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SDS-PAGE is a basic method that has long been used for sep-
aration of proteins according to their molecular sizes. Despite
its simplicity, it provides information on characteristics of pro-
teins beyond their molecular masses because gel mobility of pro-
teins often reflects their physicochemical properties and post-
translational modifications. Here we report on a global analysis
of gel mobility of the proteome, which we term the “mobili-
tome,” covering 93.4% of the fission yeast proteome. To our
surprise, more than 40% of proteins did not migrate to their
calculated positions. Statistical analyses revealed that the dis-
crepancy was largely dependent on the hydrophobicity of pro-
teins. This experimental data set, with a high coverage rate of
real mobility, made it feasible to identify proteins detected on
the gel without using any specialized techniques. This approach
enabled us to detect previously unknown post-translational
modifications of a protein; for example, we revealed that eIF5A
is novel substrate of a Sir2-related deacetylase Hst2. Further-
more, we concomitantly identified twelve acetylated and eight
methylated proteins using specific anti-acetylated and anti-
methylated lysine antibodies, most of which had not been
known to be subject to the modifications. Thus, we propose the
general usefulness of the mobilitome and electrophoresis-based
methodology for the identification and characterization of pro-
teins detected on the gel.

Gel mobility analysis of proteins often provides useful infor-
mation on their physicochemical properties and post-transla-
tional modifications and can sometimes provide important
insights into the function and regulation of a given protein.
SDS-PAGE has been long and widely used for separation and
size determination of proteins. In the early 1960s, polyacrylam-
ide gels became appreciated as a convenient and versatile alter-
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native to starch gels (1, 2). It was subsequently demonstrated
that in the presence of SDS, proteins migrate according to the
molecular weight of their polypeptide chains (3, 4). However,
the band resolution of the technique was relatively low. There-
fore, this system, which uses only one phosphate buffer for the
tanks and the gel, has lost its popularity despite its simplicity.
Meanwhile, Laemmli modified the Ornstein and Davis system
by adding SDS to the Tris/glycine buffer, in which a nonrestric-
tive large pore gel called a stacking gel is put on the top of a
separating gel, and showed that proteins could be reliably sep-
arated with high resolution (1, 2, 5). As is well known, the Lae-
mmli modification of the Ornstein and Davis system has
become a mainstream technique for protein separation.

Identification of a protein detected on an SDS-polyacrylam-
ide gelis a critical step for biochemical studies. Recent advances
in analytical techniques, such as mass spectrometry, as well as
the accumulation of genome information, have enabled sys-
tematic identification of proteins on a gel. Despite the high
sensitivity of mass spectrometry, however, it is still difficult to
identify the proteins when they are present in low abundance,
highly modified, or impure. Therefore, in addition to these for-
ward proteomic techniques, a reverse proteomic approach
based on the set of all identified genes would be useful.

The genome sequence of the fission yeast Schizosaccharomy-
ces pombe was completed in 2002 (6), officially putting S. pombe
into the post-genomic era. Although S. pombe is a well studied
model eukaryote, experimental resources and information for
functional genomics are so far limited. Recently, we established
a proteome resource by expressing the ORFeome* of S. pombe
at moderate to high levels under the control of the inducible
promoter nmtl (7). In the present study, we report electro-
phoresis-based analyses of the fission yeast proteome, includ-
ing the collection of information regarding gel mobility of the
proteome. This unique data set enables one to identify an
unknown target protein detected on a gel, even if it is hard to
identify by classical purification-based methods. Furthermore,
we identified several novel acetylated or methylated proteins,
using a global screen based on induced expression of the tagged
proteins in combination with Western blotting (WB).

