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Protein acetylation is a widespread modification that is medi-
ated by site-selective acetyltransferases. KATs (lysine N*-acetyl-
transferases), modify the side chain of specific lysines on his-
tones and other proteins, a central process in regulating gene
expression. N*-terminal acetylation occurs on the ribosome
where the e amino group of nascent polypeptides is acetylated
by NATSs (N-terminal acetyltransferase). In yeast, three different
NAT complexes were identified NatA, NatB, and NatC. NatA is
composed of two main subunits, the catalytic subunit NaalOp
(Ard1p) and Naal5p (Natlp). Naa50p (Nat5) is physically asso-
ciated with NatA. In man, hNaa50p was shown to have acetyl-
transferase activity and to be important for chromosome segre-
gation. In this study, we used purified recombinant hNaa50p
and multiple oligopeptide substrates to identify and character-
ize an N%-acetyltransferase activity of hNaa50p. As the pre-
ferred substrate this activity acetylates oligopeptides with N ter-
mini Met-Leu-Xxx-Pro. Furthermore, hNaa50p autoacetylates
lysines 34, 37, and 140 in vitro, modulating hNaa50p substrate
specificity. In addition, histone 4 was detected as a hNaa50p
KAT substrate in vitro. Our findings thus provide the first
experimental evidence of an enzyme having both KAT and NAT
activities.

Protein acetylation is performed by two distinct types of
enzymes, histone acetyltransferases/lysine acetyltransferases
(KATs)?and N-terminal acetyltransferases (NATS). It is widely
believed that the NAT complexes modify exclusively proteins
at the N termini, whereas the KAT enzymes only lysine side
chains.

KAT enzymes acetylate the e-amino group of specific lysines
on histone proteins as a crucial part of regulating gene expres-
sion (1). The KAT family consists of several members, but the
p300 enzyme and its paralogue, CREB-binding protein (CBP),
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have been identified to account for most of the KAT activity (1).
Dysregulation of p300/CBP activity has been implicated in sev-
eral types of cancers and cardiac diseases (2).

The NAT complexes are physically associated with ribo-
somes and transfer the acetyl group from acetyl-CoA to the
N-terminal a-amino group of newly synthesized proteins (3, 4).
In yeast and humans, three different NAT complexes were
identified, NatA, NatB, and NatC, whose activities were found
to account for the majority of N*-terminal acetylation (5).

The yeast NatA complex is composed of the catalytic subunit
NaalOp (earlier known as Ard1p (6)) and the auxiliary subunit
Naal5p (earlier known as Natlp (6, 7)). The yNatA complex has
a broad substrate specificity acetylating proteins with Ser, Ala,
Gly, Val, Cys, or Thr N termini (8). A third subunit, Naa50p
(earlier known as Nat5p (6)), was found to be physically associ-
ated with the yNatA complex, but no influence on the NatA
activity was detected (4). The presence of a third subunit in the
NatA complex has also been demonstrated in the fruit fly, dSan
(9), and human, hNaa50p (hNat5p) (10).

Recently, human Naa50p was reported to acetylate itself and
purified chromosome pellets in vitro (11). Loss of this protein
led to chromatid cohesion defects in both the fruit fly and
humans (9, 11). In addition, a recent study of Naa50p in the fruit
fly demonstrated its importance in chromosome resolution and
segregation (12).

HeLa cells with small interfering RNA-mediated down-reg-
ulation of hNAA10 and hNAA 15, showed decreased acetylation
levels of several proteins matching the predicted NatA specific-
ity (8). In addition, one protein, having an N-terminal sequence
that deviated from the NatA substrate pattern, was also less
acetylated in hNAA10/hNAA15 knockdown cells. This protein,
hnRNP F, has the N-terminal protein sequence MLGPEGG (8).
It has been established that knockdown of either hNAA10 or
hNAAIS in HeLa cells causes a reduced level of the hNaa50p
protein (11). Therefore hnRNP F may represent a potential
hNaa50p substrate in vivo.

In this study, the important issue of whether hNaa50p is a
bifunctional NAT and KAT enzyme has been addressed. Based
on in vitro activity assays and mass spectrometric analyses, it is
demonstrated that hNaa50p indeed possesses both NAT and
KAT activities. Autoacetylation of hNaa50p was observed in
lysine residues 34, 37, and 140, and hNaa50p specifically acety-
lated histone 4 in vitro. The preferred N-terminal sequence for
the NAT activity of hNaa50p matches the sequence of the
hypothesized in vivo substrate, hnRNP F.
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EXPERIMENTAL PROCEDURES

Xpress-hNaa50p Immunoprecipitation and in Vitro Acetyl-
transferase Assay—Overexpression and immunoprecipitation
of Xpress-hNaa50p were done as described (13). The acetyl-
transferase assay used to test the Xp-hNaa50p activity and the
initial peptide screen were performed as described previously
(13). The enzyme was incubated in 250 ul of KAT buffer (50 mm
Tris-HCI (pH 8.5), 10% glycerol, 1 mm EDTA) with 5 pl of
[1-'*C]acetyl-CoA (56 mCi/mmol, GE Healthcare) and 2.5 ul of
custom made peptide (2 mm; Biogenes) as substrates. After a
2-h incubation at 37 °C, the peptides were isolated using SP-
Sepharose resin (Sigma). Incorporation of acetyl groups was
determined by scintillation counting. Because the first residues
of the peptide seemed to be most important for enzyme speci-
ficity (5), all peptides used in this study vary only within the 7
first N-terminal positions. The next 17 amino acids, indicated
by “RRR,” are identical for all peptides and resemble the
sequence of adrenocorticotropic hormone (ACTH), except, all
Lys residues have been replaced by Arg to minimize the poten-
tial interference by N®-acetylation. The positively charged Arg
residues facilitate peptide solubility and effective isolation by
cation exchange Sepharose beads. See supplemental Table S1
for peptide sequence information.

