Suppression of tumorigenicity by CapG
A Watari et al

7380

membranes. Membranes were then hybridized with **P-labeled
probe, washed and autoradiographed.

Northern blot hybridization

RNA isolated using an SV total RNA isolation kit (Promega,
Madison, WI, USA) was subjected to formaldehyde-1.2%
agarose gel electrophoresis, blotted onto nylon membranes,
hybridized with *?P-labeled probe, washed and autoradio-
graphed.

Construction of retrovirus vector and virus production
pCX4dbsr, a Moloney murine leukemia virus-based retrovirus
vector containing the blasticidin S resistance gene (bsr) as a
selectable marker, was constructed by Akagi er al. (2000).
pCX4-CapG was constructed by inserting full-length human
CapG cDNA into the multi-cloning site of the pCX4bsr
vector.

Phoenix-A cells were transfected with pCX4bsr or pCX4-
CapG constructs using FuGene 6 (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s pro-
tocols. Two days after transfection, the culture supernatants
were collected and stored at —70°C until use.

Tumorigenicity in nude mice

Female 4-week-old BALB/cJ (nu/nu) mice were injected
subcutaneously in the back with CapG- or empty virus-
infected cells in 0.2ml of DMEM (without serum). After 7
weeks, tumor size was measured in two dimensions using hand
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calipers, and tumor volume calculated by the formula
0.5x L x W?, where L and W are the length and width of a
tumor, respectively (Sagawa et al, 2003).

Anchorage-independent growth assay

Anchorage-independent growth was assessed by colony-form-
ing ability in soft agar. Ten thousand cells were inoculated into
0.35% agarose in DMEM supplemented with 10% FBS per
60 mm dish. After 2 weeks’ incubation, the number of colonies
(>0.125mm in diameter) was scored.

Cell migration assay

Cells (4 x 10%) were suspended in 200 ul of serum-free DMEM
containing 0.1% bovine serum albumin, and plated in upper
chamber of Chemotaxicell (Kurabo, Osaka, Japan). The lower
chamber contained 600 ul of phosphate-buffered saline sup-
plemented with 6 ug/ml fibronectin. After incubation for 6 h at
37°C, cells were fixed with 80% methanol, and stained with
hematoxylin. The number of cells migrated through membrane
was counted under microscope.
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Highly complex protein mixtures can be analyzed after proteolysis using liquid chromatography/
mass spectrometry (LC/MS). In an LC/MS run, intense peptide ions originating from high-abundance
proteins are preferentially analyzed using tandem mass spectrometry (MS?), so obtaining the MS?
spectra of peptide ions from low-abundance proteins is difficult even if such ions are detected.
Furthermore, the MS? spectra may produce insufficient information to identify the peptides or
proteins. To solve these problems, we have developed a real-time optimization technique for MS?,
called the Information-Based-Acquisition (IBA) system. In a preliminary LC/MS run, a few of the
most intense jons detected in every MS spectrum are selected as precursors for MS? and their masses,
charge states and retention times are automatically registered in an internal database. In the next run,
a sample similar to that used in the first run is analyzed using database searching, Then, the ions
registered in the database are excluded from the precursor ion selection to avoid duplicate MS?
analyses. Furthermore, real-time de novo sequencing is performed just after obtaining the MS?
spectrum, and an MS? spectrum is obtained for accurate peptide identification when the number of
interpreted amino acids in the MS? spectrum is less than five. We applied the IBA system to a yeast
cell lysate which is a typical crude sample, using a nanoLC/ion-trap time-of flight (IT/TOF) mass
spectrometer, repeating the same LC/MS run five times. The obtained MS? and MS?® spectra were
analyzed by applying the Mascot® (Matrix Science, Boston, MA, USA) search engine to identify
proteins from the sequence database. The total number of identified proteins in five LC/MS runs was
three times higher than that in the first run and the ion scores for peptide identification also
significantly increased, by about 70%, when the MS? spectra were used, combined with the MS?
spectra, before being subjected to Mascot® analysis. Copyright € 2006 John Wiley & Sons, Ltd.

Highly complex protein mixtures can be analyzed after
proteolysis using liquid chromatography/mass spectrom-
etry (LC/MS). Recently, special attention has been paid to the
analysis of the low-abundance proteins that are thought to
relate to diseases. However, in an LC/MS run, the peptide
ions originating from high-abundance proteins are prefer-
entially analyzed by tandem mass spectrometry (MS?). It is
difficult to obtain MS? spectra of peptide ions from low-
abundant proteins even if the ions are detected. This is
because only a limited number of ions are selected as
precursors of the MS? analyses. In general, it is necessary to
separate the crude sample to reduce the influence of the high-
abundance proteins using gel electrophoresis or multi-
dimensional LC/MS thus spending a good deal of time in
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Hitachi, Ltd., Omika 7-1-1, Hitachi, Ibaraki 319-1292, Japan.
E-mail: toshiyuki.yokosuka.gc@hitachi.com

Contract/grant sponsors: Hitachi High Technologies, Ltd; New
Energy and Industrial Technology Development Organization
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complex preprocessing. Furthermore, there is the problem
that the analysis of the further low-abundance proteins will
become difficult using the current method when the
sensitivity of mass spectrometer improves. Therefore, in
order to increase the throughput of the analysis of low-
abundance proteins, it is necessary to reduce the number of
LC/MS runs, and ions detected in MS, which were
previously selected as MS® precursor ions, should be
excluded from subsequent MS? precursor ion candidates.
So far, a number of different approaches have been
employed to identify proteins from the MS® spectra. The
most common approaches rely on available databases to
match the experimental MS? spectra.’? However, some MS>
spectra may have insufficient information to identify the
peptides or proteins, as in the reported cases of neutral loss or
non-mobile protons.** MS? data do not always provide
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sufficient fragment ion peaks for identifying peptides with a
high accuracy. In such cases, MS® analysis, which is a
technique that could obtain more information about frag-
ment species of a precursor ion, will be efficient for
identifying as many peptides in a mixture as possible.
However, MS? analysis usually requires more time than MS?
analysis. Therefore, unnecessary MS? analysis reduces the
total throughput of the MS analysis. So, it is necessary to
judge whether the MS? spectrum have sufficient information
to identify the peptides during the measurement, and MS>
analysis should be performed only when it is needed.

In this paper we describe a new approach using software,
called Information-Based-Acquisition (IBA), in which the
sequence of tandem mass spectrometry is automatically
optimized, so that precursor ions should be selected to
increase identified proteins with high accuracy.

INFORMATION-BASED ACQUISITION
(IBA)

Figure 1shows the workflow for protein profiling with an ion
trap time-of-flight (IT/TOF) mass spectrometer controlled
by the IBA system. The IBA, which is a real time-optimization
technique for tandem mass spectrometry (MS?), consists of
the following two main functions: (1) precursor ion selection
with an internal database for MS data, and (2) automated
MS? analysis with real-time de novo sequencing'®"? for MS?
spectra. To perform real-time optimization, it is preferable
that the processing time for optimization is within 10 ms
which is negligible enough for actual MS measurement. The
features of each function are as follows.

Precursor ion selection with an internal

database (IBA (I))

IBA () judges whether an ion species has already been
analyzed in order to avoid duplicate analysis. Figure 2 shows

the processing flow of IBA (I). The approach taken in IBA (I)
can be summarized into three steps: (i) preprocessing,
(ii) database searching, and (iii) scoring and selecting
precursor ions.

(i) The first step consists of preprocessing of the raw MS
data. This involves a new method for noise filtering (1-1),
peak centering, as well as deconvolution of the multiply
charged species to a neutral mass value (1-2). This step is
very important for the judgment of the information on the
ions. Therefore, optimal preprocessing of the data is the most
important step for precursor ion selection with internal
database searching. To verify the judgment accuracy of
preprocessing, we applied our algorithm to 278 peaks
included in the same spectra extracted at random from the
LC/MS data of bovine serum albumin (BSA) digested by
trypsin and checked them by the visual evaluation. The
judgment accuracy of ion information using IBA, such as
monoisotopic mass value and charge state, is more than 90%.

