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In the 1990s, a technique was developed to transfer proteins from electro-
phoresis gels onto poly(vinylidene difluoride) (PVDF) membranes, digest
the proteins on the membranes with proteases such as trypsin and analyze
the resulting peptides on the membranes directly by mass spectrometry to
identify the proteins. This technique, based on gel electrophoresis, is
particularly useful for analyzing protein isoforms, splicing variants and
post-translationally modified proteins. Previously, the low ionization
efficiency of peptides immobilized on the membranes often rendered this
technique useless. However, this technique has been improved by the use of
PVDF membranes with a small pore size, which has enabled highly
efficient and effective electroblotting and mass spectrometric analyses.
Here, the advantage of this technique is discussed.
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Proteomic analyses begin with protein
expression profiling

Proteome research involves the comprehensive analysis
of protein expression profiles, the function and
functional networks of proteins, and the relationship
between proteins and diseases. Upgraded protein
databases, and highly sensitive, accurate and
high-throughput analytical techniques, such as mass
spectrometry (MS), have greatly facilitated and acceler-
ated the development of proteome research.

Two standard methods, the protein shotgun method
[1] and the 2D electrophoresis (2DE)-MS/MS method
[2], are commonly used in the first step of proteome
analysis. In the shotgun method, a sample containing a
number of proteins is digested with proteases such as
trypsin, which has comparatively high substrate
specificity. These digested proteins are separated by
liquid chromatography (LC), analyzed by MS/MS and
then identified based on their sequence information. In
contrast, in the 2DE-MS/MS method, most proteins are

separated by 2DE, protease-digested in gels and then
analyzed by MS [3]. Next, the proteins are identified
based on peptide mass fingerprints or on sequence infor-
mation obtained by MS/MS and database searches [4].

Both methods can profile the expression of a
number of proteins. However, the shotgun method has
been more frequently used for recent proteomic
analyses. The shotgun method typically identifies more
proteins than 2DE-MS/MS. In addition, the shotgun
method can be easily automated and therefore does
not require professional skills for the analysis. In
contrast, 2DE is laborious, and it is not easy for
beginners to obtain reproducible results, particularly
with the ‘in-gel’ digestion of proteins after electropho-
resis. However, the shotgun method cannot completely
replace 2DE-MS/MS for proteomic studies because
2DE-MS/MS has several advantages over the shotgun
method, as described below.
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Advantages of gel electrophoresis

The resolution of MS, using techniques such as
matrix-assisted laser dissociation ionization-time-of-
flight (MALDI-TOF)/TOF MS, electrospray ioniza-
tion-quadrupole (ESI-Q)/TOF MS, ESI-linear ion trap
(LIT)/TOF MS and even LTQ-Orbitrap MS, is often
insufficient to measure directly the precise masses of
high-molecular-weight proteins. Therefore, proteins
must be digested with proteases to obtain peptides that
can be analyzed using these MS approaches. Accord-
ingly, this method often misses information on protein
isoforms, splicing variants and post-translational modi-
fications, which might be obtained by analyzing intact
proteins. In contrast, electrophoresis, particularly 2DE
using IEF in the first dimension and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS/PAGE)
in the second dimension [5,6], can easily separate
isoforms, splicing variants and post-translationally
modified proteins. Jungblut et al. [7] pointed out that
there are many isoforms and post-translationally
modified proteins, and advocated that these protein
species are a secondary component of the proteome.
They noted that some proteins have tens of isoforms,
including post-translationally modified proteins. These
proteins can be separated by gel electrophoresis and
identified by MS analysis, while it is not easy to iden-
tify these protein species using the shotgun method.

There are several useful electrophoresis techniques in
addition to O’Farrell’s 2DE. For example, 2DE using
Phos-tag gel electrophoresis [8] instead of SDS/PAGE
in the second dimension is suitable for analyzing the
phosphorylation status of phosphoproteins, which is
impossible to perform using the shotgun method [9].
2DE using blue native electrophoresis in the first
dimension and SDS/PAGE in the second dimension
can separate proteins within a protein complex and
identify the complex components by MS [10].

In addition, a protein differential display technique
using gel electrophoresis — 2D difference gel electro-
phoresis (2D-DIGE) — has recently been developed
[11]. This technique is particularly useful for identify-
ing disease-associated proteins [12] and post-transla-
tionally modified proteins [13].

Benefits of poly(vinylidene difluoride)
membranes ‘

Towbin et al. [14] established a western blotting tech-
nique in which proteins are separated by gel electro-
phoresis, electrophoretically ~transferred onto the
appropriate membrane filters and then detected with
specific antibodies. This method became widely used as
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a result of the high sensitivity of detection, simplicity
of handling and use of straightforward techniques to
desalt the samples and preserve the membranes. In
addition, secondary antibodies and fluorescent reagents
were recently applied to this technique, making the
analysis even more sensitive and easier to perform.

Subsequently, this method was used to detect
phosphoproteins [15], glycoproteins [16] and various
ligand-binding proteins. At that time, nitrocellulose
membranes were predominantly used for western blot-
ting. In the 1980s, Y. Monji (Millipore, Osaka) found
that poly(vinylidene difluoride) (PVDF) membranes
could be used for western blotting. In those days, a
novel protein sequencer, called a gas-phase sequencer,
was rapidly developed that differed from previous
sequencers. With the gas-phase sequencer, the purified
protein was immobilized noncovalently on a small
glass-fiber filter and then Edman degradation was per-
formed on the filter. This development led to the idea
that gel-resolved proteins could be transferred onto
this glass-fiber filter by western blotting and sequenced
using the gas-phase sequencer [17,18]. However, the
blotting efficiency of the glass-fiber filter was insuffi-
cient, making this method impractical. Like the
nitrocellulose membranes, the membrane filters could
not be used with the sequencer because they were
intolerant to the organic solvents used for Edman deg-
radation. However, Matsudaira [19] found that PVDF
membranes were suitable as a membrane filter for pro-
tein immobilization in gas-phase sequencing. Thus,
PVDF membranes became widely used as a membrane
filter for sequencing as well as western blotting.

Proteins blotted onto the membrane
filters can be analyzed by MS

Since the 1980s, protein and peptide MS has developed
rapidly. The sensitivity, accuracy and throughput have
been improved by one digit per year. Presently, we can
rapidly obtain information on amino acid sequences,
post-translational modifications, and protein—protein
interactions by MS analysis using only 1 fmol of the
protein sample. In many cases, proteins are separated
by 2DE, digested in gels and then identified by MS.
However, this method is laborious and time consuming
if an automated in-gel digestion instrument is not
available. Moreover, sometimes the peptide yields are
not reproducible. If proteins that are transferred from
the electrophoresis gels to the membrane filters can be
analyzed directly by MS, we can efficiently identify
proteins on the membrane filters. For the MS analysis
of proteins on membranes, it is unnecessary to perform
in-gel digestion. We can analyze post-translational
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modifications and  protein—protein  interactions
simultaneously by MS analyses of the proteins on the
membrane filters.

ldentification of proteins on membranes

Since the 1990s, studies of proteins separated by gel
electrophoresis, electroblotted and analyzed by MS
have been performed. In brief, proteins resolved by
SDS/PAGE were electroblotted onto Fluorotrans
PVDF membranes, pieces of the membrane that
contained proteins were cut out and the molecular
masses of the proteins on membranes were measured
using MALDI-MS [20]. Subsequently, proteins sepa-
rated by SDS/PAGE were electroblotted onto five
types of PVDF membranes — Transblot, Immobilon
P5Q, Fluorotrans, Westran S and Immobilon-P — and
pieces of the membrane containing a protein of interest
were incubated with the matrix, cut out and mounted
on the sample support using conductive double-sided
adhesive tape; then, the molecular mass values of pro-
teins were determined by infrared (IR)-MALDI-TOF
MS [21]. The authors described that in this experiment,
better results were obtained from membranes that had
highly specific surfaces and a low mean pore size. Simi-
lar studies were performed by several groups in order
to determine the molecular mass values of gel-resolved
proteins on membranes [22-24].