Plasmid Construction, Protein Expression, and Purification—
Prokaryotic expression and purification of recombinant pro-
tein was conducted as described (14). The cDNA encoding
hNaa50p was cloned into pETM-glutathione S-transferase
(GST) (G. Stier, EMBL, Germany) for expression in Esche-
richia coli. The plasmid encoding Xpress-tagged hNaa50p was
previously described (10).

Determination of Steady-state Kinetic Constants by Reverse
Phase HPLC—The enzyme activity of hNaa50p was determined
by reverse phase HPLC as described (15). Elution times of
unmodified peptides were established by injecting pure
unmodified peptide on the HPLC system, collecting fractions
that corresponded to the absorbance peak of the peptide, and
verification of the mass by mass spectrometry (see Fig. 4A4).
Kinetic parameters were calculated by nonlinear regression
analysis using the SigmaPlot Technical Graphing Software
(SPSS Inc.).

Mass Spectrometric Verification of Acetylation—Elution
times of acetylated peptides were determined by collecting
fractions of corresponding absorbance peaks and verifying the
molecular mass by MS. The MS data showed increased molec-
ular masses of ~42 Da, consistent with the acetylation of one
residue. Prior to the MS analyses, the samples were diluted 1:1
with a matrix solution consisting of 8 ug/ul alfa-cyano-4-hy-
droxycinnamic acid, 60% acetonitrile, 15% methanol, and 0.1%
trifluoroacetic acid. 1 ul of the sample/matrix mixtures was
placed on the target plate (Bruker Daltonics, MTP 384 polished
steel). The MALDI-TOF MS analyses were performed with an
Ultraflex mass spectrometer (Bruker Daltronics) in a positive-
ion mode. Peptide calibration standard (Bruker Daltonics) was
mixed 1:1 with matrix solution and placed on the target along
with the samples and used for external calibration.

Xpress-hNaa50p and purified GST-hNaa50p separated by
SDS-PAGE were excised from gels and washed twice in 50 mm
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ammonium bicarbonate and 50% acetonitrile. Prior to protease
treatment the washed gel pieces were dehydrated by vacuum
centrifugation and subsequently treated with dithiothreitol and
iodoacetamide for reduction and alkylation of cysteines as
described (16). “In gel” digestion with Lys-C endoproteinase
was carried out essentially as described by the manufacturer
(Roche Applied Science). The digested peptides were purified
and concentrated as described (17), and MALDI-TOF MS and
MS/MS analyses were performed with an Ultraflex mass spec-
trometer (Bruker Daltronics) and a matrix solution consisting
of 8 ug/ul alfa-cyano-4-hydroxycinnamic acid, 60% acetoni-
trile, 15% methanol, and 0.1% trifluoroacetic acid.

Generation of GST-hNaa50p Mutants—Mutagenesis was
performed as recommended by Stratagene. See supplemental
data for primer sequences. The identities of GST-hNaa50p
mutants were verified by DNA sequencing.

In Vitro N*-Acetylation Assays—22.5 ul of purified hNaa50p
(0.8 mg/ml) was mixed with 37.5 ul of [1-"*CJacetyl-CoA (56
mCi/mmol, GE Healthcare) and 262.5 ul of KAT buffer. The
mixture was distributed into 2 tubes. One tube was incubated at
37 °C, and aliquots were collected after 0, 30, 60, 90, and 120
min. The other tube was incubated at 4 °C, and an aliquot was
collected after 120 min. The enzyme activity was quenched by
adding SDS-PAGE sample bulffer.

For kinetic analyses of the autoacetylation reaction, 5 um
GST-hNaa50p was incubated with 500 um acetyl-CoA contain-
ing [1-'*CJacetyl-CoA and KAT buffer at 37 °C. Aliquots were
collected at six different time points and the enzyme reaction
stopped by cooling and adding trifluoroacetic acid to a final
concentration of 1% (v/v). Autoacetylated GST-hNaa50p was
isolated by reverse phase HPLC and analyzed by scintillation
counting.

Autoacetylation of GST-hNaa50p WT, or its R84A and
Y124F mutants was performed adding 10 ul of the purified GST
fusion protein (11 um) to 30 ul of KAT buffer and 5 ul of non-
radioactive acetyl-CoA (5 mm). The samples were incubated at
37 °C for 1 h, and the activity quenched by adding SDS-PAGE
sample buffer. Acetylation was detected by Western blotting
using an anti-acLys antibody (Upstate). The NAT assay was
performed in the presence of 100 um acetyl-CoA, 30 um
'MLGP-RRR** peptide, and 50 nM of each enzyme in KAT
buffer. The samples were incubated at 37 °C for 30 min prior to
adding trifluoroacetic acid to 1% (v/v). The resulting acetylation
was analyzed using reverse phase HPLC as described above.

