyl-CoA (5.60 Ci/mmol),
and 0.5–1 �g of recombinant Hpa2 or Hpa3. Reactions were
incubated at 30 °C for 30 min, and 10 �l of 1 M hydroxylamine
hydrochloride was then added to terminate the reaction. The
reactions were boiled for 3 min, and the precipitate was
removed by centrifugation at 12,000 � g for 2 min. 40 �l of
supernatant was spotted ontoWhatman P-81 paper and dried.
The dried papers were washed once with tap water, three times
with distilled water for 2 min each, and finally once with 100%
ethanol to remove unbound [3H]acetyl-CoA. The filters were
dried in a hot air oven, and radioactivity retained on the filters
was quantified in a liquid scintillation counter.
SDS-PAGE of Acetylated Histones—TheHAT reactions were

performed as described above, and instead of spotting the reac-
tions on P-81 paper, the reactions were terminated by the addi-
tion of 5 �l of 5� SDS loading buffer. Samples were heated to
100 °C for 5min and resolved on a 15%SDS-polyacrylamide gel.
The gel was stained with Coomassie Blue, destained, saturated
with EN3HANCE (PerkinElmer Life Sciences), dried under vac-
uum, and subjected to autoradiography.
Amino Acid Sequence Analysis of Acetylated Histones—HAT

assays were done as described above using the recombinant
Hpa2 and Hpa3 proteins and either the H3 or H4 peptide as
substrate. Four reactions were pooled, applied to ProSorb
membranes (Applied Biosystems), and processed for protein
sequencing according to the manufacturer’s instructions. The
samples were subjected to Edman degradation. Eluates from
each cycle were collected, dried, resuspended in 50 mM sodium
acetate (pH 5.2), and counted in a liquid scintillation counter.
Two-hybrid Analysis—The LexA-Hpa2 and LexA-Hpa3

fusions were tested for two-hybrid interactions with Gal4 acti-
vation domain-Hpa2 or Gal4 activation domain-Hpa3 in strain
L40 as described previously (19).

RESULTS

Hpa2, but Not Hpa3(1–179), Acetylates Histones—To ana-
lyze the biochemical properties of Hpa2 and Hpa3, we purified
the full-length proteins as C-terminally His-tagged fusions

from E. coli (Fig. 1A) and assayed them forHAT activity in vitro
using Hat1 as a positive control. As shown in Fig. 1B, Hpa2
showed strong activity with purified histone H3 and somewhat
less with histone H4. In contrast, full-length Hpa3 showed no
acetylation activity against histones but had significant auto-
acetylation activity.
Hpa3 Translation Initiates from Met-19 in Saccharomyces

cerevisiae—The disparity in the acetylation abilities of Hpa2
and Hpa3, despite their 50% sequence identity, led us to reex-
amine the sequence alignment between Hpa2 and Hpa3. Hpa3
protein has three in-frame methionines within the first 27 aa
(Met-1, Met-19, and Met-27 of the ORF). It was apparent that
Hpa2 aligns with Hpa3 starting at Met-19 (Fig. 2A). Signifi-
cantly, Hpa3 protein alignment begins atMet-19 in four closely
related Saccharomyces species (Fig. 2B). This led us to hypoth-
esize that Met-19 is the in vivo translational start site for Hpa3
in S. cerevisiae.
We used mutational analysis and performed MALDI-TOF

measurements on the purified protein to confirm this hypoth-
esis. TheORFofHPA3was expressed from its natural promoter
and cloned in frame with a His6-HA-ProtA tag in a 2� plasmid
to facilitate the monitoring and purification of the Hpa3 pro-
tein. Site-directedmutagenesis in this plasmid background was
used to generate mutants of all three methionines either singly
or in combination (M1R,M19R,M27R, andM19R/M27R). The
wild-type and mutant plasmids were used to express the pro-
teins in yeast. Protein extracts were separated on a 20-cm 15%
SDS-polyacrylamide gel and analyzed byWestern blotting with
anti-HA antibody. As shown in Fig. 2C, the first annotated start
site, Met-1, was not used, as mutating it did not affect Hpa3
production. Both the wild-type protein and the M1R mutant
produced a doublet that differed in size by �0.8 kDa. The top
band appears to be due to Met-19 because it is missing in the
M19R mutant. The bottom band appears to be due to Met-27
because it is missing in the M27R mutant (Fig. 2C). Consistent
with this interpretation, the M19R/M27R double mutant did
not produce any Hpa3.
To confirm the start of the Hpa3 protein from Met-19, the