This technique was applied for identification of gel-
resolved proteins using MALDI-MS. Patterson [25]
digested gel-resolved proteins on PVDF membranes
with Lys-C endopeptidase and eluted the digests from
the membranes for analysis by MALDI-MS in order to
identify the proteins. The author used Immobilon-CD
PVDF membranes with quarternary amines linked to
the membrane surface, which might be useful for effi-

MS characterization of proteins on membrane filter

from the membranes. Later, several groups identified
gel-resolved proteins using similar techniques, but dif-
ferent types of membranes, such as PVDF membranes
(Problot and Hybond-P) and nitrocellulose [26-30].

In 1999, Schleuder et al. [31] digested gel-resolved
proteins on membranes and analyzed the proteins on
the membranes directly, using MALDI-MS. In brief,
after digestion, they secured pieces of PVDF mem-
brane containing the proteins onto the MALDI sample
plate using conductive double-sided adhesive tape, and
introduced it into the IR-MALDI-MS in order to
identify the proteins by peptide mass fingerprinting. In
this study, the best performance of IR-MALDI-MS
was obtained using Immobilon-CD membrane, but no
results were available for other PVDF membranes,
such as Immobilon PSQ and Transblot membranes. In
this experiment, 0.1 pym pore-size and 195-pum-thick
Immobilon PSQ membranes (see Table 1 for the pore
size of membranes) were used. The Immobilon-CD
and 0.1 pm pore-size Immobilon P5? membranes are
not currently available commercially. Therefore, we
cannot repeat these experiments.

On-membrane characterization of gel-resolved
proteins by MIS

The gel-resolved proteins can be characterized by
MALDI-MS. Sloane et al. [32] immobilized gel-
resolved proteins onto Immobilon PS? PVDF and
nitrocellulose membranes, and digested the proteins
with proteases on membranes using a piezoelectric
chemical inkjet printer, and then they identified anti-
gens and glycoproteins using MS. Kimura ef al. [33]
and Nakanishi ef al. [34,35] used the same piezoelectric
chemical inkjet printer for the enzymatic digestion of
proteins on membranes. Kimura et al. [33] electroblot-

cient recovery of the electroblotted proteins (peptides) ted gel-resolved proteins onto Immobilon PSQ
Table 1. Pore size of membrane filters described in this paper.

Membrane name Membrane Hydrophobicity Pore size (um) Distributor

Fluorotrans PVDF Hydrophobic 0.2 Pall (Port Washington, NY, USA)
Hybond-P PVDF Hydrophobic 0.45 GE Healthcare (Uppsala, Sweden)
Immobilon-CD PVDF Hydrophilic 0.1 Millipore (Bedford, MA, USA)

Immobilon FL PVDF Hydrophobic 0.45 Millipore (Bedford, MA, USA)
Immobilon-P PVDF Hydrophobic 0.45 Millipore (Bedford, MA, USA)

Immobilon PS@ PVDF Hydrophobic 0.2° Millipore (Bedford, MA, USA)

0.1 um pore-size PVDF PVDF Hydrophobic 0.1 . Millipore (Bedford, MA, USA)

Problot PVDF Hydrophobic 0.2 Applied Biosystems (Foster City, CA, USA)
Transblot PVDF Hydrophobic 0.2 BioRad (Rockville, MD, USA)

Westran S PVDF Hydrophobic 0.2 GE Healthcare (Uppsala, Sweden)
Nitrocellulose Nitrocellulose Hydrophobic 0.45 -

® Before 1999, 0.1 um pore-size Immobilon P52 membranes were available. The Immobilon PS® membrane is 195 um thick; the other

membranes are 140-150 pm thick [21].
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membranes and used multiple proteases and PNGase
F to identify the proteins and detect the N-linked gly-
cans, respectively. Nakanishi et al. [35] identified tyro-
sine-phosphorylated proteins from Escherichia coli cells
on Immobilon FL membranes using an anti-phosp-
hotyrosine Ig. After on-membrane digestion, they iden-
tified the phosphoproteins using MALDI-TOF MS.

Chang et al. [29] separated membrane proteins from
gram-negative bacteria by SDS/PAGE, electroblotted
the proteins onto the Hybond-P PVDF membranes
and then fixed the membrane to the sample target
using conductive double-sided adhesive tape. The
matrix for MALDI-TOF MS was added to the sam-
ples for MS analysis. Then, they successfully measured
the molecular masses of the proteins with relative
molecular mass values of 28,000-35,000. MS analysis
revealed that a 28-kDa protein was N-acetylated.

Chen et al. [36] immobilized, on Hybond-P PVDF
membrane, antibodies that were raised against three
proteins and interacted with antigens in plasma
samples. The PVDF membranes were attached to the
sample plate using conductive double-sided adhesive
tape and analyzed by MALDI-TOF MS. Chen ez al.
showed that this technique could be used to confirm
the interaction between antigen and antibody, suggest-
ing that it is possible to analyze various interactions
between proteins and ligands.

Small pore size of membrane increases
ion yield in MS

Thus, many interesting techniques have been developed
that combine electrophoresis, blotting and MS. How-
ever, these techniques did not always yield strong and
interpretable results. One of the reasons for this poor
outcome is the low ionization efficiency or low
ion yield of peptides and proteins that are immobilized
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Fig. 1. Experimental procedure of MS analysis of proteins blotted
from gels onto PVDF membranes.
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on PVDF membranes. Therefore, it was necessary to
develop new membranes on which digests of the
immobilized protein can be ionized efficiently. Without
this improvement, peptides obtained by on-membrane
digestion of gel-resolved proteins would have to be
eluted from the membrane and then subjected to
MALDI for identification [25-30].

Previously, 0.2-0.45 pm pore-size PVDF membranes
have been mainly used for electroblotting and subsequent

Table 2. Recommended method for protein identification on
membrane.