For autoacetylation assays with GST-hNaa50p WT and the
different lysine mutants, 2.4 uM protein was mixed with 500 um
acetyl-CoA in the above mentioned KAT buffer. The samples
were incubated at 37 °C for 1 h, and the activity quenched by
adding SDS-PAGE sample buffer. Acetylation was detected by
Western blotting using an anti-acLys antibody (Upstate).

To explore the effect of autoacetylation on the NAT activity
of hNaa50p, 10 um purified GST-hNaa50p was incubated at
37 °C for 120 h with either 300 um acetyl-CoA or H,O as con-
trol in KAT buffer. An extensive incubation was chosen to
ensure a high yield of autoacetylation. To determine K, values
for 'MLGP-RRR?** or 'MIGP-RRR** using these enzyme vari-
ants, 30 nm autoacetylated GST-hNaa50p was incubated with
either "MLGP-RRR** (20-400 pm) or 'MIGP-RRR** (50 -500
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FIGURE 1. In vitro acetyltransferase activity of immunoprecipitated
Xpress-hNaa50p. Immunoprecipitated Xpress-hNaa50p from transfected
human embryonic kidney 293 cells was incubated with [1-'*Clacetyl-CoA and
the oligopeptides 'MLGP-RRR?** or 'SESS-RRR?* for 2 h at 37 °C. dH,0 used as
negative control (—). After incubation, the oligopeptides were isolated with
SP-Sepharose beads, washed three times with 0.5 m acetic acid, and analyzed
with scintillation counting. Error bars (S.D.) are based on three independent
experiments. For details see “Experimental Procedures.”

uM) at 37 °C for 30 min with saturating levels of acetyl-CoA
(300 uMm). The activity was quenched by adding trifluoroacetic
acid to a final concentration of 1% (v/v).

The KAT activity of hNaa50p toward other proteins was
measured using 2 uMm pre-autoacetylated hNaa50p, non-preau-
toacetylated hNaa50p, or bovine serum albumin in the pres-
ence of 2 um of the indicated protein substrates and 80 uMm
acetyl-CoA. The samples were incubated at 37 °C, and aliquots
were collected after 0, 30, and 60 min. The activity was
quenched by adding SDS-PAGE sample buffer. Acetylation was
detected by Western blotting using an anti-acLys antibody
(Upstate).

RESULTS

hNaa50p Exhibits Preferred NAT Activity on Substrates
Sharing the N Terminus with hnRNP F—In vitro acetyltrans-
ferase assays were performed using immunoprecipitated
Xp-hNaa50p from human embryonic kidney 293 cells.
Xp-hNaa50p did not extensively acetylate a 'SESS-RRR** oli-
gopeptide, a known hNatA substrate (8), whereas the 'MLGP-
RRR** oligopeptide was readily acetylated (Fig. 1). This exper-
iment indicates that hNaa50p expressed in cell cultures has
N“-acetyltransferase activity toward an oligopeptide whose N
terminus is identical to that of the hnRNP F protein.

Recombinant hNaa50p Preferentially Acetylates the N Ter-
mini of Met-Leu Oligopeptides—To establish the substrate
specificity of hNaa50p in comparison to known NAT com-
plexes, oligopeptides with N termini matching known NatA,
NatB, and NatC substrates were tested. The putative hNaa50p
substrate 'MLGP-RRR** and two peptides known to be
N“-acetylated in vivo, but by unknown enzymes (8), were also
included. For these experiments, hNaa50p N-terminal fused to
GST was expressed in E. coli. The purified enzyme most effi-
ciently acetylated oligopeptides with Met-Leu N termini corre-
sponding to putative substrates of hNatC and hNaa50p (18)
(Fig. 2). The NatA substrates, 'SESS-RRR** and 'SYSM-RRR?*,
were not acetylated (Fig. 2).

To characterize the enzyme specificity in more detail, several
additional oligopeptides with different N termini were tested
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FIGURE 2. hNaa50p/hSan acetylation of peptides with the N termini Met-
Leu or Met-Asp. Purified GST-hNaa50p was incubated with selected oli-
gopeptides and [1-'*Clacetyl-CoA for 2 h at 37 °C. After incubation, the oli-
gopeptides were isolated with SP-Sepharose beads, washed three times with
0.5 maceticacid, and analyzed with scintillation counting. Activity detected in
the negative control (dH,0) was subtracted. The NAT complexes that are
expected to perform the acetylation in vivo are given. Error bars (S.D.) are
based on three independent experiments. For details see “Experimental
Procedures.”
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FIGURE 3. GST-hNaa50p specificity constants (V/K). 70 nm GST-hNaa50p
was incubated with selected oligopeptide substrates for 30 min at 37 °C with
saturated levels of acetyl-CoA (300 um). The acetylation kinetics were deter-
mined with reverse phase HPLC. V/Kis the V,,,../K, (oligopeptides). Error bars
indicate the S.D. Experiments were performed in triplicate. For details see
“Experimental Procedures.”