(ii) The second step is database searching (1-3). IBA gives a
score to an ion only when the data set (mass value (m),
retention time (RT) and charge state (z)) of the ion does not
agree with the data set of the internal database, or a fixed
time after the ion begins to be detected, or until the integrated
value of the analyzed ion intensity becomes a definite value.
The data set of the MS? precursor ions is automatically stored
in the internal database (DB) which can currently store 40 000
data points for MS? precursor ions. The storage capacity of
the system can be increased if necessary. In particular,
judgment of the integrated value of the analyzed ion’s
intensity is effective for the analysis of low-abundance
species. Because the signal-to-noise (S/N) ratio of the MS?
spectra of low-abundance species is very poor, it is preferable
to measure over a long time period in order to improve the
S/N ratio by summing of spectra.

(iii) The third step is scoring and selection of the next MS?
precursor ion. The intensity of the ion is scored (1-4). If the
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Figure 1. The workflow for protein profiling with an IT-TOF mass spectrometer controlled by an

Information-Based-Acquisition (IBA) system.
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Figure 2. The processing flow of IBA (l).

user wants to give priority to a specific charge state, the
parameter can be set beforehand. Finally, IBA selects the
precursor ion for MS? analysis based on the score (1-5).

The processing time needed for the above-mentioned
functions is less than 10 ms, which is the setup time of the
next MS? acquisition. As reference data to judge whether or
not the detected ions are identified with those previously
selected as MS? precursor ions, using only mass value and
charge state is insufficient. Retention time is also a very
powerful reference data value to avoid repeating MS? on the
same ion. Therefore, our system can refer tom, z and RT in a
real-time manner so as to efficiently select low-abundance
ions as MS? precursor ions. In standard techniques, such as
Dynamic Exclusion™, MS? analysis of the same target is only
allowed during a fixed time. In IBA (), repetition of the same
MS? analysis for the same precursor ion is allowed until the
summation of intensity of the precursor ion becomes more
than a definite value through all the analysis. As a result, a
low-abundance ion can be analyzed microscopically more
than a high-abundance ion.

We use the stored data of the DB after the Nth LC/MS run
for the (N + 1)th LC/MS run. The processing time needed for
this function is less than 10 ms, which is the setup time of the
next MS? acquisition.

Auto MS? analysis (IBA (I)

When the MS? of a peptide gives insufficient fragment ion
peaks, it might exhibit more fragmentation with MS>. In
order to judge the necessity of MS>, it is essential to promptly
figure out whether or not the current MS? data have sufficient

Copyright © 2006 John Wiley & Sons, Ltd.
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information for identifying the peptide. The main feature of
this step is to obtain the number of amino acid residues N,,
that can be interpreted from the MS? spectrum within 10 ms
by concurrent assignment of b- and y-series ions to the
observed peaks. The number of interpreted amino acid
residues was previously considered as the criterion number
N,, which is used to judge whether the MS? data have
sufficient information to identify the peptide. Based on this
result, MS® could be conducted only when the number of the
interpreted amino acids is below thr criterion number. In this
study, we set the criterion number N, to five.

Figure 3 shows the processing flow of IBA (II). The
approach taken in IBA (II) can be broken down into four
steps: (2-1) preprocessing, (2-2) candidate computation, (2-3)
judgment of necessity of MS® analysis, and (2-4) selection of
optimal precursor ion for MS® analysis.

(2-1) The first step is almost the same as the processing
done with IBA (I). This involves a new method for noise
filtering, peak centering, as well as deconvolution of the
multiply charged species to singly charged ions for the raw
MS? spectrum. This step is also very important for the
interpretation of the MS? spectrum in IBA (II). The optimal
preprocessing of data is an important step for the de novo
sequencing using the MS? spectrum.

(2-2) The second step, candidate computation, is the
critical step for predicting the amino acid sequences for a
given computed precursor ion mass value. For this
computation, a, b, ¢, x, y, z, the dehydration, and the
deammonia peaks are considered. The basic assumption of
our model is the evaluation of the intervals among all the
peaks. For each interval value M, this new algorithm first
computes the reward thata y (or b) ion has mass value M. If
there is an interval close to M, the reward is equal to the
logarithmic abundance of the peak, multiplied by a factor
reflecting the co-existence of the derivative ion, such as x, z,
y-18 (H;0) and y-17 (NH3) ions. The factor is used in the
experimental detection probability when the dissociation
technique is assumed to be collision-induced dissociation
(CID) as reported by Fernandez-de-Cossio et al.'* If the
interval is not close to M, it is not used to predict the
sequence. Next, the amino acid sequences are interpreted
from the mass values of the precursor ions one by one by
using only the peak with the corresponding mass value of
the amino acid residues. This time, IBA ({II) is simul-
taneously interpreted from the N- and C-termini to
accelerate the processing.

(2-3) In the third step, the necessity of MS® analysis is
judged from the number of interpreted amino acid residues
(Naa) with high scores from the predicted amino acid
sequence. IBA (I) judges the necessity of MS® analysis from
N.a, which is a criterion parameter set by the user before-
hand. If N,, is greater than or equal to the criterion, IBA (II)
judges that MS® analysis is not necessary and cancels the step
(N.. > N case 1). In the case of angiotensin III (RVYIHPF,
14), which gave sufficient peaks for sequencing, seven
amino acid residues were predicted with a high score by IBA
(ID. In this case, the IBA will proceed to MS or MS? for other
ion species. Meanwhile, if N,, is less than the criterion,
IBA (ID) judges the MS? spectrum has insufficient information
to accurately identify the correct peptide (N,, < N: case 2). In
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Figure 3. The processing flow of IBA (ll).

the case of the synthetic peptide (DGGGGGGR, 1+4), which
gave insufficient peaks for sequencing, only asparatic acid
(D) was predicted with a relevant score by IBA (ID). In this
case, the IBA will switch over to MS>.

(2-4) Finally, if the N,, is less than the criterion (case 2), IBA
(II) automatically selects the precursor ion for MS? analysis.
When the MS? analysis is executed, the y-ion is selected in
this technique among the presumed peaks including the
amino acid or the area where the score is low and uncertain
by priority as a precursor ion of MS? analysis. This is because
arginine (R) and lysine (K) of the basic amino acid residues
that easily trap the proton ion added to the peptide are
located in the C-terminus when the protein is digested by
trypsin, and the possibility that the y-ion is detected with

80
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Figure 4. An example of the judgment of IBA (ll).
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high intensity is high. Figure 4 shows the MS® spectrum of
the y¥ ion of the synthetic peptide (DGGGGGGR) which was
selected as a MS® precursor ion by IBA (II). By performing the
MS? analyses to the yi ion, six amino acid residues
(DGGGGG) of DGGGGGGR could be interpreted with high
scores. Thus, some peptides will be identified by the auto
MS? function.

Thus, IBA (II) is carried out on the obtained MS? spectrum
and the MS® analysis is executed for accurate peptide
identification when the number of interpreted amino acid
residues in the MS? spectrum is less than the criterion which
is set beforehand.

EXPERIMENTAL

In order to achieve real-time optimization of tandem mass
spectrometry, IBA was installed in a modified prototype
model of a nanoLC/ion-trap/0aTOF mass spectrometer
equipped with an electrospray ionization source (ESI)
(Hitachi High-Technologies, Ltd., Tokyo, Japan).

We tested our technique by repeatedly analyzing a tryptic
digest of soluble proteins extracted from Saccharomyces
cerevisine 5288C, a typical crude sample. Since the nanoLC
pump system is a non-split type, the retention time for
detected ions is reproducible. The mobile phase A was water
with 0.1% formic acid and B was a solution of 98%
acetonitrile with 0.1% formic acid. A 180-min gradient was
performed from 2% to 50% of mobile phase B at an effluent
flow rate of 50 nL/min.