Immobilization of proteins onto membranes {39]

Proteins were separated by electrophoresis through a
polyacrylamide gel

The polyacrylamide gel was soaked in 100 mL of 26 mm
Tris/40 mm 2-amino-n-caproic acid buffer (pH 9.0) containing
20% (v/v) methanol (solution C) for 15 min with gentle shaking.
This procedure was repeated twice

PVDF membranes were dipped in 100% methanol for 10 s and
subsequently in Solution C for 15 min with shaking

200 mL of 0.3 M Tris (pH 10.5) containing 20% (v/V)
methanol (Solution A), 200 mL of 25 mm Tris (pH 10.5)
containing 20% (v/v) methanol (Solution B) and 200 mL
of Solution C were poured into three separate stainless
steel trays. Two pieces of Whatman 3MM filter
paper were immersed into each solution in the trays and shaken
gently for 10 min. The solution was replaced with fresh
solution, and the filter papers were shaken for a further 10 min

After removal of the excess solution attached to the filters and
gel, the filter paper, PVDF membrane and gel were assembled
into a sandwich as follows: from the cathode side, (a) two filter
papers saturated with Solution C, (b) PVDF membranes with
Solution C, (c) gel equilibrated with Solution C, (d) two filter
papers saturated with Solution B and (e} two filter papers
saturated with Solution A. These were sandwiched between
the cathode and anode electrode plates of the semidry blotting
apparatus and the proteins were transferred from the gel to
the membrane

The proteins blotted onto the PVDF membrane were detected
by Direct Blue 71 staining or Ponceau-S staining

On-membrane tryptic digestion [34]

The membranes were rinsed with distilled water and affixed to a
MALDI target plate using electrically conductive double-sided
adhesive tape

An aliquot (0.5 pL) of the protease solution containing
100 pgmL™" of trypsin in 25 mm NH4HCO3 (pH 8.0)/40% (v/V)
acetonitrile was spotted on each protein position

Proteins on the membranes were digested with trypsin overnight
at 37°C in the reaction chamber with moisture

On-membrane MS analysis [34]

After the digestion, 0.5 ulL of the matrix solution, which was
saturated with a-cyano-4-hydroxycinnamic acid or 10 mgmL™!
of 2,5-dihydroxybenzoic acid in 0.1% (v/Vv) trifluoroacetic
acid/30% (v/v) acetonitrile, was spotted on the protein
positions

The digests were analyzed using MALDI-TOF MS or
MALDI-TOF/TOF MS
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MS analysis of gel-resolved proteins (Fig. 1). Recently,
membranes that might be suitable for this purpose were
explored [37]. In this work, proteins separated by
electrophoresis were immobilized on membranes, such as
PVDF, poly(tetrafluoroethylene) (PTFE), poly(ether-
sulfone) (PES), nitrocellulose, polycarbonate and
polypropylene, by electroblotting. Proteins were not
transferred efficiently onto hydrophobic membranes
such as PTFE, PES, polycarbonate and polypropylene.
Among these various membrane filters, PVDF
membranes exhibited the highest blotting efficiency.
Moreover, the efficiency of the same PVDF membrane in
MS varied depending on the pore size. Among 0.1, 0.22
and 0.45 pm pore-size PVDF membranes, the mass sig-
nal intensity was highest in 0.1 um pore-size PVDF mem-
branes, and a smaller pore size resulted in stronger mass
signal intensity was greater than that of PVDF mem-
branes with a 0.22 pm pore-size when the proteins were
digested and measured on the membranes using
MALDI-TOF MS (Table 2, Fig. 2). This 0.1 pm pore-
size PVDF membrane is ~ 140 pm thick, and different
from the old 195-pum-thick Immobilon PS? membrane,
as described above.

As a trial, yeast proteins were separated by 2DE
and blotted onto 0.1 pm pore-size PVDF membranes.
Among hundreds of blotted proteins, 19 were selected,
including high-abundance and low-abundance proteins,
high-molecular-weight and low-molecular-weight proteins,
and basic and acidic proteins (Fig. 3), for protein iden-
tification. After digesting these proteins with trypsin,
the digests were analyzed on membranes by MALDI-

MS characterization of proteins on membrane filter

identified. It was possible to identify comprehen-
sively many proteins from yeast, as described previ-
ously [37].

It is likely that proteins cannot penetrate very small
pores during electroblotting, and most of the proteins
may be retained on the surface of the membrane in the
case of 0.1 pm pore-size membranes. On the other
hand, peptides generated by tryptic digestion may not
easily spread into membranes with a small pore size.
Proteins and peptides on the membrane surface are
easily irradiated by lasers, resulting in increased ion
yield. Furthermore, PVDF membranes with a pore size
of 0.1 um could prevent the diffusion of the matrix
solution that was added to the samples.

Iwafune ef al. [38] previously developed a diamond-
like carbon-coated stainless steel (DLC) plate that was
chemically modified with an N-hydroxysuccinimide
ester. This ester reacts with primary amines on
proteins and covalently attaches them to the surface of
the DLC plate. Because the DLC plate is conductive,
it can be used to electroblot proteins from gels follow-
ing gel electrophoresis. Moreover, this plate can be
used as a target plate for MALDI-TOF MS. Using the
DLC plate and MALDI-TOF MS, protein digestion
on the DLC plate and peptide mass fingerprinting
analyses were performed to identify proteins. However,
special devices are required to electroblot the pro-
teins from the gels onto the DLC plate. For example,
0.3-mm-thick SDS-polyacrylamide gels must be used
to increase the blotting efficiency, and the gels handled
carefully after electrophoresis. In addition, the DLC

TOF/TOF MS, and all 19 proteins were successfully plates are very expensive because they require
Boguence coverager 4% Bequenck covernger 88
E & ot ¢ Py ‘ '@Nw ﬁpﬂi& . -
0.1 LR FTES
e % . : #
= # - a#
2 Sequeited overmge: 0% 7§ . S Sequence coverage: 3%
5 0.22 ym iz: 0.22
- H i
e o }? 5 ( % T
] WO s o R . Eo

Sequence coverage: 6%

Sequence coveragn 36%

0.4 ym URFTLE
. 5 i ot
Seguence coverage: 18% *é Sequence coverage: 189 ©
528 jum = .22 yirr
* # Zi".& # *? * #
# s Wk o é}v‘\ Es # k- AR =g b B

Fig. 2. Mass spectra of yeast proteins that were separated by 2DE and then electroblotted onto PVDF membranes with different pore sizes.
Spots 1-4, as shown in Fig. 3, were analyzed using MALDI-quadrupole ion trap (QIT)/TOF MS.
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2-DE
(Sypro Ruby staining)

PVDF MS
(Ponceau S staining)

Fig. 3. 2DE patterns of yeast proteins on gel and PVDF membrane.
Yeast proteins were separated by 2DE and electroblotted onto a
0.1 pm pore-size PVDF membrane. A total of 19 distinctive proteins
were digested on the membrane with trypsin. The digests were
analyzed by MALDI-quadrupole ion trap (QIT)/TOF MS and the
following proteins were identified: 1, phosphopyruvate hydrase; 2,
fructose-bisphosphate aldolase; 3, phosphoglycerate kinase; 4, glyc-
eraldehyde-3-phosphate dehydrogenase; 5, alcohol dehydrogenase;
6 and 7, enolase; 8, triosephosphate isomerase; 9, 5-meth-
yltetrahydropteroyl triglutamate-homocysteine S-methyltransferase;
10, transketolase; 11, pyruvate decarboxylase; 12, inorganic pyro-
phosphatase; 13, thiol-specific antioxidant protein; 14, H*-transport-
ing two-sector ATPase; 15, magnesium-activated aldehyde
dehydrogenase; 16, heat shock protein SSB1; 17, DnaK-type molec-
ular chaperone SSC1 precursor, 18; heat shock protein MSI3; and
19, heat shock protein HSP60 precursor.

complicated processing, such as surface grinding and
chemical modifications, to activate the surface. There-
fore, it would be ideal if membrane filters, such as
PVDF, could be used instead of DLC plates.