*The abbreviations used are: ORF, open reading frame; WB, Western blotting;
GRAVY, grand average hydrophobicity; ER, endoplasmic reticulum; HA,
hemagglutinin; MM, minimal medium; EF, elongation factor; elF, eukary-
otic translation initiation factor.
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EXPERIMENTAL PROCEDURES

S. pombe Strains and Media—S. pombe strains used in this
study are listed in supplemental Table S1. A series of S. pombe
strains in which each ORF is fused with two FLAG epitopes and
a hexahistidine tag was integrated at the leu I locus were derived
from AM2 (7). The construction of these strains is described
elsewhere (7). AM5 was used for multicopy overexpression of
an ORF. Complete medium YE (0.5% yeast extract, 2% glucose,
5 pg/ml adenine) was used for routine culture of S. pombe
strains. Selective minimal medium SD (8) containing only 1%
glucose was used for routine culture of S. pombe transformants.
Minimal medium MM (9) was used for expression of genes
driven by the nmt1 promoter (10). Adenine, leucine, and uracil
were added to the medium (final concentration, 50 ug/ml)
when needed.

General Methods and Transformation of S. pombe—General
methods to handle fission yeast cells were as described (11). A
high efficiency protocol for transformation of S. pombe cells, as
described previously (12), was modified to the 96-well plate
format. The cells were freshly grown in complete medium YE,
harvested, and washed with and then resuspended in 0.1 m lith-
ium acetate solution (pH 5.0). One microgram of salmon sperm
DNA was added as carrier DNA into each 30-ul cell suspension.
For chromosomal integration of pDUAL-FFH1 (13) and its
derivatives, each DNA was digested with NotI, Sacll, or Apal in
a volume of 12 ul, and 4 ul of the resultant solution was used
directly. Sample DNA, together with 90 ul of 40% (w/v) poly-
ethylene glycol 4000, was added immediately to the cell suspen-
sion, and the mix was incubated at room temperature for at
least 30 min. After the addition of 12 ul of dimethyl sulfoxide,
the cells were heated at 42 °C for 15 min, spun down, resus-
pended in water, and plated on the SD selective medium. For
gene induction, the cells harboring a testing plasmid or inte-
grants were pregrown on the SD plate, and parts of them were
subsequently streaked on the MM plate and grown for 22 h at
30 °C. The cells were then harvested and used for the subse-
quent experiments.

Measurement of Gel Mobility of Proteins in SDS-PAGE—To-
tal cell lysates were prepared by the post-alkaline method
described by V. V. Kushnirov (14) with slight modification (15).
Cultures of tagged strains grown on MM plates for 22 h at 30 °C
were harvested in 25 ul of MM medium and placed in 96-well
plates. Forty microliters of 0.4 N NaOH were added into the
suspension. The cells were incubated for 5 min at room tem-
perature, pelleted, resuspended in 30 ul of SDS gel loading
buffer, and boiled for 5 min. Aliquots of 10 ul of the SDS-lysed
extracts were loaded on a 28-well, 9 X 15 cm, 5-20% gradient
polyacrylamide gel (Bio-Craft). The proteins were electrotrans-
ferred to polyvinylidene difluoride membranes and then
blocked for 1 h with 2% bovine serum albumin in PBST (1X
phosphate-buffered saline with 0.1% Tween 20) before primary
antibodies were applied. A polyclonal anti-His tag antibody
(Medical and Biological Laboratories Co., Ltd.) or a monoclonal
anti-FLAG antibody M2 (Sigma), diluted with PBST (1:6,000)
was incubated as a primary antibody with the membrane over
night. The membrane was washed with PBST three times
and incubated for 1 h with a secondary antibody, an
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IRDye™800CW -conjugated anti-rabbit (-mouse) IgG anti-
body (Rockland), diluted 1:10,000 with PBST. After washing
with PBST, the His, (FLAG)-tagged proteins were detected
using the Odyssey® imaging system (LI-COR).