Rapid Commun. Mass Spectrom. 2006; 20: 2589-2595
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The sample was injected with an injection valve (M485,
Upchurch Scientific, WA, USA) and was separated with a
600-mm-long monolithic column with a diameter of 30 mm
(Kyoto Monotech, Kyoto, Japan). The backpressure of the
nanoLC pump was about 5MPa. A high voltage of 1.4kV
was applied to a fused-silica capillary spray chip with a
diameter of 5pum (New Objective, MA, USA) and the
sampling orifice of the mass spectrometer was heated with a
heater to 140°C.

In a preliminary LC/MS run, a few of the most intense ions
detected in every MS spectrum are selected as precursors for
MS2, and their masses, charges, and retention times are
automatically registered in an internal database. In the next
run, the same sample as that used in the first run is analyzed
using the database. The ions registered in the database are
then excluded from the precursor-ion selection to avoid
duplicating the analysis. With a repetition of such LC/MS
runs, the number of ions registered in the database becomes
significant, so low-abundance ions are readily analyzed. On
the other hand, real-time de nove sequencing analysis is
performed just after obtaining an MS? spectrum, and an MS®
spectrum is obtained for accurate peptide identification only
when the number of interpreted amino acids in the MS?
spectrum is fewer than five.

Protein identification

The MS? identification was performed by protein database
searching used by the Mascot® program’ for all MS? and MS?
spectra. The obtained MS? spectra were merged with the MS?
spectra, which include precursor ions of MS® spectra. The
database of Saccharomyces cerevisiae S288C (6332 sequences)
was obtained from the Genome Information Broker (GIB),
which is based on the data from the National Center for
Biotechnology Information. Protein identifications are based
on peptide identifications that have Mascot ion scores that
correspond to at least a 95% probability of being correct.

RESULTS AND DISCUSSION

The information of the analyzed precursor that had been
obtained from LC/MS analysis was automatically stored in
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an internal database, and used in the following LC/MS
analysis.

Figure 5 indicates the time which was required to analyze
each MS or MS? spectrum. The MS' spectrum required from
2 to 5 ms to optimize the next analysis. For the MS? spectrum,
all processing was completed within about 2ms. The
processing time is within about 5ms of the range of the
retention time (from 30 to 100 min) when many ion species
are detected. It is shown that on-line data-dependent MS"
(n=2, 3) could be feasible and there is no negative influence
on the throughput of the analysis.

Figures 6 and 7 show the effects of IBA (I). Figure 6 shows
the distribution of the ionic species stored in an internal
database. Almost 2000 kinds of different (mass value or
charge state or retention time) ionic species were selected as
MS? precursor ions and stored in an internal database in each
LC/MS run. By repeating the same LC/MS run five times,
9078 kinds of different ion species were stored in total. Thus,
by avoiding duplicate MS? analyses using IBA (I), the low-
abundance peptides could be selected efficiently as MS?
precursor ions.

Figure 7 shows the total number of identified proteins. To
confirm the effect of a function of IBA (I), the result of the
measurement without using an internal database is shown as
auto MS5/MS. The number of identified proteins increases
almost linearly by a function of IBA (I), which selects
different MS? precursor ions in each LC/MS run. In the first
LC/MS run, 162 kinds of proteins were identified. On the
other hand, 533 kinds of proteins were identified by
repetition of the same LC/MS run five times. Thus, the
number of proteins identified by running the analysis five
times increases by 3.3 times the number of proteins identified
in the first LC/MS run. On the other hand, in the case of auto
MS/MS, the number of identified proteins hardly increases
after the third run. It is cause to analyze the same precursor
ion which is in high abundance repeatedly. Therefore, the
effective analysis of low-abundance proteins such as those
related to disease could be performed by repeating an LC/
MS analysis with IBA (D).

The MS® analysis supplies the information of the peptide
sequence, but lowers the total throughput. So, in this study,
we set the conditions for running MS? analysis strictly; that
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Figure 5. Processing time for real-time optimization. (a) IBA (l): Processing Time 1: time from noise filtering to peak
detection, Processing Time 2: time from noise filtering, peak detection, inside database searching and selection of MS?
precursor ion. (b) IBA (il): Processing Time 1: time from noise filtering to peak detection, Processing Time 2: time from noise
filtering, peak detection, de novo sequencing and judgment of necessity of MS? analysis.
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is, the threshold value of intensity of precursor ion to execute
MS? analysis was set high. As a result, the frequency of Ms’
analysis depended on the LC/MS run and the ratio of the
MS’ analysis was from about 3 to 10% of the MS? analysis.
Figure 8 shows the ratio of the Mascot" score of merged
spectrum MS? with MS’ to score of MS? spectrum. If the ratio
is greater than 1.0, the identification accuracy has improved
by the auto MS® analysis. In Figure 8, it was confirmed that
peptide ion score was improved by the auto MS? analysis
with 70% of the cases which executed MS’. On the other
hand, it was confirmed that the ratio was lower than 1.0
with 30% of the cases which performed MS®. Figures 9 and
10 show typical examples of each case. In the case where
the score of peptide improves, i.e. the ratio was greater
than 1.0, it can be confirmed that the information on the
amino acid sequence is supplemented by performing the

Copyright ¢ 2006 John Wiley & Sons, Ltd.
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Figure 8. The score ratio (after MS*MS?) of ion scores.

Ms? analysis to the y;377 ion, as shown in Fig. 9. The
improvement in the score is due to the increasing of the
number of assigned fragment peaks with the auto MS®
analysis.

On the other hand, Fig. 10 shows an example of the case
where the score of the peptide decreases. In Fig. 10, the
candidate peptide sequence at the 1st place has changed from
DATKRR to DADGKLK with decreasing score. It is
considered that the score has decreased because the
candidate sequence DATKRR was a false-positive sequence.
In the algorithm of Mascot", the existence of unassigned
peaks decreases the score. Therefore, in 30% of the cases
which executed MS?, it is considered that the score has
decreased by the exclusion of the false-positive sequence and
the identification accuracy of the protein improves by the
exclusion of the false-positive candidates.

Rapid Commun. Mass Spectrom. 2006; 20: 2589 2595
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Figure 10. Example of analyzing MS®.

Furthermore, in the case where the score decreases though
volume of information has obviously increased with auto
MS® analysis, there is a possibility that the amino acid
sequence was modified posttranslationally or not registered
in the protein database. For these cases, the change of the
database searching condition or analysis using de novo
sequencing is effective.

Copyright © 2006 John Wiley & Sons, Ltd.

IBA technique for high-throughput and reliable protein profiling 2595

CONCLUSIONS

We have installed the software, based on our method, on a
modified prototype model of a nanoLC/ion-Trap/oaTOF
mass spectrometer equipped with an ESI source. We applied
it to a high-protein mixture as a target sample and checked
the fundamental functions from the results. The following
results were obtained.

— The total processing time to evaluate raw MS and raw MS?
data for optimization by tandem mass spectrometry is less
than 10ms, which is the setup time of the next MS?
acquisition.

- The charge states of 90% of precursor ions are correctly
identified in real time by this method.

- The total number of identified proteins in five runs was
higher by a factor of 3.3 compared to that in the first run.

~ The ion scores for peptide identification increase signifi-
cantly in about 70% of cases when the MsS3 spectra, com-
bined with MS? spectra before being subjected to Mascot™
analysis, are used.