Concluding remarks

Various biochemical characteristics of proteins can be
analyzed, after separation by gel electrophoresis and
electroblotting onto PVDF  membranes.  This
technique, in which the electroblotted proteins are sub-
jected to on-membrane protease digestion and the
resultant peptides are analyzed directly by MALDI-
MS on the membranes, has been studied and improved
for more than 20 years and is practically useful. Devel-

Y. Ino and H. Hirano

oping novel blotting filters, blotting techniques and
mass spectrometers will be particularly important for
more efficient and effective electroblotting and MS
analyses.
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ABSTRACT

N*-Acetyltransferases (NATs) cause the N“-acetylation of the majority of eukaryotic
proteins during their translation, although the functions of this modification have been
largely unexplored. In yeast (Saccharomyces cerevisiae), four NATs have been identified: NatA,
NatB, NatC, and NatD. In this study, the N*-acetylation status of ribosomal protein was
analyzed using NAT mutants combined with two-dimensional difference gel
electrophoresis (2D-DIGE) and mass spectrometry (MS). A total of 60 ribosomal proteins
were identified, of which 17 were N®-acetylated by NatA, and two by NatB. The
N*-acetylation of two of these, S17 and 123, by NatA was not previously observed.
Furthermore, we tested the effect of ribosomal protein N*-acetylation on protein synthesis
using the purified ribosomes from each NAT mutant. It was found that the protein synthesis
activities of ribosomes from NatA and NatB mutants were decreased by 27% and 23%,
respectively, as compared to that of the normal strain. Furthermore, we have shown that
ribosomal protein N*-acetylation by NatA influences translational fidelity in the presence of
paromomycin. These results suggest that ribosomal protein N*-acetylation is necessary to
maintain the ribosome’s protein synthesis function.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

of the following catalytic and auxiliary subunits: Ardip and
Natlp for NatA; Nat3p and Mdm20p for NatB; and Mak3p,

Methionine cleavage and N*-acetylation are two common
protein N-terminal modifications [1,2]. A majority of experi-
mentally characterized eukaryotic proteins are N-terminally
acetylated by N*-acetyltransferases (NATs) during their trans-
lation from mRNA [3]. In yeast (Saccharomyces cerevisiae),
approximately 57% of proteins are predicted to have an
N*-acetyl group, while the corresponding figure for mammalian
proteins is about 84% [4]. The N*-acetylation is catalyzed by
NATS that contain catalytic subunits homologous to the GNAT
family of acetyltransferase [5]. In yeast, four NATs have been
identified, NatA, NatB, NatC, and NatD, which are composed

* Corresponding author. Tel.: +81 45 508 7439; fax: +81 45 508 7667.
E-mail address: hirano@yokohama-cu.ac.jp (H. Hirano).

Mak10p, and Mak31p for NatC [6]. A recent study has shown
NatD to consist of only a catalytic subunit: Natdp [7]. The
deletion of NATs induces various phenotypes. The NatA
deletion mutant exhibits defects in sporulation, salt sensitivity,
mating efficiency, and the ability to enter GO. The NatB deletion
mutant shows increased osmotic sensitivity, decreased utiliza-
tion of non-fermentable carbon sources, reduced mating
efficiency, inability to form functional actin filaments, defects
in mitochondrial and vacuolar inheritance, random polarity,
increased sensitivity to the anti-mitotic drugs, and increased
susceptibility to a number of DNA damaging agents. The
NatC deletion mutant shows a decreased growth on YPG
medium at 37 °C, although growth on YPD medium at 30 °C is
nearly normal [6].

1874-3919/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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Despite the wide occurrence of protein N*-acetylation, itis
unknown how many proteins require N*-acetylation for
function. For instance, the N*-acetylation of Orclp and
Sir3p was shown to be necessary for transcriptional silencing
in yeast [8,9]. Also, the N*-acetylation of the killer viral coat
protein Gag by NatC is required for assembly and mainte-
nance of the L-A dsRNA viral particle in yeast [10]. Unac-
etylated actin and tropomyosin have a number of defects in
vivo and in vitro, although the mutants are viable [11]. While
the N®-acetylation of ribosomal proteins has been known for
decades [12-14], the role of N*-acetylation in translation has
not been determined.

The ribosome is a large ribonucleoprotein complex that
synthesizes proteins in the cytoplasm. The core of the
structure, as well as many of the ribosomal functions, is
highly conserved between eukaryotes and prokaryotes [15].
In yeast, the ribosome consists of two subunits, the large
(60S) and small (40S) subunits. The 60S subunit is composed
of three ribosomal RNAs (rRNAs) and 46 ribosomal proteins,
whereas the 40S subunit is composed of one rRNA and 32
ribosomal proteins [16,17]. The ribosome translates mRNA
sequences into the corresponding amino acids and links
them together to synthesize proteins. There are four stages of
protein synthesis: initiation, elongation, termination, and
recycling [18]. The 60S subunit polymerizes the polypeptide
chain during the elongation phase. The 40S subunit is
associated with mRNA tracks, the tRNA binding site, and is
instrumental in selecting an aminoacyl-tRNA that comple-
ments the bound mRNA codon [16]. Although the rRNAs
basically catalyze translation of mRNA and peptide bond
formation, ribosomal proteins have been shown to play
several important roles in protein synthesis, including
determining the conformation of the ribosome structure
and binding the various translational factors [19].

The ribosomal proteins undergo a variety of post-transla-
tional modifications including phosphorylation, methyla-
tion, glycosylation, and N*-acetylation (co-translational). The
post-translational modifications are thought to affect the
ribosomal function. For example, Ruvinsky et al. reported
that phosphorylation of ribosomal protein S6 controls cell
size and glucose homeostasis [20]. Phosphorylation of
ribosomal protein P1A exerts an effect on the hetero-
oligomerization process [21]. Additionally, it is known that
arginine methylation of ribosomal protein S10 regulates
ribosome biogenesis [22], and arginine methylation of
ribosomal proteins S3 affects ribosome assembly [23]. Glyco-
sylation of ribosomal proteins is required for aggregation of
untranslated messenger ribonucleoproteins into stress gran-
ules [24]. Clearly, modifications of ribosomal proteins are
important for protein synthesis. However, the effect of N*-
acetylation of ribosomal proteins, and therefore changes of
ribosome function remain unknown.

In this study, we comprehensively analyzed ribosomal
protein N*-acetylation using NAT mutants combined with
two-dimensional difference gel electrophoresis (2D-DIGE) and
mass spectrometry (MS). These analyses led to the identifica-
tion of 19 ribosomal proteins acetylated by NatA and NatB.
Subsequently, we investigated the effect of ribosomal protein
N*-acetylation on protein synthesis using the NatA deletion
mutant.

2. Material and methods
2.1. Yeast strains and media

The following strains were used in this study: the normal
strain, B-8032 (MATa ura3-52 CYC1-963 cyc7-67 lys5-10); the
natl mutant, B-8360 (MATa nat1::URA3 ura3-52 CYC1-963 cyc7-
67 lys5-10); the mak3 mutant, B-9074 (MAT« mak3::URA3 CYC1-
963 cyc7-67 lys5-10); and the nat3 mutant, B-11974 (MATa nat3::
kanMX2 CYC1-963 cyc7-67 lys5-10).