As a control, a protein marker lane containing a mixture of
Precision Plus Protein™ Standards, all blue (Bio-Rad), and
BenchMark™" Protein Ladder (Invitrogen) was included in
each gel. Before measurement of gel mobility of proteins in
SDS-PAGE, we analyzed the correlation between gel mobility
of each band of the BenchMark™ Protein Ladder visualized by
an anti-His tag antibody and its molecular mass in each mem-
brane (Pearson product moment correlation coefficient r,, >
0.99) and calculated the regression equation for each mem-
brane. The apparent molecular masses of almost all proteins
predicted in fission yeast were measured from gel mobility on
SDS-PAGE according to these regression equations.

The gel mobility of each gene product was initially deter-
mined using one integrant. When no positive band was
detected in WB, another integrant was analyzed. Cells trans-
formed with a multicopy plasmid were used only when no sig-
nal was obtained in WB using integrants.

Antibodies Used in This Study—The rabbit polyclonal anti-
bodies against the His, tag and the HA epitope were purchased
from MBL. The mouse monoclonal anti-FLAG antibody M2
was purchased from Sigma. The mouse monoclonal antibodies
against an acetylated lysine and a methylated lysine (clones
AKL5C1 and MEK3D?7, respectively) were described elsewhere
(16-18).

Data Source and Bioinformatics Analyses—Protein sequence
information was retrieved from the S. pombe GeneDB data base
(The Sanger Centre). The presence of signal sequences was cal-
culated by using PSORT II (19). Grouping by subcellular local-
ization of proteins was performed according to the analysis of
Matsuyama et al. (7). SYSTAT 10.2 (Systat Software Inc., Rich-
mond, CA) was used for statistical analyses. We calculated p
values using the Mann-Whitney test for analyzing the relation-
ship between gel mobility and the GRAVY score or isoelectric
point of proteins, as well as the Kolmogorov-Smirnov test for
analyzing the relationship between gel mobility of proteins and
their subcellular localization. The results were further cor-
rected for multiple hypothesis testing by applying the Bonfer-
roni correction. Meanwhile, the relationship between the cal-
culated and apparent molecular masses was analyzed by the
Bonferroni-adjusted Wilcoxon matched pairs signed rank test.

Website—Information about gel mobility and basic data of
proteins is available on our website. Users are free to browse
and search the data base.

RESULTS

The Mobilitome, an “-omic” Data Set Based on Gel Mobility of
Proteins—To set up a strategy for global analysis of gel mobility
of proteins in SDS-PAGE, we constructed S. pombe integrants
in which each of the ORFs fused with two copies of the FLAG
epitope and six consecutive histidine residues tag (His,) at the
3’ terminus is integrated at the chromosomal leuI locus (13)
(supplemental Fig. S1A). This strain collection was established
based on a Gateway-cloned ORFeome resource that covered
more than 99% of genes predicted by the genome project (7). All
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ORFs were expressed under the thiamine-regulatable nmti
promoter (20). Each protein, expressed in cells grown in MM,
was separated by SDS-PAGE using a 5-20% gradient gel. Gel
mobility was measured by WB, using either an anti-His tag
antibody (supplemental Fig. S1B) or an anti-FLAG antibody. In
those cases where the signal was below detectable levels, we
overexpressed the ORFs from multicopy plasmids to improve
detection (13). Thus far, we have determined the gel mobility of
4,622 proteins, corresponding to 93.4% of all gene products
predicted in the genome (supplemental Table S2), thereby
establishing the “mobilitome,” a novel “-omic” data set of gel
mobility of the proteome. The mobilitome includes not only the
gel mobilities of main populations of proteins but also those of
additional minor populations when observed.

The overall size distribution of proteins measured by gel
mobility was not significantly different from that of proteins
calculated from their amino acid sequences (p = 0.060, as
determined by the Mann-Whitney U test) (supplemental Fig.
S2). When the sizes were compared one by one, however, more
than 40% of the gene products did not migrate within 10% of the
predicted position (calculated each ORF size plus 4.48 kDa for
the tag) (Fig. 1), and there was a significant difference between
the calculated molecular mass (M_,;) and the apparent molec-
ular mass (M,,,) (p <1 X 108, as determined by the Wilcoxon
signed rank test). This result indicates that it is difficult to pre-
dict gel mobility of proteins in SDS-PAGE solely from their
amino acid sequences.

