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Abstract

Saccharomyces cerevisiae contains three N-terminal acetyltransferases (NATs), NatA, NatB, and NatC, composed of the fol-
lowing catalytic and auxiliary subunits: Ardlp and Natlp (NatA); Nat3p and Mdm20p (NatB); and Mak3p, Mak10, and Mak31p
(NatC). The overall patterns of N-terminally acetylated proteins and NAT orthologous genes suggest that yeast and higher eu-
karyotes have similar systems for N-terminal acetylation. The differential expression of certain NAT subunits during development or
in carcinomas of higher eukaryotes suggests that the NATs are more highly expressed in cells undergoing rapid protein synthesis.
Although Mak3p is functionally the same in yeast and plants, findings with TE2 (a human Ard1p ortholog) and Tbdn100 (a mouse
Natlp ortholog) suggest that certain of the NAT subunits may have functions other than their role in NATs or that these orthologs
are not functionally equivalent. Thus, the vertebrate NATs remain to be definitively identified, and, furthermore, it remains to be

seen if any of the yeast NATSs contribute to other functions.
© 2003 Elsevier Inc. All rights reserved.
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N-terminal acetylation

N-terminal acetylation is an enzyme-catalyzed reac-
tion in which the protein N*-terminal residues, such as
a-Ser, a-Ala, a-Met, etc., accept the acetyl group from
acetyl-CoA. This modification neutralizes positive
charges that may influence the protein function, stabil-
ity, interaction with other molecules, or other sub-
sequent modifications, such as phosphorylation. The
reaction is catalyzed by a number of acetyltransferases
(NATSs) that have been found in all kingdoms, pro-
karyotes, archaea, and eukaryotes [1,2]. N-terminal
acetylation is one of the most common protein modifi-
cations in eukaryotes, occurring on approximately 80—

* Abbreviations: Ac-CoA, acetyl coenzyme A; a-Ser, a-Ala, etc.,
N®-terminal residues of serine, alanine, etc.; 2D-gel, two dimensional
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N-terminal, NH,-terminal; NAT(s), N-terminal acetyltransferase(s);
ts, temperature sensitive.
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90% of the different varieties of cytosolic mammalian
proteins, on about 50% of yeast proteins, but rarely on
prokaryotic or archaeal proteins [1,3-5]. It is believed
that N-terminal acetylation is cotranslational only in
eukaryotes but not in prokaryotes, where it occurs
posttranslationally. In vitro studies indicated that
N-terminal acetylation modification occurs when there
are between 25 and 50 residues extruding from the
ribosome [3].

Studies with yeast Saccharomyces cerevisiae revealed
three major N-terminal acetyltransferases, NatA, NatB,
and NatC (Table 1), that act on groups of substrates,
each containing degenerate motifs [1,2]. As previously
summarized, subclasses of proteins with Ser—, Ala—,
Gly—, or Thr— termini are acetylated by NatA; proteins
with Met-Glu- or Met—-Asp- termini and subclasses of
proteins with Met-Asn— and Met-Met— termini are
acetylated by NatB; and subclasses of proteins with
Met-Ile-, Met-Leu—, Met-Trp—, or Met-Phe— termini
are acetylated by NatC [2,6]. In addition, a special
subclass of NatA substrates with Ser-Glu—, Ser—Asp-,
Ala-Glu-, or Gly-Glu- termini, designated NatA’, is
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Table 1
The three types of yeast N-terminal acetyltransferases
Type NatA NatB NatC

Catalytic subunit
Auxiliary subunit

Substrates®

Ardlp (27kDa)
Natlp (99 kDa)
Others?

Ser—
Ala—
Gly-
Thr—

Nat3p (23kDa)
Mdm20p (92kDa)

Met-Glu—
Met-Asp-
Met-Asn—
Met-Met—

Mak3p (20kDa)
Mak10p (84 kDa)
Mak31p (10kDa)

Met-Ile—

Met-Leu—
Met-Trp—
Met-Phe-

Cys-?
Val-?

# Acetylation occurs only on subclasses of proteins containing the indicated termini, except for Met-Glu- and Met-Asp— termini, which are

apparently always acetylated. (Adapted from [6,8,9,28,31-35].)

only partially acetylated in nat3-A and mak3-A mutants
[7]. Thus, almost all acetylated proteins can be assigned
to one of the NatA, NatB or NatC substrates. Although
we do not know of any acetylated proteins in yeast that
could not reasonably be a NatA, NatB, or NatC sub-
strate, it remains to be seen if there are other NATS,
acting on rarer substrates, or acting on the similar
substrates posttranslationally.

Proteins susceptible to N-terminal acetylation have a
variety of different N-terminal sequences, with no simple
consensus motifs and with no dependence on a single
type of residue. Proteins with serine and alanine termini
are the most frequently acetylated, and these residues,
along with methionine, glycine, and threonine, account
for over 95% of the N-terminal acetylated residues [1-
4,6]. However, only subsets of proteins with any of these
N-terminal residues are acetylated and none of these N-
terminal residues guarantee acetylation, indicating that
the enzymes recognize some structural characteristics of
the N-terminal portion in addition to a particular amino
acid at the N terminus [2,7]. Generally, acetylation
cannot be definitively predicted from the primary ami-
no-acid sequence. We previously suggested that NATSs
act on substrates with specific but degenerate sequences
and that the activities are diminished by suboptimal
residues [2]. We further suggested that the degree of
acetylation is the net effect of positive optimal or sub-
optimal residues and negative inhibitory residues. Be-
cause the required and inhibitory residues may affect
acetylation to various degrees and because inhibitory
residues may occupy various sites in the nascent chain,
predicting acetylated and non-acetylated sequences is
still not absolutely reliable. Nevertheless, acetylation of
many proteins can now be predicted with a high degree
of accuracy and the NatB substrates, Met—Glu— and
Met-Asp-, are apparently always acetylated [1].