His-HA-ProtA-tagged wild-type Hpa3 protein was purified
from yeast and subjected toMALDI-TOF analysis. Taking into
account the appropriate modifications such as methionine
cleavage andN�-acetylation, the predictedmolecularmasses of

FIGURE 1. A, full-length Hpa2 and Hpa3, as annotated in the Saccharomyces Genome Database, were expressed and purified from E. coli BL21(DE3) cells and
subjected to SDS-PAGE. The Coomassie Blue-stained gel is shown. B, Hpa2, but not Hpa3, can acetylate histones H3 and H4. Recombinant Hpa2, Hpa3, and Hat1
were assayed for HAT activity against recombinant purified individual histones in the presence of [3H]acetyl-CoA, followed by SDS-PAGE and autoradiography.
The arrows show the positions of autoacetylated Hpa2 and Hpa3.
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proteins expressed from this plasmid starting atMet-1,Met-19,
andMet-27 are 24,232.54, 22,259.16, and 21,272.15 Da, respec-
tively. In theMALDI-TOF analysis, the predominant peak seen
with a mass of 22,270 Da corresponds closely to the expected
molecular mass of Hpa3 beginning at Met-19 (Fig. 2D). The
minor peaks could represent alternative forms of Hpa3, but
because they were not reproducible in two different prepara-
tions of Hpa3, they are unlikely to be significant products.
Taken together, the results from theMALDI-TOF andmuta-

tional analyses strongly suggest that Met-19 is the preferred in
vivo translational start site for Hpa3. Henceforth, protein
19–179 is referred to as Hpa3.
Hpa2 and Hpa3 Are Similar but Distinct HATs—The newly

identified form of Hpa3 (aa 19–179) was utilized in histone
acetylation assays against chicken histones. As shown in Fig.

3A, unlike Hpa3(1–179), this form of Hpa3 possesses strong
histone acetylation activity like Hpa2. Both Hpa2 and Hpa3
could not acetylate nucleosomes in vitro (data not shown).
Hpa2 and Hpa3 have different histone acetylation profiles.

Hpa3 acetylated onlyH4, whereasHpa2 acetylated bothH3 and
H4 (Figs. 1B and 3B). Sequence analysis of the acetylated his-
tones offered further evidence that Hpa2 and Hpa3 have differ-
ent substrate specificities. Hpa2 preferred to acetylate H4 Lys-5
and Lys-12 over Lys-8 (Fig. 3C). In contrast, Hpa3 preferentially
acetylatedH4 Lys-8 overH4 Lys-5 and Lys-12. Hpa2 also acety-
latedH3 Lys-14 (Fig. 3D), whereas Hpa3 had little or no activity
against H3 (Fig. 3B).
Hpa2 andHpa3 Possess Polyamine Acetyltransferase Activity—

Polyamines such as putrescine, spermine, and spermidine are
small cationic molecules that bind to DNA and chromatin to

FIGURE 2. Hpa3 is produced from the second methionine in the annotated sequence. A, sequence alignment of Hpa2 and Hpa3 showing their similarity.
Identical residues are shown in black boxes, and similar residues are shown in gray boxes. The three in-frame methionines of Hpa3 at positions 1, 19, and 27 are
indicated with arrowheads. B, sequence alignment of Hpa3 from S. cerevisiae (S.cer), Saccharomyces paradoxus (S.par), Saccharomyces bayanus (S.bay), and
Saccharomyces mikatae (S.mik) shows that the proteins have no homology before Met-19 of S. cerevisiae Hpa3. Identical and similar residues are shaded as
described for A. C, Hpa3 is expressed primarily from the second methionine, Met-19. Strain W303-1a carrying the vector pRS426 (V), wild-type pMS04
(His-HA-ProtA-tagged WT Hpa3), or mutant pVS46 – 49 (M1R, M19R, M27R, or M19R/M27R) was assayed for Hpa3 protein levels using anti-HA antibody.
Anti-tubulin antibodies were used to measure tubulin levels as a loading control. D, MALDI-TOF analysis confirmed that Hpa3 in yeast is produced from the
second methionine in vivo. Wild-type Hpa3 purified from strain VSY48 containing pMS04 was subjected to MALDI-TOF analysis. Shown is the intensity profile
against mass/charge ratio. The major and minor peaks are shown as protonated molecular ions.
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perform essential but as yet unknown functions in cells (20).
We have previously identified a member of the GNAT super-
family, Paa1, as a polyamine acetyltransferase (21). Paa1 acety-
lates the free amino groups on many polyamines but does not
acetylate histones (21). However, some mammalian acetyl-
transferases have both histone and polyamine acetyltransferase
activities (22).
We testedwhetherHpa2 andHpa3 are able to acetylate poly-

amines by subjecting putrescine, spermidine, and spermine to
acetyltransferase assays. As shown in Fig. 4 (A and B), both
Hpa2 andHpa3were able to acetylate all three polyamines, with
a preference for spermine and spermidine over putrescine.
Hpa2, but Not Hpa3, Can Acetylate Some Small Basic