Gel mobility is influenced by various properties of proteins.
Among them, the hydrophobicity denoted by the GRAVY score
(21) had the greatest influence on gel mobility. Statistical anal-
ysis revealed that hydrophilic proteins tend to slow migration,
whereas gel mobility of a protein became steadily greater as its
GRAVY score increased (Fig. 24). Reciprocally, proteins with
greater mobility tend to have a high GRAVY score, whereas
those with lower mobility have a low score (p < 1 X 10~ %) (Fig.
2B). This tendency is probably due to the manner in which SDS
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binds to proteins. In general, SDS binds to a protein at a ratio of
approximately one molecule/two amino acid residues (22, 23).
However, because this binding is mediated via the hydrophobic
interaction, SDS preferentially binds to the hydrophobic region
of proteins (24). As a result, it is likely that hydrophobic pro-
teins bind higher amounts of SDS than hydrophilic ones and
therefore migrate faster in SDS-PAGE. Furthermore, the iso-
electric points of proteins also influenced gel mobility to some
extent. Acidic proteins (those for which isoelectric points are
less than 6.0) exhibited mobility smaller than calculated (p <
1 X 1077) (supplemental Fig. S3); this may be due to negative
charge repulsion with SDS. Although proteins showed these
physicochemical properties on the whole, there were a signifi-
cant number of proteins that did not match this pattern. For
instance, there was a population of hydrophobic proteins with
much lower mobility than predicted. It seems possible that
these proteins are subject to post-translational modifications
that affect their mobility. Indeed, of seven hydrophobic pro-
teins (GRAVY score > 0.5) that have so far been reported to be
glycosylated in fission yeast, five proteins showed much lower
mobility than predicted. Although the remaining two did not
show such the slow migration, both proteins were accompanied
by additional slowly migrating minor bands, which might be
derived from glycosylation (data not shown). In addition to
these characteristics, the molecular or functional characteris-
tics of proteins such as subcellular localization seemed to have a
significant influence on gel mobility. For instance, cytosolic
proteins migrated in accordance with the prediction, whereas
most nucleolar proteins were likely to migrate more slowly than
expected. In contrast, proteins localized in the endoplasmic
reticulum (ER) or the Golgi apparatus showed a tendency to
migrate faster than calculated (Fig. 2C). Those proteins for
which gel mobility was hard to predict were biased toward pro-
teins that localize at the cell surface or membrane. It seems
possible that this inconsistency could be mainly ascribed to the
hydrophobicity of the proteins and the post-translational mod-
ifications as mentioned above. More remarkably, many pro-
teins that are localized in the ER or the Golgi apparatus had a
high GRAVY score, thereby migrating fast in SDS-PAGE,
whereas nucleolar proteins are generally hydrophilic, which
may lead to slower migration (Fig. 2D). It is known that many
ER proteins have hydrophobic signal sequences that are cleaved
off prior to translocation. Therefore, one would predict that the
high mobility of ER proteins is likely to be caused by their signal
sequences rather than their hydrophobicity. However, statisti-
cal analysis revealed that distribution of gel mobilities of ER
proteins having predicted signal sequences was similar to that
of ER proteins lacking them (p = 0.23, as determined by the
Mann-Whitney U test) (supplemental Fig. S4A4). Similarly,
mitochondrial proteins migrated relatively quickly compared
with their predicted mobilities, although these proteins are not
as hydrophobic as ER and Golgi proteins. Furthermore, the dis-
tribution of gel mobilities of mitochondrial proteins having
predicted signal sequences was similar to that of the mitochon-
drial proteins lacking them (p = 0.10, as determined by the
Mann-Whitney U test) (supplemental Fig. S4B). The reason for
this difference is still unclear, but it seems possible that
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FIGURE 2. Relationship between gel mobility and characteristics of proteins. A, correlation between gel mobility and the hydrophobicity of proteins. The
distribution of the errors between M, and M, was examined according to the GRAVY score. Asterisks, p < 1 X 10~ by the Mann-Whitney U test. B, the
distribution of proteins grouped by diﬁerence between M, and M, binned by the GRAVY score, is shown using intervals of 0.2. The y axis shows the ratio of
proteins in each category of gel mobility. The difference between M., and M, was calculated as described in the legend to Fig. 1. p < 1 X 1072 for all
combinations of each group by the Mann-Whitney U test. C, relationship between M, and localization of proteins. The percentage (x axis) is the ratio of
proteins. The percentage of the error margin is indicated as colors. The difference between M, ,, and M, was calculated as described in the legend to Fig. 1.
*,p=1.6X10"%%2,p=25X10"%*3p= 12X 107, by the Kolmogorov-Smirnov test. D, correlation between M, and hydrophobicity of proteins
localized in each compartment. The line graphs show the density of proteins. Proteins localized in each compartment are plotted in red, and the others are in