TABLE 1
Preferred substrates of hNaa50p-mediated acetylation
Substrates K, Keae
M min~ !
Acetyl-CoA” 6.9 =0.7”
'MLGP-RRR** 79 + 6° 7.2+0.7°

“ The kinetic parameters for acetyl-CoA were determined in triplicate in the pres-
ence of the 'MLGP-RRR?** peptide (150 um). The other values were determined in
duplicate or triplicate with = S.D. For experimental details, see “Experimental
Procedures” and supplemental data.

b Experiments were performed in duplicate or triplicate. The recorded values are
average * S.D.

(Fig. 3 and Tables 1 and 2). The calculating specificity constants
(V/K), show that hNaa50p has high specificity toward oligopep-
tides starting with ML and with a relatively small residue in the
third position. Peptides with the N-terminal sequence MD and
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MK were not acetylated at detectable levels (Table 2). Interest-
ingly, the '"MLGP-RRR** (representing hnRNP F) and "MLDP-
RRR** (*MLGP-RRR** G3D) peptides were the best substrates.
Table 1 shows kinetic parameters obtained for acetyl-CoA and
the best in vitro oligopeptide substrate found so far, 'MLGP-

TABLE 2

hNaa50p steady-state kinetic parameters for tested oligopeptide
substrates

Experiments were performed in duplicate or triplicate. The recorded values are
average = S.D. The steady-state kinetic constants for the oligopeptides were deter-
mined in the presence of 300 uM acetyl-CoA. For more experimental details, see
“Experimental Procedures” and supplemental data.

Peptide substrates (N terminus) K, Kot
M min~t

'MLGPE-RRR>** 79+6 7.2+07
'MLDPE-RRR* 91 + 12 72+ 16
'MIGPE-RRR** 185 + 20 10.9 + 3¢
'MLALI-RRR?* 190 + 70 6.8+ 0.4
'MLGTG-RRR* 320 + 20 2.3 +02
'MLGTE-RRR** 416 + 185 56+ 0.1
'MLRPE-RRR?** 460 + 94 —>b
'MLLPE-RRR** 478 * 305 —
'MFGPE-RRR** 3734 + 815 —b
'MKEEV-RRR** —c —c
'MDELE-RRR** —c —c

% V,.ax Value (picomole of acetylated peptide min~* pmol of hNaa50p~!) is given.

? Due to high K;,, values for these oligopeptide, it was not possible to determine k,,
at [peptide] >> K,,,.

¢ These oligopeptides were tested as substrates, but were not acetylated to a detect-
able level under our assay conditions.

B

x104

RRR*% The K, for acetyl-CoA was estimated to be 6.9 um,
whereas the K, for the 'MLGP-RRR** peptide was determined
to be ~75 um with a k_,, of 7 min ™.

To verify that the observed modification catalyzed by
hNaa50p was indeed the transfer of an acetyl group to the pep-
tide N terminus, modified and unmodified "MLAL-RRR** pep-
tides were separated by reverse phase HPLC and analyzed by
MALDI-TOF mass spectrometry (Fig. 44). The resulting MS
profiles of non-acetylated "MLAL-RRR** peptide (upper panel)
revealed a MALDI molecular ion of m/z 2947.68, which is con-
sistent with the theoretical molecular mass of the peptide
(2947.7 Da). Acetylation of the 'MLAL-RRR** peptide (lower
panel) should increase its molecular mass by 42 Da. Indeed a
MALDI molecular ion of m/z 2990.12 was detected in the MS
analyses (Fig. 4A4).

Chemically N-terminal-acetylated 'MLGP-RRR** peptide
was then used as substrate in the hNaa50p acetylation assay to
test whether additional acetylation could occur. The N-termi-
nal acetylated 'MLGP-RRR** (Ac-'MLGP-RRR**) peptide was
not further acetylated as shown in Fig. 4B. These data further
suggest that hNaa50p is an authentic NAT acetylating proteins
at their N termini.

Autoacetylation of hNaaSOp at Lysine 34, 37, and 140 in Vitro
and Detection of Acetylated Lysine 34 and 140 in Vivo—
hNaa50p was earlier reported to perform autoacetylation,
indicative of an N-acetyltransferase
activity (11). To study if hNaa50p is
acetylated in vivo, Xp-hNaa50p
expressed in HeLa cells was isolated
and analyzed by mass spectrometry.
Two peptides in the mass spectrom-
etry spectra showed m/z ratios at
2173.19 and 1987.08, corresponding
to acetylated Lys** (supplemental
Fig. S1A) and Lys'*° (supplemental
Fig. S1B), respectively. This acetyla-
tion could indicate that hNaa50p is
a substrate for an unknown KAT, or
that it acetylates itself. To test
the possibility of autoacetylation,
hNaa50p from an E. coli extract
was purified and incubated with
[1-'*Clacetyl-CoA at 37 or 4°C.
Incubation at 37 °C showed a time-
dependent increase in radioactively
labeled protein, whereas the
hNaa50p protein being incubated at
4 °Chad no detectable level of acety-
lation (Fig. 54). To quantify the
autoacetylation reaction, purified
GST-hNaa50p was incubated with
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2.0
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FIGURE 4. Verification of hNaa50p N“-acetyltransferase activity. A, MALDI-MS spectra (mass range 2.400 -
3.350) of non-acetylated (upper panel), and acetylated '"MLAL-RRR?** peptide (lower panel) after in vitro acety-
lation with GST-hNaa50p. Monoisotopic peaks are labeled with their respective m/z ratios. B, purified GST-
hNaa50p was incubated for 2 h at 37 °C with "MLGP-RRR** peptide and a chemically N-terminal acetylated
version of the "MLGP-RRR?* peptide (Ac-'MLGP-RRR?%). After incubation, the oligopeptides were isolated with
SP-Sepharose beads, washed three times in 0.5 macetic acid, and analyzed with scintillation counting. Error bars