Proteins—Many members of the HMG family are known to be
acetylated by p300/CBP, Gcn5, and Hat1 HATs (3). For
instance, the S. cerevisiae Spt2 protein, an HMG1 homolog,
is acetylated by Gcn5 (23). We tested the ability of Hpa2 and
Hpa3 to acetylate the following yeast HMG-like proteins:
Nhp6a, Nhp6b, Hmo1, Hmo2, and Abf2. As shown in Fig. 5,
Hpa2 was able to acetylate all of the nuclear HMG proteins
tested, with a preference for Hmo2. However, Abf2, a mito-
chondrial member of the HMG family, was not acetylated.
Hpa3 did not acetylate any of the HMG proteins tested (data
not shown).

Hpa2 and Hpa3 Self-associate but Do Not Interact with Each
Other—Sedimentation and crystal structure analyses of Hpa2
clearly show that Hpa2 is dimeric in solution and tetramerizes
in the unit crystal (8). To assess the self- and heterodimeriza-
tion abilities ofHpa2 andHpa3,we carried out two-hybrid anal-
ysis of Hpa2 and Hpa3 as fusions to LexA and Gal4 activation
domains. BothHpa2 andHpa3proteins showed significant self-
association but did not heterodimerize with each other in vivo
(Table 1).
Hpa3 and D-Amino Acid Detoxification—Hpa3, but not

Hpa2, has been shown to be important for D-amino acid detox-
ification through its ability to acetylate D-amino acids (10). As
D-amino acid uptake is inhibited by the presence of L-amino
acids in regular media, we generated prototrophic hpa3� and
hpa2� strains and assessed them for their ability to grow in
synthetic medium in the presence of 0.1 mM D-methionine, as
described under “Experimental Procedures.” We confirmed
that hpa3� mutants were unable to grow in the presence of
D-methionine. In contrast, the growth of hpa2� mutants was
not affected by D-methionine (Fig. 6A). The hpa3� growth
defect could be rescued by all of the plasmid-borne single Hpa3
missense mutants (M1R, M19R, and M27R) (Fig. 6B), suggest-
ing that the Hpa3 protein produced from either Met-19 or
Met-27 is capable of acetylating D-amino acids. As expected,

FIGURE 3. Hpa2 and Hpa3 have HAT activity. A, recombinant Hpa2 and Hpa3(19 –179) show HAT activity against chicken histones in the presence of
[3H]acetyl-CoA. The results shown are the means � S.D. of three independent experiments. B, Hpa2 can acetylate histones H3 and H4, whereas Hpa3 can
acetylate only histone H4. Reaction products from HAT assays performed as described for A were electrophoresed on two 15% SDS-polyacrylamide gels and
subject to autoradiography and Coomassie Blue staining. The results from a representative experiment are shown. C, Hpa2 and Hpa3 have different HAT
profiles. HAT assays were performed with histone H4 peptide 1–20 in the presence of Hpa2 or Hpa3, and the reaction products were subjected to sequencing
by Edman degradation, followed by scintillation counting to identify residues that carry the [3H]acetyl group. D, same as in C except histone H3 peptide 1–20
was used as a substrate.
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the Hpa3 M19R/M27R mutant, which did not produce any
Hpa3 protein, was not able to rescue the D-methionine sensi-
tivity of the hpa3� strain.

Lack of Hpa2 and Hpa3 Does Not Have Any Phenotypic Con-
sequence under Normal Conditions—To understand other in
vivo functions of Hpa2 andHpa3, we tested hpa2�, hpa3�, and
hpa2�hpa3� mutants for phenotypic defects. We did not
observe any defects in growth at 30 or 37 °C, sporulation,
growth in the presence of genotoxic agents such as hydroxyurea
or methyl methanesulfonate, recovery from stationary phase,
or transcriptional silencing (data not shown). The only growth
defect noted for hpa2� (but not hpa3�) mutants was minor
6-azauracil sensitivity (data not shown).
We also tested whether overexpression of Hpa2 and Hpa3

has any phenotypic consequences. When overexpressed from
the strong constitutive PTEF promoter, HPA2 and HPA3 ORFs
were toxic to the growth of yeast cells (Fig. 6C).