blue.

unknown mitochondrion-specific protein processing or post-
translational modification could be involved.

In addition to the variation of gel mobility of the main bands,
we detected 1,304 proteins (28.2% of proteins with positive sig-
nals) that exhibited additional minor populations migrating
slower than the main bands. Slowly migrating populations
showed various patterns that contained either a discrete band, a
smear, or a ladder, as well as combinations of these simpler
patterns, suggestive of post-translational modifications such as
ubiquitination and glycosylation (25-27) (data not shown). On
the other hand, minor bands supposed to be degraded interme-
diates that migrated faster than the main populations were
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observed in 2,339 proteins (48.1%) (data not shown). Of these
quickly migrating populations, some may have a significant role
in the biological process, although it is difficult to distinguish
them from merely degraded intermediates, unlike the slowly
migrating populations. The use of the strong nmtI promoter
for gene expression could raise a risk of forced expression of
proteins that are not abundant in normal physiological condi-
tions, which could induce unexpected proteolytic cleavage of
expressed proteins. Therefore, it seemed possible that the high
mobility of some proteins is caused by their unexpected degra-
dation. To assess this possibility, we examined the relationship
between the presence of quickly migrating minor bands and gel
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an anti-HA tag antibody. This pro-
tein was observed as a background
band with a size of ~106.5 kDa
when the total cell lysate was blot-
ted with anti-HA (Fig. 34). We
searched for candidates for this
106.5 kDa (=5%) in the mobilitome
data base and retrieved 115 pro-
teins. We next analyzed the total cell
lysate of each candidate strain by the
same way as the mobilitome but
instead using the anti-HA antibody.
As a result of the screen of 115 can-
didates, we rapidly identified two
ORFs that gave twin bands (Fig. 3B).
These two clones contained ORFs
encoding the same protein, transla-
tion elongation factor 2 (EF2). We
found a partially matched HA
epitope sequence (VPDY) in EF2.
We next tested whether the
sequence is responsible for the anti-
body reactivity by introducing a
mutation. The mutant EF2-GA hav-
ing a sequence (VGAY) lost the
reactivity to the antibody (supple-
mental Fig. S6), showing that the
VPDY sequence acts as the HA

existing sequence-based data base (lower bars), binned by errors against M
using 5% intervals. M,

app

are indicated by white arrowheads.

mobility of the main bands. Unexpectedly, however, statistical
analysis revealed that proteins exhibiting additional quickly
migrating minor populations migrated slightly slower than pro-
teins with no such populations (p = 1.4 X 10~ 7, as determined
by the Mann-Whitney U test, supplemental Fig. S5), although
the difference was very small. These results suggest that it is
unlikely that the unexpected degradation caused by forced
expression is the major reason for the higher mobility of pro-
teins than predicted.