Overall patterns of N-terminally acetylated proteins
and orthologous genes possibly encoding NATs suggest
that yeast and higher eukaryotes have the same or very
similar system for N-terminal acetylation [1]. However,
NATs from higher eukaryotes have not been function-

ally identified and their substrate specificities in vivo
have not been characterized. Only limited information is
available on the orthologous subunits of NatA in
mammals and of NatC in Arabidopsis thaliana.

NatA acetyltransferase

NatA is a major NAT in yeast cell with multiple
substrates in vivo, resulting in potentially over 2500
protein targets. Among these, approximately 140 sub-
strates were identified by 2D-gel electrophoresis by
comparing the corresponding protein spot migration in
normal and natl or ardl strains followed by sequencing,
or by mass spectrometry (MS) analysis, and by com-
paring the molecular masses of the proteins prepared
from normal and mutant strains [1]. This protein list
includes some abundant proteins, ribosomal proteins,
26S proteosomal subunits, and mutationally altered iso-
1-cytochromes ¢. The NatA substrates appear to be the
most degenerate, encompassing a wide range of se-
quences, especially those with N-terminal residues of
serine or alanine. In fact, approximately 90% and 50%
of the Ser— and Ala- proteins, respectively, are acety-
lated [1,3]. NatA activity requires two subunits, Ardlp
itself and Natlp [8]. The previously identified ardl mu-
tant was suspected to be related to nat! because of
certain similar phenotypes. The nat! and ardl mutants
were unable to N-terminally acetylate in vivo the same
subset of 24 normally acetylated proteins, including
those with Ala— and Ser— termini [6]. In addition to
lacking NAT activity, both nati-A and ardi-A mutants
exhibited slower growth, temperature sensitivity (ts),
slower growth on non-fermentable carbon sources, de-
repression of the silent mating type gene HM Lo, failure
to enter Go [8,9], defects in sporulation, salt sensitivity,
caffeine sensitivity, hydroxyurea sensitivity, and deter-
gent SDS (sodium dodecyl sulfate) sensitivity. Overex-
pression of both Ardlp and Natlp subunits is required
for increased NAT activity in vivo [§] and both interact
with each other to form an active complex in vitro [9].
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Also by using biochemical purification procedures
another protein, NatSp (YOR253w), was found to be
associated with NatA, but surprisingly the correspond-
ing deletion mutant did not share the phenotypes of
natl-A or ardl-A strains [10]. NATS5 was not required for
acetylation of 24 abundant proteins [6], previously
identified as NatA substrates by 2D-gel [1], and nat5-A
strains has no obvious phenotype. A deletion of NATY,
also designated ROG2, was found to suppress the tem-
perature sensitivity of the mckl mdsl and the bull bul?
double mutants [11]. MCKI and MDSI are the two of a
total of four genes in yeast that encode glycogen syn-
thase kinase 3 (GSK-3), which plays an important role
in both mitosis and meiosis, although the molecular
mechanism of its action is not known in detail. Inter-
estingly, MCKI acts on transcription of IME2 at the
beginning of meiosis and also on chromosomal segre-
gation processes at mitosis (see also below). Bullp and
Bul2p have been reported to bind and to facilitate the
action of Rsp5p, a E3-type family ubiquitin ligase that
downregulates a number of proteins in vivo. While its
physiological partners and genetic interactions have
been explored, the function of Nat5p remains to be
determined. Although Nat5p is not required for NatA
activity, it is possible that Nat5p acetylates a limited
number of proteins other then NatA substrates and that
Natlp serves as a shared subunit in triple heteromeric
Natlp-Ardlp-Nat5p complex (see also below). A direct
biochemical purification of the yeast NatA complex re-
vealed that Natlp, Ardlp, and Nat5p proteins are
present in a 1:1:1 stoichiometric ratio [10]. Furthermore,
analysis with the tandem affinity purification (TAP)
protocol revealed that several proteins, Asclp, Enolp,
Mislp, Myolp, and YGR090w, were associated with the
Ardlp; Asclp also was associated with Natlp; and
Natlp was found in Spo7p-tagged TAP-purified sam-
ples (http://yeast.cellzone.com). However their require-
ment for NatA activity has not been tested.

In the elegant crosslinking experiments, it was re-
cently found that yeast Natlp interacts with nascent
polypeptide chain and also with the translating ribo-
some, indicating that Natlp may serve as an anchor of
NatA complex to ribosome [10]. Interestingly, Natlp
was located in close proximity to the nascent polypep-
tides and interacted with a variety of ribosome-bound
nascent polypeptides, independently of whether they
were substrates for NatA acetylation or not. Another
subunit of NatA, Ardlp, did not interact directly with
their substrates nor did it bind to ribosomes and it failed
to form a crosslink product with the nascent polypep-
tides. Similarly, Nat5p did not directly interact with ri-
bosomes or nascent polypeptides. Considering the
trimeric NatA structure, one can suggest that during
translation on ribosomes, Natlp recognizes whether the
N-terminal sequence of nascent polypeptide is a sub-
strate for Ardlp or NatSp and directs appropriate

substrates to the corresponding catalytic subunit for
acetylation. However, the unknown nature of the Nat5p
substrates complicates the interpretation. It should be
noted that if Nat5p modifies an internal amino-acid
residue, for example N°-lysine, then unacetylated pro-
teins from nat5-A mutants may not be detected by dif-
ferences in migration on 2D-gels.