Therefore, the real-time optimization technique for
tandem mass spectrometry is feasible and useful to detect
low-abundance proteins with high throughput and high
accuracy in highly complex protein mixtures.
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Abstract Glucose-regulated protein 58 (GRP58)-like immuno-
reactivity in rat liver obtained in the evening or after fasting
underwent an electrophoretic band-shift, which disappeared after
phosphatase-treatment. Since mass spectrometric analysis raised
a possibility that Ser150 of GRPSS8 is phosphorylated, an anti-
body against the phosphoserinel50 GRPS58 was generated.
Immunoreactivity to this antibody was increased in the evening
and after fasting. Since GRP58 was shown to interact with signal
transducer and activator of transduction 3 (STAT3), a leptin-re-
lated protein, the effect of leptin was examined. Immunoreactiv-
ity to the anti-phosphoGRPS8 antibody was markedly elevated
after the leptin injection, indicating that Ser150 of GRPSS8 is
phosphorylated after fasting and leptin-treatment.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: GRP58; ERp57; MALDI-TOF-MS; Alkaline
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Phosphorylation

1. Introduction

To investigate daily changes in liver function, protein expres-
sion patterns in the rat liver were analyzed by proteome anal-
ysis using one- and two-dimensional electrophoresis (IDE and
2DE), mass spectrometry and immunoblotting. Multiple spots
of immunoreactivity to an anti-glucose-regulated protein 58
(GRP58) antibody were detected. GRPS58 is a stress protein
of about 60 k whose expression is induced in conditions such
as in glucose starvation and viral infection [1,2]. It is homolo-
gous to protein disulfide isomerase (PDI) and possesses two
thioredoxin domains including an active motif (CGHC) of
the disulfide redox response as well as PDI [3]. Recently, it
was reported that GRP58 modulates the intracellular signal
transduction by interacting with signal transducer and activa-
tor of transduction 3 (STATS3) [4), a leptin-related protein, and

*Corresponding author. Fax: +81 6 6879 8633.
E-mail address: k_nagai@protein.osaka-u.acjp (K. Nagai).

Abbreviations: 1DE, one-dimensional electrophoresis; 2DE, two-dim-
ensional electrophoresis; GRP58, glucose-regulated protein 58; PDI,
protein disulfide isomerase; STAT, signal transducer and activator of
transduction; ZT, zeitgeber time; SDS-PAGE, SDS-polyacrylamide
gel electrophoresis; aCSF, artificial cerebrospinal fluid; LCV, lateral
cerebral ventricle

coexists with cytoplasmic STAT3 and the plasma membrane
complexes [5,6]. The aim of this study was determine whether
the multiple spots of GRPS58-like immunoreactivity were
caused by its phosphorylation and how starvation and leptin
affected on the patterning of these spots. It was found that ser-
inel 50 of GRP58 is phosphorylated by fasting and or treat-
ment with leptin.

2. Materials and methods

2.1. Animals and liver sampling

Male Wistar strain rats, weighing 250-300 g, were used. They were
housed in a room illuminated for 12 h (lights on 07:00-19:00 h) and kept
at 24 * 1 °C for at least 2 weeks before the experiments. Food (type ME,
Oriental Yeast Co., Tokyo) and water were freely available. Animal care
and handling were approved by the Institutional Animal Care and Use
Committee of Osaka University. Animals were sacrificed by decapita-
tion at 12:00 h [Zeitgeber time (ZT) 5], 18:00 h (ZT11), 24:00 h (ZT17)
and 06:00 h (ZT23) and livers were obtained. ZT represents hours after
the light turned on under a 12-h light/12-h dark cycle [7].

To determine the effect of fasting, rats were deprived of food and
sacrificed at 12, 24, 36 and 48 h after which their livers were harvested
and analyzed.

2.2. Two-dimensional gel electrophoresis

Immobilized pH gradient (IPG) gel strips (pH 4-7; NL, 7, 13
and18 cm; Amersham-Pharmacia Biotech) were used as the first
dimension gel of 2DE for isoelectric focusing. Liver samples were
homogenized in ten volumes of 8§ M urea, 60 mM DTT, 2% Chaps,
and 10 mM Tris-HCI (pH 7.4), and when examined with protein stain-
ing 200 pg of protein was applied on an 18 cm gel strip and examined
with mass spectrophotometry. The samples were mixed with 150 pl (for
7 cm gels) or 280 pul (for 13 cm gels) of rehydration buffer containing
7 M urea, 2 M thiourea, 2% Chaps, 10 mM DTT, 2 mM Tris (2-cyano-
ethyl) phosphine, 2% pharmalyte 3—10, and a trace amount of bromo-
phenol blue, and the gels rehydrated. Isoelectric focusing was then
carried out on the gel strips using an electrophoretic apparatus where
the voltage was increased stepwise to 4500 V for 18 cm followed by
incubation at each voltage for 4-5 h. After the first dimensional elec-
trophoresis, the strips were incubated three times with 5 ml of a solu-
tion containing 50 mM Tris-HCI (pH 6.8), 8 M urea, 2% (w/v) SDS,
and 60 mM DTT for 30 min, and once with 5 ml of solution containing
50 mM Tris—HCI (pH 6.8), 8 M urea, 2 M thiourea, 20 mM DTT, 30%
(w/v) glycerol, 2% (w/v) SDS, and 2 mM Tris(2-cyanoethyl)phosphine
for 30 min. In the second dimensional electrophoresis, SDS—-polyacryl-
amide gels (9-16% T/2.6% C) without a stacking gel were used as
resolving gels.

2.3. Protein staining and image analysis

After the 2DE, gels were washed for 30 min in a gel fixing solution
containing 7% acetic acid and 10% methanol. For maximum sensitivity
all gels were stained using SYPRORuby protein gel fluorescent stain

0014-5793/$32.00 © 2005 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.febslet.2005.11.074



200

(BioRad) for 3 h and rinsed in fixing solution for 60 min. Fluorescent
signals were detected using a fluorescence image analyzer (Fluorimager
595; Molecular Dynamics).

2.4. ID-PAGE and 2D-PAGE for Western blotting for analysis of
GRP58

For 1D-PAGE, an equal amount of protein from each sample
(10 pg) was electrophoresed on an 8% SDS-polyacrylamide gel. For
the first dimension of 2D-PAGE, IPG gel strips (pH 4-7; NL, 7 and
13 cm) were used. The sample was mixed with rehydration buffer
and applied on a gel (60 pg protein for a 7 cm gel and 100 ug for a
13 cm gel). The voltage for the electrophoresis was increased stepwise
to 3000 V at 100 pA intervals for 3-5 h.

After samples were separated by either 1D-PAGE or 2D-PAGE,
they were transferred onto a nitrocellulose membrane (Schleicher &
Schuell). The membranes were blocked in Tris-buffered saline (pH
7.4) containing 0.1% Tween 20 (Tween-TBS), incubated with rabbit
anti-GRP58 polyclonal antibodies (StressGen Biotechnologies) for
3 h, washed with Tween-TBS, incubated with HRP conjugated second-
ary antibodies (Cell Signaling Technology) against rabbit IgG for 1 h,
and washed with Tween-TBS. Immunoreactivity to the anti-GRP58
antibodies was visualized using an enhanced chemiluminescence sys-
tem (NEN Life Science Products).

2.5. MALDI-TOF-mass spectrometry

Gel sections from the 2-DE gels were incubated with 1 ml of 50 mM
ammonium bicarbonate-50% methanol at 37 °C overnight. The solu-
tion was then removed and the gel sections incubated in a solution con-
taining 100 ul of 10 mM DTT-100 mM ammonium bicarbonate for
60 min at 60 °C. The gels were alkylated with 100 pl of 50 mM iodoa-
cetamide/50 mM ammonium bicarbonate for 30 min at room temper-
ature. The gels were washed twice with distilled water and dried
under a vacuum pump. The gels were then digested with 50 pl of
50 mM ammonium bicarbonate containing 10% acetonitrile and
1 pmol of trypsin (Sigma) for 16 h at 37°C and resultant peptides
eluted in a solution containing 50% acetonitrile, 50 mM ammonium
bicarbonate, and 0.1% TFA. The supernatant obtained after centrifu-
gation was concentrated to a volume below 30 pl under vacuum and
desalted with ZipTip 18 (Millipore). For measurement of mass spec-
trometry (MS) spectra, 0.5 pl of sample solution was mixed with
0.5 pl of matrix solution containing 10 mg/ml a-cyano-4-hydroxycin-
namic acid (CHCA), deposited on the target, and dried completely.
MALDI-TOF-mass spectra were generated using an AXIMA-CFR
instrument (Shimadzu Corp., Japan) under reflectron mode operating
conditions after calibration using ACTH and bradykinin. Peptides
were matched using the MASCOT database search under the following
conditions: fixed modifications of carbamidomethyl (C); variable mod-
ifications of phosphorylated Ser and Thr; Taxonomy of Rattus; and a
tolerance of one missed cleavage.