Identification of Target Proteins Using the Mobilitome Data
Set—The global mobility data base we developed enables one to
rapidly identify a protein on the gel. Given an unknown protein
of interest detected by a standard procedure, candidates for this
protein can be chosen using the mobilitome, based on the real
value of gel mobility, and the transformants expressing tagged
candidates can be then analyzed. Analyzing each candidate one
by one in the same way as the first detection will easily lead to
the identification of the target, because the sample containing
the target protein is expected to show twin bands when
detected, one of which is the endogenous protein, and the other
of which is the transgene product, for which mobility is slightly
shifted by the addition of the small C-terminal tags. For this
methodology, we set up a website that allows searching for can-
didates by using gel mobility data of target proteins. As a proof
of principle, we tried to identify an S. pombe protein detected by
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of the target proteins, is shown
of the target protein is set to the position of 0% (indicated as an arrow). The molecular
masses of the identiﬁecftarget protein in the mobilitome data base and the existing sequence-based data base

epitope in EF2. Although it seems
possible that a similar methodology
could be applied to the existing
sequence data base, it would not be
practical, because of the low coinci-
dence between M, and M, . Indeed, proteins that migrated
with M, within 5% of M, account for only 33.6% of the pro-
teome, indicating that only one-third of targets could be iden-
tified. If a similar methodology were to be used for the identifi-
cation of this protein based on existing sequence data bases and
predicted ORF sizes alone, at least 306 clones would need to be
tested, because of the low coincidence between M, and M,,,
(Fig. 30).

To apply this methodology to the identification of novel
acetylated proteins, we screened for proteins responsible for
the two bands found only in the disruptant of the /st2 gene,
encoding an NAD-dependent histone deacetylase (28), using an
anti-acetyllysine antibody (Fig. 44). M, of these acetylated
proteins were estimated as 22.1 and 22.0 kDa, respectively, in
WB using an anti-acetyllysine antibody. A screen of 177 candi-
dates from the mobilitome data base with mobilities within
+5% 0f 22.0-22.1 kDa (Fig. 4D) resulted in the identification of
two proteins, Tif51 and Tif512 (29), which are closely related
paralogs of eukaryotic translation initiation factor 5A (eI[F5A)
(Fig. 4, B and C). In this case, to identify Tif51 and Tif512 using
the sequence data base, it would have been necessary to search
for proteins within =25% of M, , ,, which corresponds to nearly
one-sixth of the proteome (Fig. 4D). Although acetylation of
elF5A has been previously reported in other organisms (30, 31),
the precise role of acetylation remains unknown. However, the
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fied as lysine-methylated proteins,
implying that protein-lysine methy-
lation is deeply involved in transla-
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Number of candidate proteins
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803
200 Protein database

tion, whereas protein acetylation
seemed to have relatively wider
involvement in cellular metabolic

FIGURE 4. Identification of elF5A as a substrate of Hst2. A, total cell lysates prepared from a wild-type strain
and the hst2 disruptant (hst2A) blotted with an anti-acetyllysine antibody. Two bands with M,,, of ~22 kDa
observed only in hst2A are denoted as gray and black arrowheads, respectively. B, acetylation of elF5A in fission
yeast. Total cell lysate of each pDUAL-FFH1-integrant was blotted with an anti-His tag antibody (left) and an
anti-acetyllysine antibody (right), respectively. A black arrowhead indicates the endogenous acetylated protein
identified as elF5A, whereas a gray arrowhead indicates two paralogs of fission yeast elF5A tagged with FLAG,-
Hise. C, acetylation of the two endogenous paralogs of elF5A. Total cell lysates prepared from the indicated
strains were blotted with an anti-acetyllysine antibody. D, comparison between the mobilitome and protein
sequence data base. Size distribution of proteins in the mobilitome data base (upper bars) and the existing
sequence-based data base (lower bars), binned by errors against M, of one of the target proteins (indicated
by a gray arrowhead in A), is shown using 5% intervals. M, ., of the target protein Tif51 is set to the position of
0% (indicated as an arrow). The white arrowheads indicate the molecular masses of Tif51 in the mobilitome data