Both NATI and ARDI influence the transcriptional
silencing at telomeres in yeast [12,13]. NatA complex
may function in the same pathway with the well-char-
acterized Sir-proteins, SIR2, SIR3, and SIR4, that were
shown to be involved in silencing together with HHF?
(histone H4). Interestingly, the human ARDI ortholog
gene, designated TE2, is located on X-chromosome that
is involved in sex determination [14]. As mentioned
above, the mutations in NATI and ARDI genes caused
the defects in mating due to derepression of the silent
loci and prevented yeast cells from displaying G1-spe-
cific growth arrest in response to nitrogen deprivation
[15]. The overexpression of the SIRI gene suppresses
such defects of natl and ardl mutants [13]; however it is
not clear whether any of the Sir-proteins is a substrate
for NatA or its acetylation affects Sir-function. NATI
also was identified in a yeast genome-wide search for
genes that affect chromosome stability when overex-
pressed [16]. It was suggested that NAToverexpression
might act by dominant negative mechanisms preventing
the formation of active Natlp-Ardlp heterodimer.
Similarly, the deletion of NATI caused the chromosome
loss and temperature and hydroxyurea sensitivity. Fur-
thermore, it was reported that NATI and ARDI in yeast
are involved in DNA repair and recombination via
DNA end joining.

Collectively, these NatA study results suggest that
NatA acetylation is important for function of an un-
known set of proteins involved in general growth con-
trol; cell growth on non-fermentable carbon sources;
transition to Go phase growth; sporulation; cell growth
on salt, caffeine, hydroxyurea, and SDS containing
media; and derepression of silent loci. The latter phe-
nomenon may occur via acetylation of the certain Sir-
protein(s) and other chromatin-associated proteins or
less likely the transcription factors and histones to reg-
ulate the DNA-remodeling complexes. Interestingly, in
contrast to yeast, the ARDI ortholog is an essential gene
in Trypanosoma brucei, necessary for viability in mam-
malian and insect-stage cells, as it was found in an at-
tempt to study a possible involvement of NatA in
telomeric silencing [17].

The role of NatA in cell proliferation, development, and
cancer

Based on the overall patterns of N-terminally acety-
lated proteins and the NAT orthologous genes, we
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suggested previously that yeast and higher eukaryotes
have the same systems for N-terminal acetylation [1].
Indeed, the Natlp and Ardlp homologs could be found
in all genomes of the model organisms. Moreover, as in
yeast, in higher eukaryotes Natlp orthologous proteins
have been implicated in several essential biological
phenomenons, like tissue development, cell prolifera-
tion, and cancer.

Xenopus laevis Natlp, designated Xat-1, was isolated
in a screen to identify the mRNAs with stage-specific
gene expression during early embryogenesis by using
differential display [18]. Xat-1 transcripts were expressed
at relatively constant levels throughout early embryonic
stages, but also exhibited a dynamic pattern in brain,
somites, branchial arches, pronephros, and otic vesicles.
Xat-1 expression was highly concentrated in the neuro-
epithelial cells lining the wall of brain cavity, in contrast
to axon-enriched marginal zone in the brain.

Similarly, a mouse mNAT1 (NARGI) was signifi-
cantly expressed in the ventricular zone and intermedi-
ate zone in the developing brain and shown to be
regulated by physiological levels of N-methyl-p-aspar-
tate (NMDA) receptor function in developing neurons
in vivo [19]. NMDA receptors are the class of gluta-
mate receptors that transmit signals between neurons.
NARGI was highly expressed in the neonatal brain in
the regions of neuronal proliferation and migration, but
is dramatically downregulated during early postnatal
development.

A mouse NATI homolog, designated in an other
study tubedown-1 (tbdn-1), was isolated as a gene highly
expressed in unstimulated IEM cells during blood vessel
development [20]. Its expression was high in developing
embryos and placenta. Generally, in adult thdn-1 ex-
pression was low or undetected in most organs exam-
ined with exception of atrial endocardium, endothelium
of retinal vessels, bone marrow tissue, and ovary [20].
The protein was also downregulated in myeloid leuke-
mia cells after differentiation in response to leukemia
inhibitory factor in vitro. Thus, in mammals NatA may
play a role in neuronal maturation as NMDA receptor-
regulated gene [19], and in vascular and hematopoietic
development [20].

Human homolog of NATI, designated NATH, was
found to be highly expressed in a study to identify the
genes differentially expressed in papillary thyroid carci-
nomas (PTC) [21]. It was also overexpressed in other
tumors, especially clinically aggressive and with histo-
logical evidence of poorly differentiated or undifferenti-
ated areas. Normally, NATH mRNA is expressed at low
level in most adult tissues, including the normal thyroid,
liver, pancreas, mammary and salivary glands, lung,
ovary, urogenital system, and upper gastrointestinal
tract. However, a somewhat higher level of its expres-
sion was seen in parts of human brain, the heart, bone
marrow, and in several leukemia and carcinoma cell

lines. The highest level was found in adult testis and
Burkitt’s lymphoma cell line. As it was noted previously,
the NATH expression data with elevated mRNA levels
in aggressive carcinomas primarily suggest that NATH
may be involved in cellular proliferation [21]. The data
on mouse thdn-1 and NARG-I clearly support such
notion [19,20] (see the paragraph above). However, we
believe that this could be explained by the higher
translation rates in actively growing cells. Because NatA
acetylation is cotranslational and NARG-1 is expected
to be cooperatively expressed with other genes involved
in protein translation, it is not surprising to observe a
higher level of NATI orthologs in proliferating tissues.
Therefore, the elevated levels of NATH in cancer cells
probably are not a primary, but a secondary effect, and
are due to a NAT role in the modification of the newly
synthesized proteins. For this reason NA T expression is
low in most differentiated tissues (see above). Similarly,
in yeast NATI expression is significantly downregulated
in stationary phase or after diauxic shift when the
translation levels are low (NAT! basic information in:
The Saccharomyces Genome Database (SGD); http://
www.yeastgenome.org/).