2.6. Alkaline phosphatase treatment

Sample was incubated with 0.5 pl alkaline phosphatase (New Eng-
land BioLab) for 12h at 4 °C. Then the sample was separated with
SDS-PAGE, and immunoblotted using anti-GRP58 antibodies.

2.7. Leptin injection

For intracranial administration of leptin, a brain cannula, made of
PE-10 (Clay Adams, Parsippany, NJ), was inserted into the right lat-
eral cerebral ventricle (LCV), three days before the experiment under
pentobarbital anesthesia (35 mg/kg) as previously described [8]. The
effect of leptin on GRP58 was examined by injecting leptin [Sigma-
Aldrich, 10 pg/20 pl of artificial cerebrospinal fluid (aCSF)] into the
LCV at each time point under unanesthetic condition using the
LCV cannula. For control experiment, 20 pl of aCSF was injected
into the LCV. Animals were sacrificed at 0, 15, 30, 60, and 180 min
after the administration of leptin or aCSF and liver samples were
obtained.

2.8. Anti-phosphorylated GRP58 Ser-150 antibody production

A synthetic peptide, EFKKFIpSDKDASC (corresponding to
amino acid residues of GRP58 surrounding Serl50) was conjugated
with Imject Maleimide activated mcKLH (Pierce), mixed with Fre-

K Kita et al. | FEBS Letters 580 (2006) 199-205

und’s complete adjuvant and injected into rabbits. The resultant
polyclonal antiserum against this peptide was subjected to
affinity purification and used to detect GRP58 phosphorylated on
Ser150.

2.9. Dephosphorylation of proteins using hvdrogen fluoride-pyridine

Dephosphorylation of proteins using hydrogen fluoride—pyridine
was performed as described previously [9). Samples were dephospho-
rylated using hydrogen fluoride-pyridine, neutralized with NaOH,
desalinated by using a centrifugal filter (Millipore), then eluted in
TNE buffer.

2.10. Immunoprecipitations

Protein samples were pre-treated with protein G-Sepharose (Amer-
sham-Pharmacia Biotech) for 1 h at 4 °C. After centrifugation, the
supernatant was incubated for 1 h at 4 °C with protein G-Sepharose
that had been preincubated with 2 ug of mouse anti-Stat3 antibody
(BD Biosciences Pharmingen) or mouse IgG. The Sepharose beads
were washed five times with TNE buffer. Immunoprecipitated proteins
were analyzed using SDS-PAGE electrophoresis.

3. Results

3.1. GRP58 identified as a protein showing daily changes in its
expression in rat liver :

To identify proteins showing daily changes in their
expression in the rat liver, livers were sampled at 18:00 h
(ZT11) and 06:00h (ZT23) and their proteins were sepa-
rated by 2DE after homogenization. The 2DE-gels were
stained with SYPRO Ruby and about 1200 spots were de-
tected in gels of pH 4-7 after a comparative analysis of the
protein patterns was carried out using the image analysis
software, PDQUEST. Among the proteins that showed
changes in their expression patterns, a spot (shown as arrow
heads in Fig. 1A) was identified that appeared to undergo
daily changes in its expression pattern (high at ZT11 and
low at ZT23) after quantitative analysis. Peptide mass
fingerprinting of 21 fragments generated from the spot
showed that they matched the amino acid sequence of
GRP58 with a MASCOT score of 243, and a sequence
coverage of 39%, indicating that this protein is GRP58
(Table 1).

3.2. Confirmation of the protein as GRP58

To confirm that the above protein spot is actually GRP5S8,
livers were sampled at ZT 5, 11, 17, and 23, examined by
SDS-PAGE and immunoblotted using a rabbit anti-GRP58
polyclonal antibodies. However, a clear daily change in the
immunoreactivity to the anti-GRP58 antibodies was not de-
tected in 1DE (Fig. 1B), even though a clear shift in the migra-
tion of the immunoreactive band was observed at ZT11 in
comparison with sample bands obtained at other time points
(Fig. 1B). These results suggested that this protein might un-
dergo protein modification such as phosphorylation. The pro-
tein was examined further using 2DE and immunoblotting
with the anti-GRP58 antibodies which detected four immuno-
reactive spots of similar molecular sizes but with different iso-
electric points (1-1, 1-2, 1-3 and '1-4 in Fig. 1C). The spot
identified in Fig. 1A (arrowheads) was identical to the spot
at 1-3in Fig. 1C. Immunoreactivities of the GRP58-like immu-
noreactive substance (GRPS58LIS) at more acidic isoelectric
points (I-3 and 1-4) increased at ZT11 in comparison to those
at other time points (Fig. 1C).
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Fig. 1. Detections of proteins exhibiting daily expression changes in the liver. (A) 2DE of rat liver was sampled at ZT11 and ZT23 with isoelectric
focusing showed different expression patterns for spot showed by arrowheads. (B) Immunoblotting using an anti-GRP58 antibody in 1DE. Livers
were sampled at 12:00 (ZTS5), 18:00 (ZT11), 24:00 (ZT17) and 06:00 (ZT23) h under 12-h light and 12-h dark period (light on at 07:00 h). Livers were
homogenized, centrifuged, and supernatants were dissolved in SDS-PAGE sample buffer. Samples then underwent electrophoresis and
were immunoblotted using anti-GRP58 antibodies. (C) Immunoblotting using an anti-GRP58 antibodies in 2DE. Different expression patterns

were observed spots 1-1, 1-2, 1-3 and 1-4.

3.3. Phosphorylation of GRP58

Since horizontal movement of the protein spots in the 2DE
is often observed due to changes in isoelectric point induced by
protein phosphorylation, the result obtained in the experiment
shown in Fig. 1C raised the possibility that phosphorylation of
GRP58 might be increased at ZT11. To examine whether
GRP58 was phosphorylated at ZT11, the liver sample ob-
tained at ZT11 was treated with alkaline phosphatase and
examined by immunoblotting. As seen in Fig. 2, after treat-
ment with phosphatase, the mobility of GRP58LIS at ZT11
slightly increased in 1DE (Fig. 2A) and the immunoreactivities

of 2 spots in the more acidic side (1-3 and 1-4) decreased while
the immunoreactivity of the spot at the most alkaline side (1-1)
increased at ZT11 in 2DE gel (Fig. 2B). These findings suggest
that GRPS58 is phosphorylated at ZT11.