The YPD medium [2% (w/v) glucose, 2% (w/v) pepton, and 1%
(w/v) yeast extract] was used for growing yeast. To purify 80S
ribosomes, the yeast cells were cultured in the YPD medium at
30 °C. The cells were grown to the mid log phase, an absorbance
of ~2 AgyoU/ml, and harvested by centrifugation, washed once
with deionized water and stored at 80 °C. For the 10-fold serial
dilution assays, freshly grown yeast colonies were suspended in
deionized water, and 1/10 dilutions, starting at an optical density
of 0.1 at 600 nm, were spotted on a YPD plate or a YPD plate
containing antibiotics. The plates were then incubated at 20, 30,
or 37 °C for 3 to 4 days.

2.2.  Purification of 80S ribosomes and ribosomal proteins

Purification of yeast ribosomes was performed as described by
Ulrich A et al. with some modifications [25]. Briefly, the stored
yeast cells were resuspended in the extraction buffer [20 mM
HEPES-KOH pH 7.0, containing 5 mM Mg-acetate,, 2 mM sper-
midine, 0.1 mM EGTA, 10 mM 2-mercaptoethanol, 10% (v/v)
glycerol, and 0.1 mM PMSF]. Glass beads were added and the
cells broken by vigorous vortex shaking. The homogenate was
centrifuged at 20,000 xg for 30 min at 4°C. To purify 80S
ribosomes, the concentration of KCl in the supernatant was
adjusted to 0.4 M while being mixed gently. Thereafter, the
supernatant was centrifuged at 65,000 xg for 5h at 4 °C. The
resulting ribosome pellet was then resuspended in the
dissociation buffer [20 mM HEPES-KOH pH 7.0, containing
5 mM Mg-(Ac),, 500 mM K(Ac), 0.1 mM EGTA, 10 mM 2-mer-
captoethanol, 10% (v/v) glycerol, and 0.1 mM PMSF] and
puromycin and GTP were added to a final concentration of
1 mM each. The mixture was incubated at 30 °C for 30 min. After
incubation, the ribosome was pelleted through a 25% (v/v)
glycerol cushion in the dissociation buffer at 65,000 xg for 12 h at
4°C using a swinging bucket rotor. The pellet was resuspended
again and then centrifuged at 65,000 xg for 12 h at 4 °C. Finally,
the resulting 80S ribosome pellet was resuspended in the
reaction buffer [S0mM Tris-HCl pH 7.6 containing 15 mM
MgCl,, and 90 mM KCI]. To separate the ribosomal proteins
from the rRNA of the ribosome, the resuspended pellet was
precipitated with 0.1 volume of 0.1% (w/v) DTT, 0.1 volume of
1 MMgCl,, and 2.5 volume of glacial acetic acid. After incubation
on ice for 1h, the TRNA was removed by centrifugation at
20,000 xg for 10 min. The supernatant was dialyzed against
deionized water.

2.3.  Gel electrophoresis of rRNAs and ribosomal proteins

The rRNAs (1pug) were incubated at 65°C for 2min in the
loading solution [0.1% (w/v) SDS, 5% (v/v) glycerol and BPB],
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and subjected to electrophoresis in 0.8% (w/v) agarose gel. The
ribosomal proteins (10 ug) were incubated at 65 °C for 10 min
in the sample buffer [0.05 M Tris-HC] pH 6.8, containing 2% (w/
v) SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, and
BPB] and subsequently separated by SDS-PAGE. On the other
hand, two-dimensional electrophoresis (2-DE) was performed
using acid-urea gels containing 8 M urea in the first dimension
toward the cathode (pH 5.0) at constant 200 V for 800 Vh, and
SDS-PAGE (14% acrylamide gel) in the second dimension. After
2-DE, proteins were detected by CBB R-250 staining.

2.4.  Two-dimensional difference gel electrophoresis

For 2D-DIGE, purified ribosomal proteins were minimally labeled
with CyDyes (GE Healthcare, Little Calfont, UK) Cy3 and Cy5
according to the manufacturer's protocol. Equal amounts of
purified ribosomal proteins from the normal and the mutant
strains were labeled with two different dyes, Cy3 for the normal
and CyS for the mutant strains. The ratio of ribosomal proteins to
CyDye was 50pug to 128 pmol. All labeled samples were
combined and dissolved in 20 ul of sample solution [10% (v/v)
2-mercaptoethanol, 10% (v/v) glycerol, 1% (v/v) acetic acid and
8 M urea), and was subjected to 2-DE. The separated proteins
were detected using Typhoon 9400 (GE Healthcare).

2.5.  Protein identification by mass spectrometric analysis

After electrophoresis, protein spots were cut from the gels,
destained three times with destaining solution [50 mM
NH4HCO03/60% ACN], and digested with trypsin in 50 mM
NH4HCO; at 37 °C for 12 h. The tryptic digests were applied to
Amicon Ultrafree-MC (0.22 um) devices and centrifuged at
7000rpm for 5min. After filtration, a solution containing
0.02% (v/v) TFA and 0.2% (v/v) formic acid was added to the
Amicon Ultrafree-MC tubes and centrifuged again. The resulting
peptides were resuspended in 0.3% (v/v) formic acid, and
analyzed using an ESI-Linear Ion Trap (LIT)-TOF MS (NanoFron-
tier LD, Hitachi-High Technologies, Tokyo, Japan) or an ESI-Q-
TOF MS (Micromass, Manchester, UK), respectively. For data
analysis, the raw MS spectrum was processed using the Hitachi-
High Technologies’ data processing software or the Micromass’
MassLynx software to generate MGF and PKL files, respectively.
The obtained MS and MS/MS data were searched against the
6,858 yeast protein sequences of the SWISS-PROT ver. 57.4
database using the MASCOT program, ver. 2.2.04 (Matrix
Science, London, UK) to identify proteins. The search para-
meters were as follows: protease digestion with two missed
cleavages permitted, enzyme specificity was set to consider
trypsin, propionamidation of cysteine, and oxdation of methi-
onine as variable modifications, and mass tolerance was set to
0.5 Da for the fragment ions and precursor ions. The confidence
interval for the MASCOT scores was set to 95% (significance
threshold p<0.05). Additionally, search results that yielded a
MASCOT score of 295 or 35 for SDS-PAGE or 2-DE, respectively,
were accepted as positive identifications.

2.6.  Poly (U)-dependent poly (Phe) synthesis assay

The 80S ribosomes (0.3 AygoU) from the normal and the mutant
strains were incubated in 25 yl of an assay mixture containing
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50 pg of S-100 fraction, which was purified from the normal
strain, 15 pg of polyuridylic acid, 25 ug of tRNA, [**C]-phenyl-
alanine, 0.5 mM GTP, 1 mM ATP, 2 mM phosphocreatine, and
40 pg/ml creatine phosphokinase in 50 mM Tris-HCl pH 7.6,
15 mM MgCl,, 90 mM KCl, and 5mM 2-mercaptoethanol at
30 °C for 30 min. After incubation, samples were precipitated
with 10% (w/v) trichloroacetic acid (TCA) and boiled for 10 min.
Subsequently, the samples were placed on ice for 10 min and
filtered through glass fiber filters. The filters were washed
twice with 10% (w/v) TCA. After air-drying, the insoluble
proteins were resuspended in 10% (w/v) TCA and the
radioactivity was measured using a liquid scintillation
counter.