Another important observation made previously is
that although NATH is highly expressed in cancer cell
lines, the transfection of embryonal kidney and papillary
thyroid carcinoma cells by NATH did not alter signifi-
cantly the cellular proliferation rate [21]. Although it is
not completely relevant here, this indicates that the
overexpression of NATH alone may not be sufficient
and requires another subunit for the specific activity.
This is consistent with experiments in yeast where the
concomitant expression of Natlp and Ardlp was re-
quired for a higher acetyltransferase activity [9]. At
present, there is no information on NatA subunit com-
position in higher eukaryotes, although Ardlp and
Natlp orthologs could be easily deciphered in the
genomes of sequenced eukaryotic organisms.

Additional Natlp and Ardl1p protein characteristics

Several studies predicted that NATH protein and the
other Natlp orthologs contain at least four tetratrico-
peptide repeats (TPRs) in two tandems located between
amino-acid residues 46-113 and 374-441 (NATH co-
ordinates), respectively [18,20,21]. TPRs are degenerate
34 amino-acid repeats often associated with protein—
protein interactions, present in diverse proteins wide-
spread among organisms from all kingdoms, and are
important for cell cycle regulation, transcription, and
chaperone function [22]. A single TPR contains two
antiparallel o-helices that pack into an open structure.
It has been proposed that TPR proteins preferentially
interact with WD-40 repeat proteins, but in many
instances several TPR-proteins seem to form multi-
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protein complexes. There are 24 predicted TPR-con-
taining proteins and 93 WD-40 containing proteins co-
ded by the yeast genome [23]. Prominent examples
of TPR-proteins include yeast Cdcl6p, Cdc23p, and
Cdc27p, the components of cyclosome; PexSp-receptor
for peroxisomal targeting signals; Tom70p co-recep-
tor for mitochondrial targeting signals; and Ser/Thr
phosphatase 5C.

1
Natlp JERERSTKPK PAAKIAL NDQ — EGK
Mdm20p IQE[EIL GLVSRSN CYA PNAL]
Mak10p

consensus ms.k...e.. ........

Protein sequence analysis of yeast Natlp showed the
presence of up to 7 TPR motifs, 4 or 5 of those with a
strong match to the conserved amino-acid residues
(Fig. 1, see also the last section). Similar to the structure
of TPR-containing PexSp protein, Natlp interaction
with nascent polypeptide might be mediated by its TPR
motifs. It may also serve as the site(s) for interaction
with the other NatA subunits, Ardlp and Nat5p.
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Fig. 1. Protein sequence alignment of the yeast auxiliary subunits Natlp, Mdm20p, and Mak10p, from NatA, NatB, and NatC, respectively. Protein

sequences were aligned by Multalin version 5.4.1. Highly conserved resid
highlighted in gray. Consensus symbols are: ! is anyone of IV; § is anyone

ues are highlighted in black, whereas moderately conserved residues are
of LM; % is anyone of FY; and # is anyone of NDQEBZ. The potential

TPR motifs in Natlp, TPR #1 to TPR #7, are indicated by black bars at the bottom of the sequence.
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However, the functional significance of the TPR motifs
in Natlp remains to be investigated. In addition, the
highly charged Natlp regions between 550-590 and
620-670 with predicted coiled coil structures could be
important for protein—polypeptide interaction or inter-
action with other subunits. On the other hand, C-ter-
minal region of Ardlp containing a potential coiled coil
domain may be involved in the formation of Ardlp—
Ardlp homodimer and Ardl-Natlp complexes, as
C-terminally truncated Ardlp did not form a stable
complex with Natlp [9]. Park and Szostak [9] also
pointed out the weak sequence similarity of the Ardlp
protein to the homeodomain, which, however, may not
be functionally significant.

A short protein region in thdn-1, the mouse Natlp
ortholog, was previously noted to be similar to the
polycomb-like PHD finger B DNA-binding domain [20].
In addition, thdn-1 was shown to undergo autoacetyla-
tion, as revealed in immunoprecipitation experiment
[18]. However, the similarity of the thdn-1 segment to the
PHD domain is weak and it is unknown if it has any
functional significance. Gendron et al. [20] suggested
that thdn-1 autoacetylation may facilitate DNA binding,
a process that often occurs with transcription factors
possessing acetyltransferase activity [24]. The analysis of
thdn-1 autoacetylation site suggested that it probably
occurs on the internal lysine residue(s) located at amino-
acid residues 377-398 and suggested that thdn-1 may be
a Nf-acetyltransferase [20]. On the other hand, the
autoacetylation of tbdn-1 in the immunoprecipitated
sample could be explained by the presence of the cata-
lytic subunit, Ardlp or Nat5p orthologs, or other pro-
teins present in the sample, considering that the mouse
NatA complex is similar in composition to the yeast
NatA. Since Natlp does not contain a region with sig-
nificant similarity to an acetyl coenzyme A (Ac-CoA)
binding site, then the only reasonable explanation for
the observed thdn-1 autoacetylation is that the mouse
Ardlp or NatSp can acetylate at the internal e-lysine
residue (see also below). It would also be of interest to
determine whether Natlp contains any DNA-binding
motifs, such as a bromodomain.

Another structural feature of Natlp orthologs is the
presence of bipartite nuclear localization signal (NLS),
as, for example, at amino-acid residues 594-611 of Xat-1
[18]. A putative bipartite NLS signal was found also in
human NATH [20] between amino-acid residues 612—
628, KKNAEKEKQQRNQKKKK. However, NATH-
myc fusion protein was predominantly localized in
cytoplasm and only rarely in the nucleus of the trans-
fected cells [21]. Similarly, a predicted NSL site could be
predicted in the yeast Natlp, KKKAKKEAAAMN
KRK, at positions 647-662. Furthermore, potential
NLS signal, KKVLKLEELQISNFTHRRLR, could be
detected in Ard1p between residues 190 and 210. How-
ever, a systematic investigation of the yeast protein

localization revealed that both Natlp and Ardlp pro-
teins localize primarily to cytoplasm, although some
faint staining was observed in the nucleus, especially for
Natlp (TRIPLES: a Database of Gene Function in S.
cerevisiae, http://ygac.med.yale.edu/triples/triples.htm).
The cellular localization of TE2, a human ortholog of
Ard1p [14], is presently unknown. Obviously, additional
studies are needed to clarify this issue, including the use
of biochemical fractionation techniques for NatA sub-
unit localization.