activity. Ribosomal proteins are
methylated in some organisms (32—
35), and lysine methylation of EFla
has been widely observed among
eukaryotes (36). Although methyla-
tion of the fission yeast EFla had
not been known, our results demon-
strated that this is the case also in

base and the existing sequence-based data base.

fact that elF5A is deacetylated by the NAD-dependent histone
deacetylase sheds light on the as-yet-unknown role of protein
acetylation.

Proteome Scale Screen for Acetylated or Methylated Proteins—
Identification of elF5A in the screen for acetylated proteins
prompted us to screen for a certain type of modified proteins. As
indicated in Fig. 44, neither endogenous Tif51 nor Tif512
was detected with an anti-acetyllysine antibody in whole cell
lysates unless the /st2 gene was deleted. However, when they
were overexpressed, acetylation of these proteins became visi-
ble even in wild-type cells (Fig. 4B). These results suggest that
simple overexpression leads to detection of modified proteins
that are not easily detected in the normal conditions. Based on
this idea, we screened all the overexpressed proteins for acety-
lated or methylated proteins by SDS-PAGE followed by WB
using anti-acetyllysine and anti-methyllysine antibodies, which
are context-independent antibodies having a wide reactivity

10750 JOURNAL OF BIOLOGICAL CHEMISTRY

fission yeast. On the other hand,
methylation of EF2 has not been
reported so far in any organisms. Assigned by gel mobility data,
methylation of EF2, EFla, and ribosomal proteins L12 and L23
are readily detected in normal conditions (Fig. 5B). To test
whether these proteins are substrates for predicted methyl-
transferases, we deleted 13 genes that encode HMT domain-
containing methyltransferases, as well as the SPBC1539.02
gene, which encodes a homolog of the budding yeast Dotl
methyltransferase for lysine 79 of histone H3 (37) (Fig. 5B).
Western analysis of total lysates showed that in the set5 and the
set10 disruptants, methylation of EF1 and the ribosomal pro-
tein L23, respectively, was lost, indicating that the SET proteins
are involved in methylation of non-histone proteins as well as
histones (Fig. 5B). This finding was confirmed by expressing the
tagged EFla or the ribosomal protein L23 in the SET mutants
(supplemental Fig. S7). Recently, Rkm1, a budding yeast hom-
olog of Set10/Spbc1709.13c, was reported to methylate the
ribosomal protein L23 (32). Thus, the regulation of this protein
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21/D yeast (39). SDS-PAGE is the most
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widely used method for determina-

tion of the molecular size of in a
polypeptide. However, SDS might
preferentially bind to the hydropho-

bic region of proteins and less to a
protein with negative charges

according to its chemical proper-
ties, which may cause inconsisten-
- cies with theoretical mobility.

T e mas  om
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| anti-Me-Lys like modifications.
~1 The data set of gel mobility of the
1 *g fission yeast proteome provides not
:: 1 *a only useful information on physico-
1 chemical properties but also tools
) ) for functional proteomics. One of
8 _I—_ —'{ ariti-Narintetons: H-1 yed such applications is the use of the
so—l-_ £| anti-EF-1a mobilitome for the systematic iden-