2.7.  Polysome profiles

Yeast cells were grown to a mid log phase in the YPD medium.
The cells were harvested in the presence of 100 ug/ml
cycloheximide for 10 min. Preparation of yeast extracts was
carried out by glass bead disruption in 10 mM Tris-HCl pH 7.4,
containing 100 mM NaCl, 30 mM MgCl,, and 100 pg/ml cyclo-
heximide. A 200 ul sample of lysate, corresponding to 8 Aygo U,
was applied to a 7-47% linear sucrose gradient that was
prepared in 50 mM Tris-acetate pH 7.0, containing 50 mM
NH,Cl, 30 mM MgCl, and 1 mM DTT for 2.5h at 38,200 rpm
(Beckman, SW40Ti). After centrifugation, fractions were
collected from top to bottom with continuous Ajs, monitoring.

2.8.  Translational fidelity assay

The reporter assay described by Liang et al. was performed with
slight modifications [26]. Briefly, a 366 bp PCR fragment contain-
ing the Protein A gene was amplified from the common TAP tag.
To create the gene encoding the FLAG tag, which is immediately
downstream from the stop codon gene of protein A, the first PCR
fragment was used as a template for the second PCR. The
created PCR fragment was inserted into the Kpnl and Xbal
restriction site in the plasmid pAUR123. The construct was
transformed into both the normal strain and the natl mutant.
The transformed cells were disrupted using YPER buffer (Pierce,
Rockford, IL, USA) and glass beads. Cell extracts were centri-
fuged at 20,000 xg for 10 min at 4 °C and supernatants analyzed
by SDS-PAGE. The separated proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane and the protein A
peptide on the membrane was detected with anti-peroxidase
antibody. The membrane was incubated with ECL plus (GE
Healthcare) and the positive signals were detected using an
LAS4000 illuminator (Fuji Film, Tokyo, Japan).

3. Results

3.1.  Ribosome purification and ribosomal protein
identification by two-dimensional electrophoresis

In this study, we purified the 80S ribosomes from the normal
yeast strain and the NAT mutants. To check the quality of the
purified 80S ribosomes, rRNAs and ribosomal proteins were
separated by standard gel electrophoresis (Fig. 1A). As shown in
Fig. 1A, sharp bands of 25S and 18S rRNAs were detected, while no



434 JOURNAL OF PROTEOMICS 74 (2011) 431-441

smeared band was detected; this shows that intact 80S ribosomes
were purified, with no degradation incurred during purification.
Simultaneously, the ribosomal proteins of the 80S ribosomes
from the normal strain and the NAT mutants were separated by
SDS-PAGE and detected by CBB staining (Fig. 1B). It should be
noted that CBB-stained ribosomal protein gel images from the
normal strain and the NAT mutants were identical. Then, gel-
separated protein bands were in gel-digested by trypsin and the
resulting peptides were analyzed by MS/MS to identify the
proteins (Supplementary Table 1). A total of 50 ribosomal proteins
were identified, but no non-ribosomal proteins were found,
indicating that the ribosomes were highly purified.

Next, the ribosomal proteins were separated using 2-DE
and detected by CBB staining (Fig. 1C). A total of 59 protein

spots were detected on the 2-DE gel. These proteins were in
gel-digested with trypsin, and the resultant peptides were
analyzed by MS/MS to identify 60 ribosomal proteins (Fig. 1C
and Supplementary Table 2). Interestingly, ribosomal proteins
S5 (spots 5 and 6) and S10 (spots 54, 55, and 56) were identified
in more than two spots having different isoelectric points,
suggesting that these ribosomal proteins may be modified
with a modification group such as phosphate.

3.2.  Identification of N*-acetylated ribosomal proteins
To identify which of the NATs acetylates which ribosomal

proteins, we analyzed the ribosomal proteins in the normal
strain and the NAT mutants using 2D-DIGE, and found that

4 : A, §
1 LBA, 188,808 o
777 B L7, 88,140, L1, L7B, L15A
Liseiag )

194, L31A, 1268,
318,132, $15, 174,515,
L14A, L35, 524

13 82785268

Fig. 1 - Analysis of rRNAs and N*-acetylated ribosomal proteins by 2D-DIGE. (A) Purified rRNA from yeast 80S ribosomes was
separated by agarose gel electrophoresis and stained with ethidium bromide. (B) Purified ribosomal proteins from yeast 80S
ribosomes were separated by SDS-PAGE and stained with CBB R-250. The details of MS data using an ESI-LIT-TOF MS was
shown in Supplementary Table 1. (C) Purified ribosomal proteins from yeast 80S ribosomes were separated by 2-DE using acid-
urea electrophoresis in the first dimension and SDS-PAGE in the second dimension and stained with CBB R-250. Protein spots
identified by an ESI-Q-TOF-MS are numbered and their details were indicated in Supplementary Table 2. (D-F) Identification of
the N®-acetylated ribosomal proteins from the nat1, nat3, and mak3 mutants, respectively. Equal amounts of purified ribosomal
proteins from the normal strain and the NAT mutant were labeled with Cy3 and Cy5 respectively. The Cy-labeled ribosomal
proteins from the two strains were separated on the same 2-DE gel and the Cy3- and Cy5-images were compared. The

N*-acetylated ribosomal proteins are shown in Table 1.
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Table 1 (continued)

the following 17 ribosomal proteins in the natl mutant were
different in electrophoretic mobility from those in the normal
strain (Fig. 1D); S2, S5, S7AB, S11, S14A, S15, S16, S17A, S18,
S20, and S24 from the 40S subunit and L1, L4AB, L11B, L14A,
L16AB, and 123 from the 60S subunit. These ribosomal
proteins prepared from the natl mutant had a shift toward
the alkaline side of the gel that corresponds to the change in
the protein isoelectric point expected from the lack of N
acetylation of an a-amino group. In addition, in a sample
from the nat3 mutant two ribosomal proteins, S21 and S28,
had altered isoelectric points (Fig. 1E). However, no ribosomal
proteins from the mak3 mutant had changed isoelectric
points (Fig. 1F). Although N*-acetylation of ribosomal pro-
teins was reported previously [12-14], this is the first time
that ribosomal proteins L23 and S17 have been shown to be
the substrates of NatA. The identified N*-acetylated ribo-
somal proteins are listed in Table 1.

3.3.  Effects of the NAT deletion on cell growth

It is well known that deletions or mutations of ribosomal
protein genes influences both cell growth and temperature-
sensitivity. We investigated the growth of the NAT mutants in
the YPD medium at 30 °C (Fig. 2A). The doubling time was 1.4,
1.7, 4.0 and 1.4 h for the normal strain, natl, nat3, and mak3
mutants, respectively. The growth of the natl and nat3
mutants was decreased as compared to the normal strain,
while the growth of the mak3 mutant remained unaltered,
suggesting that the lack of protein N*-acetylation by NatA and
NatB affects cell growth. Next, we investigated the tempera-
ture sensitivity of the NAT mutants using 10-fold dilution spot
assays performed on YPD plates at three different tempera-
tures (20, 30, and 37 °C) (Fig. 2B). Growth of the normal and the
NAT mutants was not significantly affected at 30°C. In
contrast, the natl and nat3 mutants showed slow growth
phenotype at 37 °C.