Do NatA subunits of higher eukaryotes act in N°-
acetylation?

Most interestingly, the human homolog of Ardlp,
TE2, was reported to acetylate an internal lysine of
hypoxia-inducible factor, HIF-1a, resulting in the reg-
ulation of its stability (HIF-1a plays a central role in
cellular adaptation to changes in oxygen availability)
[25]. ARDI-mediated acetylation enhances interaction
of HIF-1a with pVHL ubiquitination complex and HIF-
lo ubiquitination, suggesting that the acetylation of
HIF-1a by ARDI is critical for its proteasomal degra-
dation [25]. Biochemical experiments demonstrated that
ARDI1 acetylated Lys532 of HIF-1a protein and that
the acetylated site could be detected by Ac-Lys mono-
clonal antibody, although no evidence from in vivo
studies was presented. It is surprising that one protein
(57% sequence similarity between yeast and human
Ardlp) can act in both N*-acetylation and N°®-acetyla-
tion. Hence, based on this report and the data on thdn-1
autoacetylation (see above), one can conclude that
mammalian ARDI1 can function as Nf-acetyltransferase.
It would be of interest to determine if the acetylation of
HIF-1o mediated by mammalian ARDI is reversible,
which is a typical feature of N-acetylation, but not
N®-terminal acetylation. Second, it is important to de-
termine whether ARD1 can act on both N*-type and N®-
type substrates in mammals or only N°-substrates, or
whether it acts on different substrates when recruited by
different acetyltransferase complexes to modify different
targets. In the latter case, the set of interacting proteins
should be different. If ARDI acts only on N*-substrates,
then its role has diverged from the one in yeast and the
new catalytic subunit of NatA N”-terminal acetyltrans-
ferase remains unidentified in mammals.

Moreover, recently a 100-kDa variant of Tubedown-
1, named Tbdn100, was identified as a constituent of the
purified homeoprotein Msx2-regulated DNA-binding
OCFRE (osteocalcin FGF response element—the pro-
moter region of the osteocalcin gene) complex from
osteoblastic cell line, which also contained Ku70 and
Ku80, the multipurpose nucleic acid binding proteins
[26]. Based on the fact that fibroblast growth factor
treatment regulates Ku, but not Tbdn100 accumulation,
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it was proposed that Tbdn100 might mediate the stable
assembly of the complex at OCFRE site. The protein is
expressed at detectable levels in heart, skeletal muscle,
and testis, with much lower levels in other tissues that
are similar to those of the other mammalian Natlp or-
thologs (see the previous section). Importantly, Western
blot analysis confirmed the accumulation of the
Tbdn100 in nuclear fractions prepared from osteoblasts.
This is essentially a first report on a possible function of
Tbdn100 as a transcriptional co-regulator, cooperating
with the Ku antigen and Runx2 to up-regulate tran-
scription from the OC promoter. Considering the thdn-1
autoacetylation described above [20], the protein may
function as a co-adapter that mediates transactivation in
part via regulation of chromatin or associated protein
acetylation, as described for other transcription factors
[24]. In this respect and taking into account the results
on human ARDI presented above, it is reasonable to
reconsider the role of NatA complex in derepression of
silent loci in yeast. If the yeast Natlp indeed functions
similar to the mammalian ortholog, Tbdn100, then
NatA would be expected to acetylate proteins not only
at N%-termini, but also at certain internal lysine residues.
In this regard, it is tempting to speculate that NatA
acetylates certain internal lysine residues of certain Sir-
proteins or other proteins involved in gene silencing.

The Drosophila melanogaster protein, SAN (Acces-
sion GI: 6980078), a yeast Nat5p ortholog, was recently
found to have a function in sister chromatid cohesion
(SCC) (B. Williams, personal communication). A san
mutation resulted in a SCC disruption in mitosis, as well
as in metaphase arrest. The substrates of this putative
acetyltransferase have not been determined, although
SAN overexpressed in bacteria or baculovirus had no
acetyltransferase activity on native histones, suggesting
that proteins involved in SCC may be the targets. SAN
was found to be a part of a 150-200 kDa protein com-
plex containing an associated 25kDa subunit GI:
24662081, an Ardlp homolog, as well as a 100kDa
subunit GI:24643243, a Natlp homolog. Thus, similar
to yeast, the corresponding Drosophila orthologs,
Ardlp, Natlp, and Nat5p, form a complex.

Importantly, two new proteins critical for SCC in
Drosophila were uncovered in the initial screen: first, the
already mentioned SAN; and second, a protein desig-
nated “Deco”, which is the Drosophila ortholog of yeast
Ecolp that was previously shown to acetylate internal
lysine residues of Scclp, Scc3p, and PdsSp, proteins
involved in SCC of yeast [27]. The phenotypes of both
san and deco mutations were nearly identical, in which
there were early sister chromatid separation and acti-
vation of the spindle checkpoint. Obviously, it would be
important to determine if the yeast NatSp and the cor-
responding mammalian ortholog are involved in the
acetylation of internal lysine residues, and if deficiencies
of these proteins affect SCC.