(S.D.) are based on three independent experiments.
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JMLGP-RRRy,

Ac-MLGP-RRR,;  [1-"*Clacetyl-CoA at 37 °C, and ali-

quots were collected at 6 different
time points. GST-hNaa50p was iso-
lated by reverse phase HPLC and
the extent of modification deter-
mined by scintillation counting (Fig.
5B). Given that 150 pmol of GST-
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FIGURE 5. The in vitro autoacetyltransferase activity of purified wild type
hNaa50p. A, purified hNaa50p was incubated with [1-'*Clacetyl-CoA for the
indicated times and analyzed by autoradiography and Western blotting with
anti-hNaa50p antibody. Upper panel indicates the increased level of
[1-"*Clacetyl incorporation as a response to increased incubation time at
37 °C.No acetylation is detectable in the sample incubated for 120 minat4 °C.
Lower panel represents Western blot analyses with anti-hNaa50p showing an
equal amount of hNaa50p present in the assay. B, purified GST-hNaa50p (3
M) was incubated with acetyl-CoA (500 um with 33% radioactive acetyl-CoA)
at 37 °C, and samples were collected at 6 different time points. After isolating
the oligopeptides with reverse phase HPLC, the acetylation was quantified by
scintillation counting of incorporated radioactivity.

hNaa50p incorporated 2.7 pmol of acetyl groups over a time
period of 5 min, this assay suggests an enzyme turnover that is
almost 2000 times slower than the highest recorded value for
the acetylation of NAT substrate (Table 2).

Because the autoacetylation assay does not discriminate
between N“-terminal acetylation and N*-acetylation, the site(s)
of modification were identified. GST-hNaa50p was autoacety-
lated for 60 min and analyzed by mass spectrometry. Moreover,
the protein was digested with the Lys-C endoprotease, which is
unable to cleave C-terminal acetylated lysines (19). The mass
spectrometry analyses of the resulting peptides revealed three
MALDI molecular ions of m/z 1552.769, 1986.980, and
2173.072, corresponding to predicted peptides with a 42-Da
increase compared with their theoretical molecular masses
(supplemental Fig. S2). An acetylated internal lysine was veri-
fied in all peptides by MS/MS analyses and established y- and
b-ion series covering the acetylated lysine residues (supplemen-
tal Fig. S2, B-D). In addition, a specific acetyllysine marker ion
at m/z 126 was detected in all MALDI MS/MS experiments
further confirming that an acetylated lysine is present in the
peptides (19). Sequence mapping of hNaa50p using the MS
results identified lysines 34 and 140 as acetylated, the same
residues as detected in vivo. In addition, lysine 37 was also
observed as acetylated in vitro.

In KAT assays, a significant amount of acetyl-CoA spontane-
ously reacts with substrate lysines (20), a reaction that can lead
to a false-positive interpretation of the acetylation assays. To
verify that the observed autoacetylation of hNaa50p was due to
enzymatic activity and not a chemical acetylation, we

attempted to generate mutants of
hNaa50p that were expected to have

A L .
hNaa50p s1 FND - 1[NIINFECRAVD - HS QNEKR L YRIx TIREFL Ae v L& 1 R TR BRIV LN 1 CEX - DG TRDNHYLERQ T 115 reduced enzyme activity. Ahgnment
YGCNS 54 RKPLTIAUCIERENYAIP FDK - - - JEF AEQVF [SRRYSHTENVR Gy AL AL KY VRN TSN - UK VRL TP@WON 117 of the amino acid sequence of
tGCN5 53 KNKQK\AKEIIIF |AQYKP - - -[(RFAEMAFISYTIN E[QVR €y € TIILINSF KIJHMQK - QN - M{E V)AL TP@ADN 115 . ..
hGCN5 60 KD - GRASEIPYEF|IMF P T - - - [§)GF TERV F [SERY TEIN E o]V K{€]Y[€ TIS{L WS L KIS YH I K - HN - B{L YL TRED E 121 hNaaSOp with proteins in the GCN5
Motif A Rl family from yeast, Tetrahymena,
hNaa50p 116 SNE SESIDIRGINF[GYE [ IETKKNYYKRIEPAMAHVLQKNL - - - = - = - - - - - ? 155 34
yGCN5 118 Y - - - ESMGPOBONQ[YTKE I TLDKS IWMGY IK@lY - -E - - - GGTLMQCSMLPRI - - -RYLD - 164 and human, ShOW that Arg Of
TGCNS5 116 F - - - FSIGNBSNQIITK EHRMP QEKWKGY IKMY - -D - - - GGTLMECYIH-PYVDY- - - - - 160 . .
hGCN5 122 Y - - - ESIGHOBNNQIBYS KD IKVPKSRYLGY IKY - -E - - - GATLMECELN -PR - - - - - - - - 163 hNaaSOp is central in the acetyl—
Motif B CoA binding motif **RRLGIG (Fig.
B C 6A). The same alignment indicated
Z 35 zlfg?g WT YI24F R84A that Tyr'>* is positioned in Motif B,
g i . . . . .
& 30 anti-acLys which is a region of the GCN5
8 25 37.1 superfamily that was predicted to be
2 20 - 48.8 . essential for catalytic activity (11,
2 & anti-hNaa50
2 - anti-hNaa
- 15 7 371 P 21). Therefore, a mutant hNaa50p
3 37.
5 10 was generated in which Arg®* was
> .
g 5 substituted by Ala, and Tyr*** was
< 0-
WT Y124F R84A  Enzyme replaced by Phe. In a NAT assay,