3.4.  Effect of ribosomal protein N*-acetylation on polyU-
dependent poly-(Phe) synthesis

The slower growth of the natl and nat3 mutants suggests that
ribosomal protein N®-acetylation may have an effect on
protein synthesis, the most important function of ribosomes.
Changes in the structure or function of yeast ribosomes are
known to affect cell growth rate at a range of temperatures. In
order to study the effect of ribosomal protein N*-acetylation
on protein synthesis, we performed polyU-dependent poly-
(Phe) synthesis assays (Fig. 2C). The results demonstrated that
the protein synthesis activities of 80S ribosomes purified from
the natl and nat3 mutants were decreased by about 27% and
23%, respectively, as compared to the normal ribosomes.
Thus, decreased protein synthesis activities in the natl and
the nat3 mutants could be explained by the lack of N*-
acetylation of at least two or more ribosomal proteins from the
list of 19 identified acetylated ribosomal protein (see above).

3.5.  Effect of the N*-acetylation on polysome formation

Polysome analysis in sucrose gradient is used to detect
possible defects in ribosomal subunit assembly and proper
organization of the ribosome chains that may cause protein
synthesis alteration. As we observed decreased translation in
the natl and the nat3 mutants it is possible that ribosome
assembly or polysome organization is affected in the mutants.
Therefore, we fractionated cell extracts from the normal and
the NAT mutants in 7-47% sucrose density-gradient (Fig. 2D).
Although the natl and mak3 mutants exhibited polysome
profiles similar to the one from the normal strain, the nat3
mutant clearly showed a defect in 80S ribosome assembly as
the corresponding 80S ribosome peak was significantly
decreased and 60S subunit peak was abnormally high. While
no disruption of the polysome chains was observed, it appears
that the altered ratio of 60S subunits to 80S ribosomes is either
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Fig. 2 - The effect of N*-acetylation on cell growth and protein synthesis. (A) Growth curves of the normal strain and the NAT
mutants. All strains were cultured in YPD at 30 °C until stationary phase. The absorbance of each culture was measured at 600 nm
every 2 h. (B) Effect of three different temperatures (20, 30 and 37 °C) on the growth of the normal strain and the NAT mutants.
Freshly grown yeast colonies were suspended in water, and 1/10 dilutions containing the same number of cells were spotted onto
YPD plates. Spotted plates were incubated at 20, 30 and 37 °C for 3 to 4 days. (C) Effect of N“-acetylation on polyU-dependent poly
(Phe) synthesis. Purified 80S ribosomes from the normal strain and the NAT mutants were added to assay mixtures containing
soluble factor S-100 from the normal strain and radioactive Phe residues, and incubated at 30 °C for 30 min. The radioactivity of the
insoluble fraction, a measure of the incorporation of radioactive amino acids, was determined by liquid scintillation counter. The
value shown in the figure was calculated by subtracting the value of the activity at 0 min. (D) The polysome profiles of the normal
strain and the NAT mutants. Cytoplasmic extracts from the normal and the mutant strains were loaded onto 7-47% sucrose
gradients, centrifuged, and fractionated. The fractions were collected from the top to the bottom with continuous A,s, monitoring.

due to a failure to form 80S ribosomes or due to disruption in
40S subunit assembly. Thus, it is possible that decreased
protein synthesis activity in the nat3 mutant is at least in part
due to a defect in ribosome assembly, whereas the altered
activity in the natl mutant is due to a difference of the fully
assembled 80S ribosome.

3.6.  Sensitivity of the natl mutant to translation
inhibitors

In order to obtain more data on how NatA ribosomal protein N°-
acetylation affects ribosomal functions, we performed 1/10-

dilution spot assays using YPD plates containing various
antibiotics that bind to the ribosome and inhibit translation
(Fig. 3A). We found that neither the normal strain nor the natl
mutant was sensitive to puromycin, which is known to cause
premature chain termination during translation. However, both
of the normal strain and the natl mutant were sensitive to
anisomycin and cycloheximide. Anisomycin is a competitive
inhibitor of A-site binding that sterically hinders positioning of
the acceptor end of A-site tRNA in the peptidyl transferase
center (PTC) on the 60S subunit of the ribosome and cyclohex-
imide is known to interfere with the translocation step in
protein synthesis by blocking translational elongation. These
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Fig. 3 - The effect of the NatA deletion on sensitivity to translation inhibitors. (A) The effect of various antibiotics on the growth
of the normal strain and the nat1 mutant. Freshly grown yeast colonies were suspended in water, and 1/10 dilutions starting at
0.1 ODgop Were spotted onto YPD plates containing the indicated antibiotics. Spotted plates were incubated at 30 °C for 4 days.
(B) The effect of paromomycin on growth of the normal strain and the nat1 mutant. Freshly grown yeast colonies were cultured
in YPD containing increasing concentrations of antibiotics until the culture without antibiotic reached an ODgqo of 1-1.5, which

was taken as 1.0.

results suggest that N*-acetylation of ribosomal proteins by
NatA has no specific effect on translocation or peptidyl
transferase activity.

On the other hand, both paromomycin and hygromycin
caused a specific decrease in the growth of the natl mutant as
compared to the normal strain. Therefore, we examined the
effect of various paromomycin concentrations on growth of
the natl mutant (Fig. 3B) and found that sensitivity to
paromomycin is increasing at higher antibiotic concentra-
tions. Paromomycin is a translational error-inducing antibi-
otic that binds to the decoding center on the ribosome’s 40S
subunit and promotes conformational changes affecting
formation of the codon-anticodon helix between mRNA and
tRNA at the A-site. Thus, it appears that the N*-acetylation of
ribosomal proteins by NatA may be required to maintain a
proper translational fidelity.

3.7.  The role of ribosomal protein N®-acetylation in
translational fidelity

We investigated the natl mutant’s translational fidelity using
a bicistronic reporter gene consisting of genes encoding a
protein A peptide (14 kDa) and a FLAG peptide (1 kDa) (Fig. 4A).
In this assay, if translation is accurate, the 14 kDa peptide is
produced. If stop codon readthrough occurs, the 15kDa
peptide (which includes the FLAG tag) is produced. In the
normal strain, we analyzed the affect of paromomycin on the
level of a readthrough product in a concentration-dependent
manner (Fig. 4B). We found that the readthrough product
increased with increasing concentrations of paromomycin.
Using this construct, we compared translational fidelity
between the normal strain and the natl mutant (Fig. 4C). The
amount of a stop codon readthrough product in the natl
mutant was slightly higher than in the normal strain.
Additionally, the level of the readthrough product in the natl
mutant was strongly influenced by the addition of paromo-
mycin. Thus, N*-acetylation by NatA is required for optimal

translational termination. In addition, our reporter construct
is useful for the analysis of translational fidelity in yeast.

A
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Fig. 4 - The role of ribosomal protein N*-acetylation in
translational readthrough activity. (A) The structure of the
stop codon readthrough construct used in this study. The
14 kDa protein A fragment is a predominant translation
product in the normal strain. The 14 kDa protein A fragment
combined with the FLAG tag protein (1 kDa) which resulted in
15 kDa peptide is the mistranslated protein product.