50_;_ —=—| anti-o-tubulin

FIGURE 5. Genome-wide screen of methylated and acetylated proteins. A, screening of methylated and/or
acetylated proteins using modification-specific antibodies. Total cell lysate of each pDUAL-integrant was blot-
ted with an anti-His tag antibody (left) to confirm the position of each tagged protein. The same blot was
simultaneously stained with anti-methyllysine (Me-Lys) and anti-acetyllysine (Ac-Lys) antibodies (right). B, the
methylation levels of proteins in methyltransferase-encoding gene disruptants. Total cell lysate of each dis-
ruptant was blotted with anti-methyllysine, anti-methylated histone H3 Lys4, anti-EF1¢, and anti-a-tubulin
antibodies, respectively. The numbered bands are identified as EF2 (*7), EF1« (¥2), and the ribosomal proteins

L12 (*3) and L23 (*4).

by methylation may be conserved between the two yeasts. It has
also been reported that the ribosomal protein L12 is methylated
by Rkm2 (38) in S. cerevisiae, which is a homolog of Set11/
Spccl223.04c. However, methylation of EF2 and the ribosomal
protein L12 was not impaired in these single SET mutants,
including the set11 disruptant. These results suggest that mul-
tiple methyltransferases are involved in methylation of these
substrates.

DISCUSSION

In this paper, we describe an electrophoresis-based analysis
of the fission yeast proteome, including establishment of the
mobilitome and a genome-wide screen for acetylated or meth-
ylated proteins. The mobilitome data set showed two unex-
pected results. First, more than 40% of the proteins in S. pombe
did not migrate to the positions predicted from their amino
acid sequences, although it was recently reported that most
proteins migrated at the calculated positions in the budding

APRIL 18, 2008 +VOLUME 283-NUMBER 16

tification of a target protein of inter-
est detected on a gel. Despite its
simplicity, this methodology has
great advantages for the identifica-
tion of target proteins. For example,
because both pan-reactive anti-
acetyllysine and anti-methyllysine
antibodies used in this study show
high detection sensitivity in WB but
do not have enough affinity to pre-
cipitate lysine-acetylated or -methylated proteins (18), it was
essentially impossible to perform one-step purification-based
approaches. In addition, because most post-translational mod-
ifications, especially those involved in signal transduction
events such as phosphorylation, take place in only a small pop-
ulation of molecules within the cells, the amount of the target
suffering modifications is sometimes insufficient for identifica-
tion by classical methods. However, the mobilitome, with its
high coverage rate, can overcome these difficulties, because it
only requires “detection” of the target and does not necessarily
depend on its amount. In principle, any protein we were able to
detect on a gel with a standard procedure can be identified
using the mobilitome, unless the protein is not listed in the
mobilitome data base. The high coverage rate, more than 93%
of the proteome, ensures the effectiveness of this methodology.
In addition, we have included information in the current data
base on the positions of more slowly migrating minor bands in
addition to the main band. Modifications of proteins, which
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sometimes show the greatly altered gel mobility, hamper the
prediction of the target using existing protein data bases. Our
collection of minor band information may help identify such
modified proteins by the mobilitome-based approach.

To date, over 200 different post-translational modifications
have been described (40), which implies the existence of an
unexplored field of global research that might be termed the
“modificome,” the whole of the post-translational modifica-
tions within the cell. For instance, a proteomics survey using
mass spectrometry identified a large number of lysine-acety-
lated proteins in mammalian cells (30). In this study, we iden-
tified methylated and acetylated proteins using a reverse pro-
teomics approach, and most of the proteins were not known to
be subject to such the modifications. Most importantly, how-
ever, almost all the acetylated proteins would never be identi-
fied unless they were overexpressed, because acetylation of pro-
teins other than histones is not observed in WB of total cell
lysates of wild-type cells. It is still possible that overexpression
could cause unexpected modifications; thus, the results should
be interpreted with caution. Nonetheless, an overexpression-
based screen for modified proteins seems effective as the first
step to analyze the physiological role of a modification of inter-
est. Thus, in combination with the reverse proteomic approach,
the mobilitome and the methodology described herein will also
serve as a platform to reclaim the world of post-translational
modifications.
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