WT Y124F R84

Loading control
(Coomassie)

using 'MLGP-RRR** as oligopep-
tide substrate, more than 80% of the
activity was lost for the R84A

FIGURE 6. Enzymatic activity of hNaa50p Arg®* to Ala or Tyr'?* to Phe mutants. A, alignment of amino acid
sequences of hNaa50p with GCN5 from Saccharomyces cerevisiae (yGCN5), Tetrahymena (tGCN5), and human
(hGCN5). The alignment indicates that Arg®* (*) and Tyr'2* (**) are located in Motif A and Motif B, respectively,
of the GCNS5 protein fold. B, in vitro acetyltransferase assay comparing the enzyme activity of purified GST-
hNat5 WT with GST-hNat5 Arg®* to Ala mutant (R84A) and GST-hNat5 Tyr'?* to Phe mutant (Y7124F). The
"MLGP-RRR?* oligopeptide (30 um) was used as substrate. Error bars (S.D.) are based on three independent
experiments. Coomassie-stained SDS-PAGE verifying an equal amount of each enzyme. C, purified GST-
hNaa50p WT and mutants were incubated for 1 h 37 °C with acetyl-CoA. Western blot analyses using anti-
acetylated lysine (anti-acLys) antibody showed a significant difference in the autoacetylation pattern between
the WT and mutants. An equal protein amount is shown by Western blotting using anti-hNaa50p.
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mutant, whereas the Y124F mutant
had ~90% less activity than the wild
type enzyme (Fig. 6B). Although
both mutants still contained the
three lysine residues identified as
autoacetylation targets, a clear
decrease in the acetylation signal
was observed (Fig. 6C). Therefore,
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WT K34R _K37R  KI140R K34-37R K34-37-140R
0 60 0 60 0 60 0 60 0 60 0 60
-— —

— - ———— — — — — — CO0musSIC

FIGURE 7. Comparison of the autoacetylation pattern for GST-hNaa50p
WT and different lysine mutants. Upper panel, Western blotting analyses of
GST-hNaa50p WT and different lysine to arginine mutants using anti-acety-
lated lysine (anti-acLys) antibody. 2.4 um enzymes were incubated for 1 h at
37 °Cwith 500 umacetyl-CoA. Lower panel, Coomassie-stained SDS-PAGE pre-
senting protein loading.

Ink time (min)

- - anti-acLys

the contribution of non-enzymatic acetylation in the KAT
assays presented is negligible. Collectively these data indicate
that hNaa50p is acetylated in vivo and that it can perform auto-
acetylation in vitro in the same residues, consistent with a pos-
sible in vivo autoacetylation.

The observed autoacetylation pattern was further sup-
ported using mutants of GST-hNaa50p in which Lys residues
34, 37, or 140 were replaced by Arg. In addition, a double
mutant, hNaa50p K34R/K37R, and a triple mutant hNaa50p
K34R/K37R/K140R were made. KAT assays with GST-
hNaa50p WT and these mutants showed significantly
reduced acetylation for the mutants, confirming the identi-
fication of these three Lys residues as the major targets for
hNaa50p autoacetylation (Fig. 7).

The potential effect of autoacetylation on NAT activity
was explored by determining the kinetic constants for the
best in vitro substrate 'MLGP-RRR** and 'MIGP-RRR**
using pre-autoacetylated and non-preautoacetylated GST-
hNaa50p. These assays show that autoacetylation leads to an
increase in the enzyme specificity for both oligopeptide sub-
strates (Fig. 8). The autoacetylation led to a 2-fold decrease
of the K,,, values and a doubling of the maximal reaction rate
(Table 3).

It was also investigated whether the KAT activity of hNaa50p
might be directed toward other proteins. Several proteins
known to be KAT modified in vivo were tested. No modifica-
tion was observed when using GST-p53, GST-ODD (Oxygen
dependent degradation domain within hypoxia-inducible fac-
tor-1eay), or human rhSP1 (transcription factor specificity pro-
tein 1 (22)) as substrates (data not shown). However, hNaa50p
KAT activity was detectable when using histone 4 as substrate.
As shown in Fig. 9, a time-dependent acetylation of histone 4
was observed, as detected by anti-acLys antibodies, but only for
the non-preautoacetylated GST-hNaa50p variant (Fig. 9). As
negative control, GST-hNaa50p was replaced with an equal
concentration of bovine serum albumin.