NatB acetyltransferase

NatB acetyltransferase contains the catalytic subunit
Nat3p, [6] and the auxiliary subunit Mdm20p that is
also required for NatB activity [28]. MDM20 was
identified as a gene that is necessary for mitochondrial
inheritance and organization of the actin cytoskeleton
[29]. Some of the NatB substrates in yeast were identi-
fied by different techniques and include the following:
two essential proteins actin [6] and tropomyosin [30];
small subunit of ribonucleotide reductase Rnrdp [6];
ribosomal proteins S21 and S28 [7]; 20 S proteosomal
subunit Prelp; and 19 S proteosomal subunits Rpt3p
and Rpnllp [31]. The NatB substrates have common
sequences with Met—-Asp— or Met-Glu— N-termini that
can be easily deciphered and normally are modified.
Indeed, all Met-Asp— or Met-Glu- eukaryotic proteins
that have undergone N-terminal analysis were demon-
strated to be N-terminally acetylated [1].

The nat3 and mdm?20 deletion mutants showed similar
if not identical multiple phenotypes, including the fol-
lowing: slow growth; temperature and osmotic sensi-
tivity; deficiency in utilization of non-fermentable
carbon sources; reduced mating efficiency; inability to
form functional actin cables; defects in mitochondrial
and vacuolar inheritance; random polarity in budding;
sensitivity to the antimitotic drugs; and susceptibility to
the number of DNA damaging agents [28]. In fact,
among the three NATs, mutants of the NatB subunits,
the nat3 and mdm20 mutants, have the most severe
phenotypes. Furthermore, the comparative phenotype
analysis of the NatB mutants with act/ and zpml mu-
tants altered in the N-terminal protein regions indicate
that the nat3-A and mdm20-A phenotypes are due
primarily, if not entirely, to the lack of actin and
tropomyosin acetylation [28]. We have also demon-
strated that unacetylated actin and actins altered in the
N-terminal region have similar defective properties in
vitro.

As mentioned above, NatB acetylates two essential
proteins, actin and tropomyosin, in yeast. Acetylation of
these proteins is important for tropomyosin—F-actin
interactions, which are required to stabilize actin fila-
ments that are bundled together to form actin cables
[29]. Tropomyosin must be acetylated before it can be
associated with actin filaments in vivo. The lack of actin
acetylation itself leads to significantly decreased acto-
myosin interactions and sliding velocity, disrupting the
normal cytoskeleton function [25]. The lack of both
actin and tropomyosin acetylation causes defects in the
transport from the mother cell to the bud of a variety of
membrane-bound organelles, including mitochondria,
vacuoles, peroxisomes, Golgi elements, and secretory
vesicles. In addition, it probably affects nuclear division
and the functioning of the DNA-chromatin-containing
complexes, as revealed by the sensitivity of nat3-A and
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mdm20-A mutants to the antimitotic drugs and the
DNA damaging agents [28].

The Nat3p and Mdm20p are conserved proteins and
corresponding orthologous proteins are readily identi-
fied in the genomes of all model eukaryotic organisms,
including A. thaliana, Caenorhabditis elegans, D. mela-
nogaster, Homo sapiens, Mus musculus, Schizosaccha-
romyces pombe, and X. laevis [28]. However, at present
none of the orthologous proteins were investigated for
NatB acetyltransferase activity or function in vivo.

NatC acetyltransferase

MAK3 gene that encodes a catalytic subunit of NatC
was first described as required for the N-terminal acet-
ylation of the viral major coat protein, gag, with an
Ac-Met-Leu—Arg-Phe- terminus [32,33]. The co-puri-
fication of Mak3p, Mak10p, and Mak31p suggested that
these three subunits form a complex. Moreover, pro-
tein—protein interactions between Mak3p and Mak10p,
as well as between Mak31p and Mak10 were detected in
two-hybrid screen. Furthermore, we have shown that all
three subunits are required for NatC activity but not for
acetylation of NatA or NatB substrate types [34]. In
addition, all the three deletion strains showed similar
phenotypes, including slower growth on non-ferment-
able carbon sources at elevated temperature. This sug-
gests that some mitochondrial proteins might be the
substrates for NatC in addition to two subunits of 26S
proteasome, Pup2p and PreSp, and L-A virus gag pro-
tein [31].

MAKIO gene was identified as a gene necessary for
the propagation of the L-A dsRNA virus in yeast [35].
Also it has been shown that it is essential for optimal
growth on non-fermentable carbon sources, like glycerol
or ethanol, and such effect is independent of its effect on
L-A virus. In addition, MAKIO is expressed at a low
level and is glucose repressible. It was noted that
Mak10p protein sequence contains several regions of
similarity to T-cell receptor a-subunit V (variable) re-
gions [35], but it remains to be seen if this similarity has
any functional significance. The mammalian Mak10p
ortholog, designated T4a, was identified in a study di-
rected to uncover genes upregulated in the healing cor-
neal epithelium [36]. The high expression of this gene
was also found in cultured, autonomously replicating
embryonic and neointimal smooth muscle cells, but not
in normal adult cells, where the expression remained low
[37]. As in case of mammalian orthologs of Natlp, it is
likely that the higher expression of T4a in actively pro-
liferating cells is related to its cotranslational mode of
action.

Although biological function of MAK31 gene is not
known, the protein sequence indicates that it could be
characterized as a Sm-like protein [38]. The Sm-like

proteins are small nuclear ribonucleoproteins (snRNPs)
found to be associated with U1, U2, and U5 snRNAs as
well as with U4/U6 double snRNP and the U4/U6-US5
triple snRNP. snRNPs are involved in various functions
including pre-mRNA splicing, histone mRNA 3’ for-
mation, tRNA processing, rRNA maturation, and
telomeric DNA synthesis. Mak31p is more divergent
than the other yeast Sm-like proteins because it is the
only one that does not contain a glycine or cysteine
residue at position 107 and did not precipitate with any
of the tested RNAs [39]. It is puzzling that Mak31p, a
required subunit of a NAT, is highly similar to spe-
cialized protein family having different functions and
that analogous subunits were not observed in the NatA
and NatB complexes. Mak31p may function in deter-
mining the specificity of protein substrates or of at-
tachment sites to the ribosome.