DISCUSSION

Hpa2 and Hpa3 are members of the GNAT family of acetyl-
transferases, a group of proteins with a wide variety of sub-
strates ranging from small molecules such as antibiotics and
amino acids to proteins (3). Although Hpa3 has been shown to
be a D-amino acid acetyltransferase that detoxifies D-amino
acids, the exact in vivo role of Hpa2 is not yet clear (10). In this
study, we have shown that both Hpa2 and Hpa3 can acetylate
histones and other proteins with distinct substrate specificities.
Histone Acetylation by Hpa2 and Hpa3—Acetylation of

histone N-terminal tails is a well known modulator of chroma-
tin structure and gene regulation. Hpa2 preferred to acetylate
H3Lys-14 andH4Lys-5 andLys-12 (Fig. 3,B andC). These sites
are also the preferred targets of Gcn5 and the Hat1-containing
HAT-B complex, respectively (3, 5). In contrast, Hpa3 pre-
ferred to acetylate H4 Lys-8 (Fig. 3, B and C), which is also
targeted by the Esa1-containing NuA4 complex in vivo (6).
The redundant nature of these acetyltransferases could explain
the lack of phenotypes seen for hpa2� or hpa3� mutants.
Because hat1 mutants do not have obvious growth defects
(24), we checked whether hpa2�hat1�, hpa3�hat1�, or
hpa2�hpa3�hat1� had growth defects and found that they did
not (data not shown). These results suggest thatHpa2 andHpa3
do not acetylate H4 Lys-5 and Lys-12 in vivo or that there are
other overlapping HATs that can compensate for these dele-
tions. Consistentwith these possibilities, histones purified from
hpa2� or hpa3� mutants did not show any changes in their
acetylation status when electrophoresed on Triton/acid/urea
gels (data not shown). Additionally, overexpression of Hpa2
and Hpa3 was toxic to yeast cells (Fig. 6C), suggesting that
hyperacetylation of their target protein(s) is detrimental to
growth. It would be interesting to know whether the weak
6-azauracil sensitivity seen for hpa2� mutants is indicative of
transcription defects in vivo.
Other Substrates for Hpa2 and Hpa3—It is possible that his-

tones are not the primary in vivo targets of Hpa2 and Hpa3.
These proteins are unusual in that they can also acetylate poly-
amines; none of the well characterized yeast acetyltransferases
have been shown to have both histone and polyamine acetyl-
transferase activities. Both Hpa2 and Hpa3 were able to acety-
late the polyamines spermine, spermidine, and putrescine in
vitro (Fig. 4), similar to Paa1, the primary polyamine acetyl-
transferase in yeast (21). Acetylation of polyamines is thought

FIGURE 4. Hpa2 and Hpa3 can acetylate polyamines. Putrescine, spermine,
and spermidine were subjected to acetylation in the presence or absence of
Hpa2 (A) and Hpa3 (B). The results shown are the means � S.D. of three inde-
pendent experiments. enz, enzyme.

FIGURE 5. Hpa2 can acetylate nuclear non-histone chromatin proteins.
Hpa2 was assayed for its ability to acetylate nuclear (Nhp6a, Nhp6b, Hmo1,
and Hmo2) and mitochondrial (Abf2) members of the HMG family in the pres-
ence of [3H]acetyl-CoA. The results shown are the means � S.D. of three inde-
pendent experiments. enz, enzyme.

TABLE 1
Two-hybrid analysis of Hpa2-Hpa3 interaction

Two-hybrid
interaction GAD-Hpa2 GAD-Hpa3

LexA-Hpa2 ���� �
LexA-Hpa3 � ����
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to be necessary for their breakdown or export from cells (25).
Unlike Paa1, overexpression of Hpa2 or Hpa3 did not cause
additional growth defects on media lacking pantothenate (data
not shown). Moreover, the hpa2�hpa3�paa1� mutant was no
more sensitive to hydroxyurea than thepaa1�mutant (data not
shown), suggesting that polyamine acetylationmight not be the
primary role for Hpa2 and Hpa3 in vivo. Many years ago, Libby
(22) isolated calf liver N-acetyltransferases, which have molec-
ular masses similar to those of Hpa2 and Hpa3 and are capable
of acetylating both histones and polyamines; they might be
mammalian homologs of Hpa2 and Hpa3.
Prior experiments and recent whole genome acetylation pro-