3.4. Effects of fasting

Since protein expression in the liver is known to be fre-
quently affected by fasting and ZT11 is almost at the end of
the resting (non-eating) period for nocturnal animals like rats,
it was hypothesized that the above daily change in GRP58
mobility might be affected by fasting. Therefore, liver samples
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Table 1
Mascot search results for fragments of protein spots corresponding to GRPS8
Signal  Observed  Mr(expt) Mr(calc) Delta Miss  Start-end  Sequence Spot no.
1 1191.70 1190.69 1190.59 010 0 63-73 LAPEYEAAATR 1-1 -2 13 14
2 1397.81 1396.80 1396.57 023 0 83-94 VDCTAVTNTCNK 1-1 -2 13 14
3 1652.88 1651.87 1651.76 0.11 1 105-119 IFRDGEEAGAYDGPR 1-1 122 1-3 14
4 817.48 816.47 816.38 009 1 147-152 KFIpSDK 1-3 14
5 1587.91 1586.90 1586.81 009 1 148-161 FISDKDASVVGFFR 1-1 1-2
6 1394.75 1393.74 1393.65 009 0 162-173 DLFSDGHSEFLK 1-1 -2 13
7 1607.83 1606.82 1606.74 008 0 259-271 DLLTAYYDVDYEK 1-1 112 13 14
8 1951.01 1950.00 1949.93 008 1 259-274 DLLTAYYDVDYEKNTK 1-3
9 " 78238 781.37 781.35 002 0 275-280 GSNYWR 1-1 12 13 14
10 1747.05 1746.04 1745.92 012 1 289-304 TFLDAGHKLNFAVASR 1-1 -2 13 14
9 877.52 876.51 876.48 003 0 297-304 LNFAVASR : 1-1 122 13 14
12 2733.30 2732.29 2732.40 =011 1 305-329 KTFSHELSDFGLESTTGEIPVVAIR  1-1 122 13 14
13 2605.24 2604.23 2604.31 -007 0 306-329 TFSHELSDFGLESTTGEIPWAIR 1-1 122 13 14
14 1172.61 1171.60 1171.53 007 0 336-344 FVMQEEFSR 1-1 122 13 14
15 1472.78 1471.77 1471.68 010 1 336-347 FVMQEEFSRDGK 1-1 -2 13
16 1529.89 1528.88 1528.77 012 1 352-363 FLQEYFDGNLKR -1 12 13 14
17 1801.03 1800.02 1799.93 009 1 364-379 YLKSEPIPETNEGPVK 1-3
18 1341.74 1340.73 1340.68 006 0 449-460 GFPTIYFSPANK i-1 122 13 14
19 1469.86 1468.85 1468.77 008 1 449-461 GFPTIYFSPANKK 1-1 1.2 13 14
20 1363.76 1362.75 1362.71 004 O 472-482 ELNDLISYLQR
21 1593.92 1592.91 1592.84 007 0 483-496 EATNPPIIQEEKPK 1-1 -2 13

MALDI-TOF-mass spectra were obtained using an AXIMA-CFR instrument (Shimadzu Corp., Japan). The MASCOT data base search identified
Spotl-3 as a glucose-regulated protein of 58 kDa. Twenty-one peaks were matched to GRPS58 with a score of 243 and a sequence coverage of 39%.
The following conditions were used for searching the database: fixed modifications of carbamidomethyl (C); variable modifications included
phosphorylated Ser and Thr; Taxonomy: Rattus; peptide tolerance: 0.3 Da (Table 1).

Mr(expt), expected molecular mass; Mr(calc), calculated molecular mass.

were obtained from rats at 0 h and after 12, 24, 36 and 48 h of

food deprivation. Mobility of GRP58LIS on IDE gel was de-
creased when the liver samples were obtained after 12- and 24-
h fasting in comparison to those obtained at the other time
points (Fig. 2C). When these samples were analyzed on 2DE
gels, it was observed that after 12- and 24-h fasting, the immu-
noreactivities of GRPS58LIS at more acidic side (1-3 and 1-4 in
Fig. 2D) were elevated but that those at 36- and 48-h of fasting
were decreased (Fig. 2D). These findings indicate that phos-
phorylation of GRPS58 in the liver is induced by fasting.

3.5. Effect of intracranial injection of leptin

Recently, it was suggested that GRP58 interacts with
STAT3 to modulate intracellular signal transduction [4-6].
Since STAT3 was suggested to be involved in the intracellular
signal transduction of leptin and a functional leptin receptor
exists in the brain [10], the effect of intracranial injection of lep-
tin on the mobility of GRP58 was examined. Three hours after
leptin (Sigma—Aldrich, 10 ng/20 pl of a CSF) was injected into
LCV using the LCV cannulae under un-anesthetic condition,
the mobility of GRP58LIS from the liver was clearly shifted
in 1DE (Fig. 2E) and the immunoreactivities of GRP58LIS
with acidic isoelectric points (1-3 and 1-4 in Fig. 2D) increased
in 2DE.

3.6. Phosphorylation site of GRP58 induced by fasting and leptin

To identify the phosphorylation site(s) of GRP58 after 12-h
fasting, peptide mass finger printing was carried out on the
four spots of GRP58LIS (1-1, 1-2, 1-3, 1-4 in Fig. 2D). The
mass spectrometry data showed that a fragment of
1587.91 Da (sequence of GRP58 between amino acids (aa)
148-161; FISDKDASVVGFFR in Table 1) was present in
spots 1-1 and 1-2 but not in spots 1-3 and 1-4. Since phosphor-
ylated fragment was sometimes hardly detected with MALDI-

TOF-MS, it was possible that this fragment was
phosphorylated in spots 1-3 and 1-4. Furthermore, the molec-
ular mass of the first half fragment (corresponding to
KFISDK) was 80 Da higher than that of the calculated molec-
ular mass of the fragment, indicating that it was phosphory-
lated on one of the internal serine residues, most probably
serine 150. It was also possible that unphosphorylated
KFISDK (736 Da) might not be detected because of the lower
mass than detecting threshold MALDI-TOF-MS. In order to
obtain further support for the phosphorylation of this residue
after fasting and leptin injection, we conducted a search using
NetPhos which allows sequence- and structure-based predic-
tion of eukaryotic protein phosphorylation sites [11]. NetPhos
predicted with strong probability that the serine residue at aa
150 of GRP58 would be phosphorylated. To test this possibil-
ity, a rabbit polyclonal antibodies against the sequence from
144 to 156 of phosphorylated GRP58 (EFKKFIpSDK-
DASC)-conjugated with KLH was generated. This anti-phos-
phoGRPS8 antibody was first used to examine the
phosphorylation states of Ser-150 in the liver after 12-h fasting.
Fasting for 12 h induced a band shift of GRPSSLIS (Fig. 3Aa)
and increased the immunoreactivity of a band migrating at
60 kDa to anti-phosphoGRP58 antibody in 1DE (Fig. 3Ab).
Furthermore, when anti-phosphoGRP58 antibody was preab-
sorbed with the antigen (EFKKFIpSDKDASC), immunoreac-
tivity to the anti-phosphoGRP58 antibody disappeared in
IDE (Fig. 3Ac). Immunoreactivity to this anti-phospho-
GRP38 antibody was observed only in the spots corresponding
to 1-3 and 1-4 in 2DE (Fig. 3B). In controls, anti-phospho-
GRP38 was preabsorbed to the antigen (EFKKFIpSDK-
DASC), which eliminated all immunoreactivity to anti-
phosphoGRP58 in 2DE (data not shown). Three hours after
interacranial injection of leptin immunoreactivity to anti-phos-
phoGRP38 increased in both 1DE or 2DE (spots 1-3 and 1-4)
(data not shown). These observations indicate that 12-h fasting
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Fig. 2. Mobility changes in IDE (A) and 2DE (B) after phosphatase treatment (A, B), fasting (C, D), and leptin injection (E, F). (A, B) Liver samples
were obtained from rats at ZT11 and immunoblot analyses were carried out using anti-GRP58 antibodies before and after treatment with alkaline
phosphatase in 1DE (A) and 2DE (B). (C, D) Effect of fasting on GRPLIS. Livers were obtained from rats at 0, 12, 24, 36 and 48 h after the start of
food deprivation, homogenized and loaded onto 1DE and 2DE gels. After electrophoresis, immunoblot analyses were performed using an anti-
GRP58 antibodies in 1DE (C) and 2DE (D). (E, F) Effect of leptin on GRP58LIS. Liver samples were obtained 3 h after the administration of leptin
or aCSF and immunoblot analyses performed using an anti-GRP58 antibodies in 1DE (E) and 2DE (F).

and intracranial injection of leptin elevate phosphorylation of
Ser-150 of GRPS8.