(B) Protein production in the normal strain with high
concentration of paromomycin induced stop codon
readthrough. Cells were grown in YPD containing the
indicated concentration of paromomycin. Protein samples
were loaded onto 15% SDS-PAGE and detected using Western
blot with anti-peroxidase antibody. (C) Comparison of stop
codon readthrough activity between the normal strain and
the natl mutant.
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4, Discussion

Genome sequencing has revealed that yeast contains 137
ribosomal protein genes, encoding 78 unique ribosomal proteins
with 59 encoded by duplicate genes [27]. Takakura et al. detected
a total of 44 ribosomal proteins in the yeast 80S ribosome by 2-
DE using acid-urea gel electrophoresis in the first dimension
and SDS-PAGE in the second dimension, and identified 14
ribosomal proteins which were N*-acetylated by NatA using
Edman degradation [12]. Amold et al. found that 30 of the
identified 68 ribosomal proteins, including the isoforms, were
N-terminally acetylated by NatA, NatB, or NatC using shotgun
analysis by MALDI-TOF MS [13]. In the present study, we applied
2D-DIGE and MS/MS to identify the N*-acetylated ribosomal
proteins of the yeast 80S ribosome. By these techniques, we
detected N*-acetylated proteins and their non-acetylated coun-
terparts as pairs of differently colored spots with slightly
different isoelectric points. The numbers of ribosomal proteins
and N*-acetylated ribosomal proteins, not including isoforms,
were 60 and 19, respectively, showing that we detected 77% of
the 78 ribosomal proteins encoded and 83% of the known 69
basicribosomal proteins (pI>7). We did not detect the remaining
18 ribosomal proteins by 2D-DIGE, because of low molecular
weight (MW <8000 Da) or isoelectric point (pI<5).

Nevertheless, this is the first report to describe the use of
2D-DIGE and MS/MS techniques in the differential display
analysis of N*-acetylated and non-N*-acetylated ribosomal
proteins and we detected more ribosomal proteins and N*-
acetylated ribosomal proteins than in the previous studies.

We also investigated the effect of the lack ribosomal protein
N*-acetylation on the ribosome function using the NAT
mutants. The deletion of MAK3 (component of NatC) did not
affect ribosomal protein N*-acetylation or protein synthesis. In
the nat3 (NatB) mutant, two ribosomal proteins lost the N*-
acetyl group, and the protein synthesis activity of purified
ribosomes was decreased (Fig. 2). Although the abnormal
accumulation of the 60S subunit and lower proportion of the
80S ribosome in the nat3 mutant might contribute to the low
protein synthesis activity of the ribosomes, its mechanism
remains unknown. The deletion of NAT1 (component of NatA)
caused the loss of N*-acetylation in 17 ribosomal proteins. The
polysome formations of the normal strain and the natl mutant
were similar, but the protein synthesis activity of ribosomes
purified from the nat1 mutant was decreased (Fig. 2). In addition,
the growth of the natl mutant was decreased on YPD plates,
containing the error-inducing antibiotics paromomycin and
hygromycin (Fig. 3), and the natl mutant translational read-
through activity was increased in vivo (Fig. 4). These results arein
agreement with the data of Pezza et al. [28].

We assigned the N*-acetylated proteins to the yeast 80S
ribosome structure reported by Spahn et al, [29]. Most of the
N*-acetylated ribosomal proteins were located around the
shoulder, the E-site, or the head on the 40S subunit (Fig. 5). The
NatA N*-acetylated ribosomal proteins around the shoulder of
the ribosome are conserved between Escherichia coli (E. coli) and
yeast. Among them, E. coli ribosomal proteins S4 (yeast
ribosomal protein S9 homolog) and S5 (yeast ribosomal
protein S2 homolog) contribute to streptomycin resistance
[30,31]. Particularly, E. coli ribosomal protein S5 is involved in
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Fig. 5 - Location of NatA N®-acetylated ribosomal proteins on
the 80S ribosome structure. The 255 rRNA is in light blue, the
18S rRNA is in green, the non-N*-acetylated ribosomal
proteins are in dark blue, and the N*-acetylated ribosomal
proteins are in red. The graphic visualization was done with
the program PyMol (PDB ID: 1S1H and 1S1J).

tRNA selection and translational fidelity [32]. To determine
whether the lack of yeast ribosomal protein S2 N*-acetylation
affects translational readthrough, we tested the ribosomal
protein S2 mutant with altered N-terminal residue and lacking
acetylation. In this experiment, a penultimate serine residue
was replaced with tyrosine by mutating the corresponding
locus of genomic DNA encoding for S2, resulting in expression
of non-N*-acetylated S2 in the mutant. The results show that
non-N*-acetylated S2 was not sensitive to paromomycin,
suggesting that the N*-acetylation of other ribosomal proteins
besides S2 is necessary for translational fidelity in yeast.

The function of the E-site, at which NatA N®*-acetylated
ribosomal proteins S5 and S14 are located, is to release tRNA
and mRNA from the ribosome [33]. The E-site is allosterically
coupled to the A-site, and this coupling controls the ability of
the ribosome to discriminate between cognate and noncog-
nate tRNAs at the A-site [34]. According to previous reports,
the N-terminal domain (~46 amino acids) of yeast ribosomal
protein S5 plays an important role in initiation of translation
and translational fidelity [35,36]. It is possible that loss of the
N*-acetylation of the ribosomal proteins located at the E site
contributes to the decreased translational fidelity.
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In addition, the N*-acetylated ribosomal proteins S15, 516,
S18, and 520 are located at the head of the 40S subunit. There
are no reports describing the role of these ribosomal proteins
in protein synthesis. However, the present data suggest that
the ribosomal proteins located at the ribosome head may be
involved in the protein synthesis function as the lack of N*-
acetylation of these protein affect protein synthesis.

In yeast, ribosomal proteins 112 and $25 are methylated by N-
terminal methyltransferase Taelp [37]. Interestingly, TAE1 dele-
tion has similar phenotypes to some of the NatA deletion
phenotypes, for example, protein synthesis activity is decreased
and paromomycin sensitivity is increased [38]. N-terminal
modification causes neutralization of the positive charge on the
N-terminal amino group of the protein. Therefore, the lack of N-
terminal acetylation and the presence of a positive charge on the
N-terminus may affect the interaction between the various
components of the ribosome, such as ribosomal proteins, rRNA,
and tRNA, causing defects in translation function.

In general, the lack of N*-acetylation can cause any of the
following degrees of effects: (i) no substantial change of
function or stability; (ii) partial diminution of function or
stability; (iii) complete or almost complete loss of function or
stability. For example, yeast iso-1-cytochrome ¢, which is
normally not N*-acetylated, is not affected by N*-acetylation
introduced by mutation of the N-terminal region [5]. An
opposite example, the lack of N*-acetylation of the killer viral
coat protein Gag causes a 5 to 10-fold reduction of the protein [10].
However, the function or stability of most proteins is less affected
by the lack of N*-acetylation, as examined in detail with actin
and tropomyosin [11]. The lack of N*-acetylation of actin results
in only approximately 50% of the ATPase activation. We wish to
emphasize that actl-A mutants are lethal, as are deletions of
genes that encode any essential protein. In this regard, genes
encoding ribosomal proteins are essential, as are hundreds of
other genes, suggesting that the lack of N*-acetylation of proteins
in mutants of NatA, NatB, and NatC cause only partial defects.
Also, the concomitant defects in NatA and NatB mutants make
it difficult to assign the functions to specific ribosomal proteins.

Supplementary materials related to this article can be
found online at doi:10.1016/}.jprot.2010.12.007.
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