Potential Structural Basis for the Dual Activity of hNaa50p—
To find some indications of how hNaa50p can perform both
NAT and KAT functions, a structural superimposition of
hNaa50p (Protein data bank code 20B0) on a known NAT
enzyme from Salmonella typhimurium RimL (PDB code
1S7N), and a known KAT enzyme, GNAT from Bacillus cereus
(PDB code 3BLN) was performed (Fig. 10). All three structures
were also superimposed on a KAT from Tetrahymena (PDB
code 1PU9) that had been co-crystallized with a 19-residue oli-
gopeptide of the H3 substrate (residue 5-23). The purpose of
this structural comparison was to get an indication of how the
N°*-substrate could interact with hNaa50p (Fig. 10).
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50 M Pre-autoacetylated hNaa50p

[[] Non pre-autoacetylated hNaa50p
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MLGP-RRR,, |MIGP-RRR,,

FIGURE 8. The specificity constants (V/K) for two selected in vitro oli-
gopeptide substrates using preautoacetylated and non-preautoacety-
lated GST-hNaa50p. 10 um purified GST-hNaa50p was incubated for 5 days
at 37 °C with either 300 um acetyl-CoA (Pre-autoacetylated) or H,O (Non pre-
autoacetylated). The K, values for "MLGP-RRR** or 'MIGP-RRR** were then
determined with these enzyme variants. 30 nm GST-hNaa50p were incubated
with either "MLGP-RRR** (20 -400 um) or 'MIGP-RRR?* (50500 um) oligopep-
tide substrate at 37 °C for 30 min with saturated levels of acetyl-CoA (300 um).
The acetylation kinetics were determined with reverse phase HPLC. V/Kiis the
Vinax/ K (Oligopeptides). Error bars indicate the S.D. Experiments were per-
formed in triplicates.

The analyses showed that hNaa50p shares some of the flexi-
ble structural elements with GCN5. They both have loops in the
entry of the substrate binding cleft (Fig. 10, A and C). In con-
trast, the corresponding area of RimL is composed of an anti-
parallel 3-sheet on one side of the cleft and two short a-helixes
on the other side (Fig. 10B).

DISCUSSION

Proteomic analyses of HeLa cell lysates, where the NatA com-
plex was knocked down with small interfering RNAs, demon-
strated reduced acetylation levels of a protein with an N-terminal
sequence that did not fit with the expected hNatA substrate spec-
ificity (8). Based on the N-terminal sequence ("MLGPEGG), the
protein was identified to be hnRNP F, a protein that is known to
interact with members of the nuclear cap-binding complex (23).
Because knockdown of the human NatA complex causes reduced
levels of the physical interactor hNaa50p (11) (supplemental Fig.
S3), it is reasonable to speculate that the reduction of hnRNP F
acetylation could be explained by a reduced amount of hNaa50p.
Immunoprecipitated hNaa50p did indeed acetylate 'MLGP-
RRR**, whereas only very low activity was observed using the NatA
substrate 'SESS-RRR** (Fig. 1). The latter also excluded the poten-
tial presence of the catalytical subunit of NatA (hNaalOp) in the
precipitates.

Kinetic experiments show that NAT substrates with the third
residue small and hydrophobic, 'MLGP-RRR?*, or negatively
charged, 'MLDP-RRR?*, function equally well as substrates. If
the third position is positively charged as in "MLRP-RRR?*,
acetylation is more than 5-fold reduced, based on the V/K con-
stant (Fig. 3). Also, Leu in the third position, 'MLLP-RRR?*, is
suboptimal for enzyme activity. Interestingly, Pro in the fourth
position, 'MLGP-RRR?*, is preferred in the hNaa50p sub-
strates, because the V/K constant of the 'MLGTE-RRR** pep-
tide decreased by a factor of 2 (Fig. 3). The change from Pro to
Thr has a minor effect on the k_,,, but the K, is more than 4-fold
increased (Table 2), indicating a weakened enzyme-substrate
interaction. In contrast, the presence of Pro in position 2 is
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TABLE 3
Effect of autoacetylation on kinetic constants

Experiments were performed in duplicate or triplicate. The recorded values are
average = S.D. For more experimental details, see “Experimental Procedures” and
supplemental data.

Non pre-autoacetylated Pre-autoacetylated

hNaa50p hNaa50p
K., Vinax K, Vinax
[ um
'MLGP-RRR** 62 * 10 7*15 33£55 12*3
'MIGP-RRR** 186 = 37 109+ 3 80 £83 207*36

“ Viax 1S given in picomole of acetylated peptide min~* pmol of hNaa50p ~*.

Pre autoac-
hNaa50p hNaa50p BSA

03060 03060 03060 Incubation (min)
’-- .~ ‘ Ac-hNaa50p
| — — . | Ac-Histone 4

- aus wey BSA

— — — G— S— hNaaSOp
I — Histone 4

Coomassie

FIGURE 9. GST-hNaa50p KAT activity on histone 4. 10 um purified GST-
hNaa50p was incubated for 5 days at 37 °C with either 300 um acetyl-CoA
(Pre-autoacetylated) or H,O (Non pre-autoacetylated). 2 um of these enzyme
variants were then tested for KAT activity toward Histone 4 protein (2 um).
Equal amounts of bovine serum albumin (BSA) replaced hNaa50p in the neg-
ative control. The samples were incubated at 37 °C, and aliquots were col-
lected as indicated. Upper panel, Western blotting analyses of GST-hNaa50ps
KAT activity using anti-acetylated lysine (anti-acLys) antibody. Lower panel,
Coomassie-stained SDS-PAGE presenting the protein loading.

associated with reduced N-terminal acetylation by the NatA
complex (5, 8).