files have revealed a wide variety of non-histone proteins that
are acetylated at internal lysine residues, including non-histone
chromatin proteins such as the HMG family and transcrip-
tional activators such as p53 (3, 26, 27). In keeping with these
findings, we found that Hpa2, but not Hpa3, was able to acety-
late many small non-histone proteins belonging to the HMG
family, with a special preference for Hmo2. It is interesting that
Hpa2 activity on these small basic proteins does not correlate
with their pI or the percentage of lysine residues, as Hmo2 was
the least basic of the four nuclear proteins tested (pI of 8.06 and
12% Lys versus an average pI of 9.7 and 14% Lys).
Hpa2 and Hpa3 Have Different Substrate Specificities—Al-

though Hpa2 and Hpa3 are very similar proteins, with 50%
identity and 68% similarity, they have different substrate spec-
ificities. Hpa3, but not Hpa2, can detoxify D-amino acids,
whereas Hpa2 alone acetylates small non-histone chromatin
proteins (Figs. 5 and 6A). This difference in substrate specificity
is presumably due to amino acids not conserved between the
two proteins.
Asmentioned above, Hpa2 forms a dimer in solution and can

tetramerize in the presence of the cofactor acetyl-CoA. The

crystal structure of Hpa2 shows that an extensive dimer inter-
face is formed in large part by projections of strand �3-turn
�3/�4-strand �4 and strand �7 into the adjacent monomer (8).
A comparison of the primary sequences showed that only 7 of
the 15 residues in the first projection (and only two of the nine
residues in turn �3/�4) are identical between Hpa2 and Hpa3.
This difference in the dimer interface could explain why Hpa2
andHpa3 do not interact with each otherwhilemaintaining the
ability to self-interact (Table 1).
Is D-Amino Acid Acetylation the Primary Role for Hpa3?—As

mentioned above, Hpa3 has a clearly defined role in detoxifying
D-amino acids by acetylation (10). As D-amino acids are taken
into yeast cells only under low nitrogen conditions, it was
intriguing to note that under normal high nitrogen conditions,
the Hpa3 protein is present at �1000 copies/cell (28). The tox-
icity associated with overexpression of HPA3 cannot be
explained by hyperacetylation of D-amino acids, as these exper-
iments were carried out under high nitrogen conditions (Fig.
6C). The toxicity could be due to inappropriate acetylation of
histones or polyamines, or perhaps other proteins.
Hpa3 Translation Initiates Downstream of the Annotated

Start Site—Our experiments clearly show that the Hpa3 pro-
tein is produced fromMet-19, amethionine downstream of the
annotated start site, Met-1 (Fig. 2, C andD), in agreement with
the primary sequence homology between Hpa3 and its
orthologs (Fig. 2, A and B). Transcript analysis also suggests
that Hpa3 must be translated from the second or third methi-
onine (Met-19 and Met-27). The three in-frame methionines
are at chromosome V coordinates 26667, 26721, and 26745.
Based on the presence of an intact G-cap, Hpa3 mRNA tran-
scripts begin at coordinates 26679 and 26717 (29). Therefore,
both transcripts begin downstream of the first methionine,
Met-1, precluding translation from that methionine.

FIGURE 6. A, Hpa3, but not Hpa2, is required to overcome D-amino acid toxicity. Prototrophic strains VSY49 (WT), VSY50 (hpa3�), and VSY51 (hpa2�) were
assayed for their ability to grow in the presence of 0.1 mM D-methionine in synthetic defined medium (SD) containing proline as the major nitrogen source. The
plates were incubated at 30 °C for 2 days and photographed. B, strain VSY52 (hpa3�) was transformed with plasmid pRS426 (vector), pMS04 (WT Hpa3), pVS46
(Hpa3 M1R), pVS47 (M19R), pVS48 (M27R), or pVS49 (M19R/M27R) and assayed for D-amino acid toxicity as described for A. The plates were incubated at 30 °C
for 2 days and photographed. C, overexpression of Hpa2 and Hpa3 is toxic to yeast. Strain W303-1a containing the overexpression plasmid pLBS68 (PTEF HPA2)
or pLBS71 (PTEF HPA3) or pRS423 TEF as the vector control was assayed for growth on His� synthetic complete medium following incubation at 30 °C for 2 days.
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It was interesting to note that recombinant Hpa3 protein
produced from the first methionine did not have HAT activity,
whereas the correct version did (Figs. 1B and 3A), suggesting
that the extra N-terminal residues in the recombinant protein
interfere with either substrate binding or the catalytic activity
on histones. However, these extra N-terminal residues do not
affect detoxification and hence acetylation of D-amino acids (9),
presumably because the small molecule substrate can bind to
the active site, whereas larger substrates such as histones
cannot.
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