Protein sequence analysis revealed that species con-
taining orthologs of the yeast Mak3p include A. thalia-
na, C. elegans, D. melanogaster, H. sapiens, M. musculus,
and S. pombe [1], although the proteins forming this
subfamily are more diverged compared to Ardlp and
Nat3p subfamilies. Also the proteins with high similarity
to Mak3p are present in some bacteria and archaea, but
it is doubtful that they represent true N-terminal acet-
yltransferases that act co-translationally on a wide range
of proteins because prokaryotic proteins are rarely
acetylated. The Makl10p and Mak31p orthologs were
also detected in all model higher eukaryotes as well, but
not in prokaryotes, with exception of Sm-like proteins
with unknown function in archaea.

Recently AtMAK3, an A. thaliana gene orthologous
to MAK3 of S. cerevisiae, was identified and charac-
terized [40]. The Atmak3-1 mutation affected the
growth of the plant and the synthesis and accumula-
tion of plastome-encoded photosynthetic gene prod-
ucts, particularly the photosystem II core protein DI.
This defect was associated with a diminished level of
most of the thylakoid multiprotein complexes and,
consequently, with an abnormal photosynthetic elec-
tron flow. The reduction in both leaf pigmentation and
growth rate can be attributed to the photosynthetic
lesion. This phenotype predominated in young At-
mak3-1 leaves, indicating that AtMAK3 function is
limited in fast-growing tissues.

Most importantly, AtMAK3 can functionally re-
place the catalytic Mak3p subunit of the NatC complex
in yeast and rescue the two known defects associated
with the yeast mak3 mutation, propagation of killer
virus particles and growth on non-fermentable carbon
sources [40]. Moreover, AtMAK3 could complement
not only mak3, but also the maki0 and mak3] muta-
tions in yeast. Surprisingly, knock-out of the putative
plant AtMAKIO gene (the ortholog of the yeast
MAKI10) did not produce a phenotype. However, At-
MAK3 and AtMAKI10 interact in vivo, as determined
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by two-hybrid analysis, although this interaction is not Similarities of catalytic and auxiliary subunits of NatA,
required for N-terminal acetylation of photosynthetic NatB, and NatC
components. Therefore, the formation of a NatC-type

complex is not required for AtMAK3 function in A. Ardlp, Nat3p, and Mak3p, the catalytic subunits of
thaliana [39]. Whether or not AtMAKS3 acts alone to NatA, NatB, and NatC, respectively, are related to each
N-acetylate proteins or as part of a different multi- other by amino-acid sequence (Table 1). These subunits
subunit complex remains to be determined. Direct are the representatives of a large acetyltransferase fam-
purification of AtMAK3 and associated proteins using ily, the so-called GNAT [41]. In addition, as described
biochemical procedures should reveal the nature of above, all NATs have auxiliary subunits that interact
NatC-type complex in plants. with their respective catalytic subunits and that are re-

The viability of both the yeast mak3 and plant At- quired for N-terminal acetyltransferase activity. The
mak3 mutants indicates that NatC substrates are not function of the auxiliary subunits is unknown, but they
essential for growth or that the lack of acetylation of the may play a role in recognition of the proper NAT sub-
essential proteins is not critical. The fact that a higher strate and in ribosome binding. NatA, NatB, and NatC
plant protein can substitute for the yeast Mak3p indi- are required to acetylate different subclasses of proteins
cates the conserved function of N-acetylation during and mutants of each N-terminal acetyltransferase have
evolution, in spite of the fact that AtMAK3 is acting on different phenotypes. On the other hand, mutations of
a set of chloroplast proteins that does not exist in yeast. the catalytic subunit and the associated subunits for
On the other hand, mitochondrial respiration was not each of the NATSs cause similar if not identical pheno-
affected in Atmak3 mutants [40]. Thus, NAT substrates types. The sequences of the catalytic subunits Ardlp,
diverge during evolution, while the NAT enzymes Nat3p, and Mak3p are similar to each other, especially
apparently maintain the same specificities. in the region encompassing Ac-CoA binding domain,

but more diverged in other regions [6] (Table 2).
The Ardlp, Nat3p, and Mak3p orthologs could be
grouped in the separate subfamilies, in which members

Table 2 of each subfamily were predicted to be derived from a
Amino-acid sequence similarities (%) of the three major yeast Sac- common ancestor, as judged by phylogenetic analysis
charomyces cerevisiae NAT subunits: (left) similarities among the [1]. For example, the phylogenetic tree of the Ardlp

catalytic NAT subunits, Ard1p, Mak3p, and Nat3p; (right) similarities
among the auxiliary large subunits of the yeast NATs

orthologs, presented in Fig. 2A, reflects the global evo-
lution of the organisms.

Catalytic subunits Auxiliary large subunits The evolution of the Natlp, Mdm20p, and Mak10p

Nat3p  Mak3p Mdm20p Makl0p orthologs from the model organisms also could be

Ardlp 154 18.8 Natlp 113 1.1 evaluated by protein sequence alignment. Phylogenetic

Nat3p  — 13.1 Mdm20p — 12.6 analysis of the Natlp orthologs, presented in Fig. 2B,

Sequence pair distances were made by using Clustal method with showed that they evolved in the same direction and

PAM250 residue weight table (MegAlign, DNAStar, Inc.). coordinately with Ardlp protein. A minor variation in
A B HsNat1p