To examine the possible role of GRP58 phosphorylation at
aa 150 in intracellular signal transduction, an immunoprecipi-
tation study was carried out using mouse anti-STAT3 mono-
clonal antibody. In an control experiment, it was observed
that GRP58 was not precipitated with an anti-BIT (brain
immunogiobulin-like molecule with tyrosine-based activation
motifs) monoclonal antibody; 1D4, which is kindly given by

Dr. Shin-ichiro Sano (Mitsubishi Kasei Industitute of Life Sci-
ences, Japan) [12]. Therefore, above observation seems to be
specific.

In this experiment, liver samples were obtained 3 h after the
intracranial injection of leptin or aCSF and immunoreactivi-
ties to anti-GRP38 and anti-phosphoGRP58 antibodies were
examined. As seen in Fig. 3C, immunoprecipitation using
anti-STAT3 antibody precipitated GRPS8LIS in the livers of
rats injected with either leptin or aCSF. However, the immu-
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Fig. 3. Changes in immunoreactivity to anti-phosphoGRPS58 antibody due to fasting and intracranial injection of leptin. (A, B) Immunoblot
analyses of liver samples obtained at 0 and 12 h fasting using an anti-GRP58 and anti-phosphoGRPS8 antibodies in 1DE (A) and 2DE (B).
Specificity of the anti-phosphoGRPS8 antibody was confirmed by preabsorbing it with the antigen. (C) Immunoprecipitation studies using anti-
STATS3 antibody and IgG. Liver samples were obtained from rats 3 h after injections of leptin and aCSF and analyzed via immunoblotting. (D)
Effect of dephosphorylation of GRP58 using hydrogen fluoride-pyridine on anti-GRP58 and anti-phosphoGRP58 immunoreactivity in livers

obtained after 12-h fasting.

noreactivity to anti-phopshoGRP58 was immunoprecipitated
by the anti-STAT3 antibody in the liver of aCSF-injected rats
but not in that of leptin-injected rats, which indicates that the
GRP58 phosphorylated at serine 150 is not able to bind
STATS3.

To confirm the phosphorylation of GRPS58 after fasting for
12 h, the effect of a dephosphorylation treatment using 70%
hydrogen fluoride—pyridine on the immunoreactivity to anti-
phosphoGRP58 antibodies in rats was examined. As seen in
Fig. 3D, the immunoreactivity to the anti-phosphoGRP58 ob-
served in rats fated for 12 h, disappeared following treatment
with hydrogen fluoride—pyridine. This observation also con-
firms that GRP58 is phosphorylated at aa 150 after fasting.

4. Discussion

In this study, proteins showing daily changes in their rat li-
ver expression patterns were identified via proteome analysis
using 2DE and mass spectrometry. As a result, time-dependent
changes in protein spots were detected with GRP58 being iden-
tified as one of the protein spots showing daily changes (Fig. 1;
Table 1). GRP58 is a stress protein that is localized in the lu-
men of the endoplasmic reticulum because the C-terminus has
an ER-retention signal. It is thought to be important for disul-
fide bond formation of proteins in the endoplasmic reticulum
[13-15]. Recent data confirms the association between
GRP58 and STATS3 in cytosolic statsome I complexes and

indicates that both GRP58 and STAT family members co-
associate in the plasma membrane compartment [4]. Thus, it
is speculated that GRP58 might regulate signal transduction
by sequestering active and inactive STAT3.

Therefore, it was of interest to characterize the daily changes
in GRP58 expression in the rat liver. Although no daily change
in the amount of GRP58LIS was observed, a shift in its mobil-
ity was observed at ZT11 in 1DE (Fig. 1B). Four GRP58LIS
spots with similar molecular sizes but with different isoelectric
points were observed in a time-dependent manner by immuno-
blotting in 2DE (Fig. 1C). Since horizontal scattering of spots
in 2DE derived from the same protein with similar molecular
weight is often the result of protein phosphorylation, it was
hypothesized that GRP58 in the rat liver might be time-depen-
dently phosphorylated in a time-dependent manner. This
hypothesis was tested by examining the effect of an alkaline
phosphatase on the migration of GRP58LIS obtained from li-
ver samples at ZT11 in IDE and 2DE. The phosphatase treat-
ment slightly increased the mobility of GRP58LIS in 1DE
(Fig. 2A) and reduced the immunoreactivities of the two
GRP358LIS spots on the more acidic side (1-3 and 1-4) while
enhancing the immunoreactivity of the spot on the most alka-
line side (1-1) in 2DE gel (Fig. 2B). Altogether, these findings
suggest that GRP5S8 is phosphorylated at ZT1!.

Since ZT11 is almost at the end of the light period, it was
possible that the mobility changes of GRP58 in IDE and
2DE might be caused by food deprivation. This idea is sup-
ported by a recent report showing changes in the mobility of
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ERp57 (GRP58) during recovery from ATP depletion using a
cell culture based reversible ATP depletion model [16]. There-
fore, the effect of food deprivation on the mobility of GRP58
was examined. As seen in Fig. 2C and D, food deprivation for
12 and 24 h caused a shift in the mobility of GRP58LIS in 1DE
and increased the immunoreactivity of GRP58LIS on the
acidic side (1-3 and 1-4 in Fig. 2D) in 2DE. These results indi-
cate that GRP58 is phosphorylated after 12- and 24-h fasting.
Glycogenolysis and gluconeogenesis in the liver are induced at
ZT11 and after certain periods of fasting. Thus, the phosphor-
ylation of GRP58 might be related to the mechanism of these
processes.

As mentioned above, GRP58 is known to interact with
STAT3 [4] and is thought to be involved in the intracellular
signal transduction of leptin. As leptin might induce phosphor-
ylation of GRP58, the effect of intracranial injection of leptin
on the mobility of GRP58LIS in IDE and 2DE was examined.
Leptin induced a mobility shift of GRPS8LIS in 1DE (Fig. 2E)
and increased the immunoreactivities of GRP58LIS on the
more acidic side in 2DE (1-3 and 1-4 in Fig. 2F), suggesting
that GRP58 phosphorylation is induced by leptin.

Phosphorylation of GRP58 was found to occur at Serl50
after 12-h fasting and leptin injection. Moreover, it was found
that dephosphorylation of GRP58 using hydrogen fluoride—
pyridine eliminated immunoreactivity to anti-phosphoGRP58
antibody in liver samples obtained from rats fasted for 12 h
(Fig. 3D). This observation confirmed that fasting induces
phosphorylation of GRP58.

Immunoprecipitation using anti-STAT3 antibody (Fig. 3C)
indicated that phosphorylation of GRP58 at Ser150 renders
in unable to bind to STATS3. Since it has been suggested that
GRP58 and STAT3 co-associate in the plasma membrane
compartment [4], it is possible that unphosphorylated, but
not phosphorylated GRP58 binds to STAT3. Thus, phosphor-
ylation of GRP58 at Ser150 may constitute the signal that frees
STATS3 from the plasma membrane compartment, resulting in
the activation of the downstream signal transduction pathway.
In this respect, it was found that GRP58 is present in STAT3-
DNA complexes within the nucleus and is a necessary compo-
nent them [17], suggesting that GRPS58 is related to the nuclear
entry and transcriptional regulation of STAT3.

In the current report, it is known that GRP58 of rat spleen is
phosphorylated in three tyrosines (Y 444, Y 453 and Y466) by
the Src-like tyrosine kinase Lyn [18]. Therefore, it is possible
that spots of 1-1 and 1-2 may represent different phosphoryla-
tion states of these tyrosine residues.