The specificity of hNaa50p appears relatively similar to the
specificity of the yeast NatC complex. In yeast, NatC acetylate
peptides with N termini ML, MF, and MW (5). In contrast to
yNatC, Phe in the second position leads to a dramatic increase
in the K, value (Table 2). Recent findings on the human NatC
complex suggest that hNaa30p (hMak3, the catalytic subunit of
hNatC) has a conserved substrate specificity from yeast (18). In
vitro acetylation assays showed that hNaa30p-acetylated oli-
gopeptides with N-terminal sequences of 'MLALI-RRR*,
'MLGTG-RRR**, and 'MLGTE-RRR** are more than 2-fold
better than '"MLGPE-RRR?**, Therefore, the substrate prefer-
ence regarding the ML group of peptides differs between
hNaa50p and hNatC. This implies that hNaa50p and hNaa30p
acetylate similar, but distinct N-terminal substrates in vivo, and
that the hNaa50p activity is restricted to a specific subset of
substrates previously assumed to be NatC substrates.

hNaa50p was earlier reported to perform autoacetylation,
which most likely represents N-acetylation. The results of the
present study verify this supposition. Moreover, they strongly
suggest that autoacetylation of hNaa50p is of physiological rel-
evance. Lysine residues 34 and 140 were identified as acetyla-
tion target sites both when the protein was immunoprecipi-
tated from HelLa cells or autoacetylated in vitro. Moreover,
autoacetylation led to an increase in its NAT, but not KAT
activity.
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A

KAT NAT

hNaa50p
KAT/NAT

FIGURE 10. Structural superimposing of hNaa50p, RimL from S. thyphi-
murium (NAT), and GNAT enzyme from B. cereus (histone acetyltrans-
ferases). A, protein structure of GNAT (B. cereus; PDB code 3BLN) was struc-
turally compared with tGCN5 (Tetrahymena; PDB code 1PU9) that had been
co-crystallized with a stretch of the H3 substrate (residue 5-23) shown in
orange. B, protein structure of RimL (S. thyphimurium; PDB code 1S7N) with
the same H3 substrate stretch present in orange. G, structural comparison of
hNaa50p (PDB code 20B0) with the H3 substrate stretch in orange. All struc-
tures are with similar orientations, and parts the protein structures are indi-
cated as partly transparent to clarify the point.

Autoacetylation of hNaa50p leads to an increased enzyme
specificity as indicated by a decreased K, value and increased
enzyme activity. This appears to be a general effect as it was
observed for both a highly preferred (MLGP-RRR**) and sub-
optimal substrate ("MIGP-RRR**). The decrease in K, indi-
cates an improved enzyme-substrate interaction and auto-
acetylation may thus reflect a potential specificity switch in
vivo.

Besides its autoacetylation, hNaa50p might also exert
KAT activity toward other proteins. Although no such activ-
ity could be detected using GST-p53, GST-ODD, or rhSP1 as
substrates, histone 4 was modified. Interestingly, whereas
the NAT activity of hNaa50p was enhanced by autoacetyla-
tion, the KAT activity toward histone 4 was clearly reduced.
This could indicate that autoacetylation mediates increased
enzyme specificity. Further studies are required to establish
whether or not histone 4 is a hNaa50p KAT substrate in vivo.

The observed phenotypes following silencing of Naa50p/San
in Drosophila or human cells (9, 11) indicate that important in
vivo substrates are involved in sister chromatid cohesion.
Blastp searches in the Swiss-Prot data base (version 56.0) for
human proteins that match the preferred N-terminal
sequence for the NAT activity of hNaa50p resulted in several
hits, including TIMELESS-interacting protein, a protein that
is reportedly involved in chromatid cohesion (24, 25) (sup-
plemental Table S3).
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hNaa50p is the first acetyltransferase to be identified as hav-
ing both NAT and KAT activity. Several KAT enzymes have
been structurally determined, but only a few NAT structures
from prokaryotic organisms were solved. Therefore it is diffi-
cult to explain the dual acetylation capacity of hNaa50p in
structural terms. However, comparison of the structures pro-
vided some hints. hNaa50p is constructed with flexible loops in
the entry site of the substrate binding cleft (Fig. 10C). This is a
structural property that hNaa50p shares with the KAT enzymes
(Fig. 10A). These loops could allow for flexibility to accommo-
date larger substrates, such as protein surfaces that could make
a productive interaction with hNaa50p. RimL, representing the
NAT enzymes, has in the corresponding area an antiparallel
B-sheet on one side and two short a-helixes on the other (Fig.
10B). These secondary structures are expected to be more rigid
and hence reduce the area of interaction possibly required for
e-acetylation.

In conclusion, hNaa50p displays N*-acetyltransferase activ-
ity and prefers substrates that have ML at their N termini. In
addition, hNaa50p has the capacity for N*-autoacetylation, tar-
geting Lys®*, Lys®”, and Lys'*. It is thus the first identified
bifunctional protein acetyltransferase exhibiting both KAT and
NAT activities.
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