MmNat1p
XINat1p

DrNat1p
DmNat1p
AgNat1p
CeNat1p
rAtNaﬂp
OzNat1p
DdNat1p
- ThNat1p
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Fig. 2. Phylogenetic analysis of the Ard1p and Natlp orthologs. Sequence pair distances were made by using Clustal method with PAM250 residue
weight table (MegAlign, DNAStar, Inc.). (A) Phylogenetic tree of the Ard1p orthologs. Accession numbers for the Ard1p orthologs are as follows:
AgArdlp, Anopheles gambiae str. PEST GI1:21299226; AtArdlp, Arabidopsis thaliana gG1:15450947; CeArdlp, Caenorhabditis elegans G1:17541270;
DdArdlp, Dictyostelium discoideum G1:28850429; DmArdlp, Drosophila melanogaster GI1:24662081; HsArdlp, Homo sapiens GI:17149828;
MmArdlp, Mus musculus G1:20071186; RtArdlp, Rattus norvegicus G1:27682107; ScArdlp, Saccharomyces cerevisiae Ardlp; SpArdlp, Schizo-
saccharomyces pombe G1:19115221; TbArdlp, Trypanosoma brucei G1:7649677; X1Ard1p, Xenopus laevis GI: 284223549651963; and ZmArdlp, Zea
mays GI:14550116. (B) Phylogenetic tree of the Natlp orthologs. Accession numbers for the Natlp orthologs are as follows: AgNatlp, 4. gambiae
str. PEST GI:21291634; AtNatlp, A. thaliana gG1:20259244; CeNatlp, C. elegans G1:25144955; DdNatlp, D. discoideum G1:28829826, DmNatlp,
D. melanogaster G1:24643243; DrNatlp, Danio rerio G1:28279630; HsNatlp, H. sapiens GI:17149828; MmNatlp, M. musculus G1:25048321; Os-
Natlp, Oryza sativa (japonica cultivar-group) GI:13365578; ScNatlp, S. cerevisiae Natlp; SpNatlp, S. pombe GI1:19075660; TbNatlp, T. brucei
GI1:7649679; and XINatlp, X. laevis G1:9651963.
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phylogenetic trees is probably due to inaccuracy of se-
quencing and ORF identification in different species.
For example, we previously corrected the ATG start site
of the NAT3 ORF [28]. Overall, the NAT phylogenetic
trees are consistent with the view that yeast and higher
eukaryotes have the same N-terminal acetyltransferase
systems, although the NATs may be involved in other
functions (see above).

The NAT protein sequence analysis also revealed a
significant sequence similarity among the auxiliary
subunits, Natlp, Mdm20p, and Mak10p (Table 2), but
not Mak31p, which is obviously a member of the Sm-
like protein family [39]. The protein similarities between
pairwise combinations of Natlp, Mdm20p, and Mak10p
range from 11.1% to 12.6 %, which are comparable to
the catalytic subunits Ardlp, Nat3p, and Mak3p simi-
larities that range from 13% to 18.8%. In contrast, no
significant similarity is detected between the catalytic
subunits and the auxiliary subunits; for example, Ard1p
and Natlp show less than 2% similarity.

Furthermore, all auxiliary subunits, Natlp, Mdm20p,
and Mak10p, contain at least 6-7 TPR motifs non-ran-
domly distributed throughout the protein molecules, as
discussed above for Natlp (Fig. 1). The functional sig-
nificance of TPRs remains to be investigated, but most
likely they are involved in nascent polypeptide binding.
Furthermore, there is no detectable Ac-CoA binding
site within protein sequences of the auxiliary subunits.
The mammalian Natlp orthologs also lack a significant
similarity to an Ac-CoA binding site, making it unlikely
that autoacetylation of rbdn-1 occurs without another
protein (see above) [20]. It is also unknown if there are still
other auxiliary subunits required for function of NatA
and NatB in vivo. In this regard, it would be of interest
to determine whether Asclp and other proteins associ-
ating with Ard1p and Natlp (see above) are required for
NatA function. The increased activity of NatA in strains
overexpressing just ARDI and NAT]I suggests that Asclp
is not required at least at a stoichiometric level for NatA
function in vitro [9].

As noted above, yeast Natlp interacts with nascent
polypeptide chain and also with ribosome and may serve
as an anchor of NatA complex to translating ribosomes
[10]. We also found that Ardlp-myc fusion protein is
ribosome associated as detected by polysome fractio-
nations (B. Polevoda and F. Sherman, unpublished). It
will be interesting to determine whether NatB and NatC
are attached to yeast ribosomes and whether their at-
tachment to ribosomes is mediated by auxiliary sub-
units, as in NatA. Based on our extensive studies of
acetylation of iso-1-cytochrome ¢ proteins with a large
variety of altered N-termini, we can expect that no
protein with potential acetylation site can escape co-
translational N-terminal acetylation [2]. The detailed
analysis of the acetylated proteins with similar N-ter-
minal sequences but with different cellular compartment

localization also supports such a suggestion [1]. How-
ever, proteins translated in mitochondria and chloro-
plasts may not be or may be only rarely N-terminally
acetylated, similar to prokaryotes.

Although they have pronounced phenotypes, it is
somewhat surprising that NatA, NatB, and NatC dele-
tants are viable in yeast. Approximately one-half of
yeast proteins are N-terminally acetylated, with most
being NatA substrates [1,5]. We can consider that the
lack of N-terminal acetylation diminishes activity or
stability to various degrees, from no detectable level to
the complete loss of function. Clearly, the complete loss
of function of essential proteins does not occur by the
lack of N-terminal acetylation in yeast. For example, the
lack of N-terminal acetylation of the essential proteins,
actin and tropomyosin, leads to only a partial loss of
activity [28]. On the other hand, the lack of acetylation
of the viral major coat protein, gag, leads to the loss of
maintenance of the dSRNA virus, and this deficiency can
be considered as complete [32]. In fact, the common use
of N-terminal fusion of peptides and proteins for con-
venient identification and purification procedures indi-
cates that the state of the N-terminus is by-and-large
innocuous for most proteins. But it remains to be de-
termined whether this is true for higher eukaryotes and
whether the certain NATs have diverged from the ones
in yeast by acting on new types of substrate or incor-
porating new subunit.
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