These possibilities will be examined in future studies to-
gether with analyses of the constituents of spots 1-1 and 1-2,
and of kinase responsible for the phosphorylation of aa 150
of GRP58.
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Abstract

Laser microdissection (LMD) is a recent development that enables the isolation of specific cell populations from tissue sections. This
study focuses on the potential of LMD as a tool in cancer glycomics using colon cancer as a model. LMD was performed on hematoxylin
and eosin stained frozen tissue sections. Tumor cells and normal epithelial cells were selectively microdissected. N-Glycans from the
LMD- and the bulk tissue-derived samples were liberated by hydrazinolysis and then labeled with 2-aminopyridine. After sialidase diges-
tion, the resulting asialo- N-glycans were analyzed by normal and reversed phase HPLC combined with mass spectrometry. Comparison
of the various N-glycan profiles with the aid of LMD identified seven characteristic N-glycans with significantly different expression pro-
files between normal and cancerous cells that could not be detected by conventional analysis. Thus, LMD is a potent and useful tool for
analyzing variations in the expression of N-glycans by overcoming the problem of tissue sample heterogeneity.

© 2006 Elsevier Inc. All rights reserved.
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It is well known that glycans on the cell surface or in the
extracellular space play important roles in cellular differen-
tiation, adhesion, and proliferation [1,2]. The biosynthesis
of glycans is tissue-specific and is regulated not only by
physiological conditions, but also by pathological condi-
tions such as tumorgenesis [3-5]. Aberrant glycosylation
of membrane components occurs in essentially all types
of human cancers, and many glycosyl epitopes constitute
tumor-associated carbohydrate antigens (TACAs) [6-8]
Many lines of evidence suggest that the TACAs function
mainly as adhesion molecules and contribute to cancer
metastasis [7,9-11]. Alteration of the expression profile of
TACAs in certain types of cancer has prompted researchers
to evaluate their potential use as diagnostic and/or prog-
nostic tools.

" Corresponding author. Fax: +81 6 6972 7749.
E-mail address: miyamoto-ya@mc.pref.osaka.jp (Y. Miyamoto).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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The application of glycomics to cancer research can
highlight changes in the expression profile of the glycans
occurring during tumor development and progression,
leading to the identification of new molecular markers or
potential therapeutic targets. However, because cancer tis-
sue is composed of multiple subpopulations of cells, includ-
ing normal epithelial cells, stromal cells, inflammatory
cells, and angiogenic elements, accurate molecular analysis
requires isolation of the tumor cells. Laser microdissection
(LMD) is a recently developed technique that permits the
reliable procurement of specific cell populations from tissue
sections under direct microscopic observation. The laser-
assisted microdissection technique has already been exten-
sively used to isolate specific types of cells for the molecular
analysis of DNA, RNA, and protein. However, in the field
of glycan research, only one application of this technique
for the analysis of glycosaminoglycans in postmortem
human LASIK corneas has been reported [12]. Because
LMD is a highly time consuming technique, feasibility
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and usefulness of this procedure must be thoroughly eval-
uated prior to its application in the analysis of glycans in
cancer specimens.

In this study, we have investigated the potential of LMD
as a tool in cancer glycomic studies using colon cancer as a
model. Asialo-PA-N-glycans were prepared from bulk
colon cancer tissue, bulk normal colon tissue, and from
both normal colonic epithelial cells and cancerous colonic
cells isolated from the bulk tissue using LMD. The N-gly-
cans were then analyzed by normal and reversed phase
HPLC in combination with mass spectrometry. LMD
enabled us to identify seven characteristic N-glycans which
displayed remarkable differences in the expression profile
between normal and cancerous colon cells that could not
be detected by conventional techniques. Our results dem-
onstrate the usefulness of LMD for the accurate analysis
of N-glycans in cancer glycomic studies.

Materials and methods

Standard P A-oligosaccharides. The structures and abbreviations of the
authentic PA-oligosaccharides used in this study are listed in Table 1.
Authentic PA-sugars were obtained from the following suppliers: 224F
from Takara (Shiga, Japan); 22bis, ag22bisF, G,22bisF, and 22bisF from
Seikagaku Co. (Tokyo, Japan). Ag22bis was prepared by digestion of
22bis with Jack bean B-galactosidase (Seikagaku Co.). The structure of
ag22bis was verified by normal and reversed phase HPLC analyses,
combined with successive exoglycosidase digestions and by mass spec-
trometric analysis.

Tissue. Paired samples of normal and cancerous colon were obtained
from the same patient by a standard colectomy procedure. Areas of tissues
examined were selected by an experienced gastrointestinal pathologist.
The tissue was cut into blocks, embedded in OCT compound (Sakura

Table 1

Structures and elution positions in HPLC of standard PA-oligosaccharides

Finetechnical, Tokyo, Japan), snap frozen in liquid nitrogen, and stored at
—80 °C until use. This study was approved by Local Ethics Committee of
Osaka Medical Center for Cancer and Cardiovascular Diseases. Informed
consent was obtained from the patient.

Laser microdissection. Frozen tissue sections (8 um thick) of either
cancerous colon or normal colonic mucosa were cut on a cryostat, CM
1900 microtome (Leica, Milton Keynes, UK). Tissue sections were thaw
mounted on to a film-coated glass slide (90FOIL-SL25, Leica), briefly air
dried, and then fixed at room temperature in 95% ethanol for 1 min.
Staining was performed by the following procedure. Sections were
immersed in Mayer’s hematoxylin solution (Muto Pure Chemicals, Tokyo,
Japan) for 30s at room temperature, washed with phosphate-buffered
saline (PBS) until a vivid blue color appeared, and then immersed in pure
eosin solution (Muto Pure Chemicals) for 2s. The sections were then
dehydrated in 100% ethanol for 30s and air dried. Laser microdissection
(LMD) was performed using a Leica AS LMD system.

Preparation of protein extracts. After microdissection, the microdis-
sected cells were carefully transferred from a PCR tube to a glass centri-
fuge tube using water and a micropipette. The collected cells were
lyophilized and then solubilized in a 1:1 mixture of hexafluoroisopropanol

. (HFIP) [13,14] and 0.2% acetic acid. Control samples, which had not been

subjected to LMD, were prepared from the frozen tissue sections cut
directly into the solubilization mixture. The protein concentration was
determined with a BCA protein assay kit (Pierce, Rockford, IL) using
bovine serum albumin as a standard. A protein sample of 300 pg was
collected, concentrated, and used for the preparation of PA-N-glycans.
Preparation of PA-N-glycans. N-Glycans were liberated from the gly-
coproteins by hydrazinolysis at 100 °C for 10 h and then re-N-acetylated
with acetic anhydride in a saturated sodium bicarbonate solution as pre-
viously described [15]. The reducing ends of the liberated N-glycans were
labeled with a fluorophore, 2-aminopyridine, by reductive amination [16].
The excess reagents were removed by phenol-chloroform extraction and
cation-exchange chromatography [17]. The resulting PA-N-glycans were
further purified by normal phase HPLC according to the method of
Nakakita et al. [18] with minor modifications. Briefly, the lyophilized PA-
N-glycans were dissolved in water and then injected into a TSK gel Amide-
80 column (4.6 x 75 mm, Tosoh, Tokyo, Japan). The solvents used were

Abbreviation Structure Elution position in HPLC
RP (GU) NP (GU)
GlecNAcB1-2Manal\
ag22bis GIcNAcB1-4ManfB 1-4GIcNAcB1-4GIcNAc-PA 11.45 5.37
GIcNAcB1-2Manal” 3
Galpf14GIcNAcB1-2Mana 1\6
22bis GlcNAcB1-4ManB1-4GIcNAcB1-4GIcNAc-PA 12.72 6.78
Galp14GIcNAcpt-2Mana 17
GlcNAcPB1-2Mana 1y Fucol
ag22bisF GlcNAcB1-4Manp 1-4GIcNAcB14GIcNAc-PA 14.50 5.66
GlcNAcB1-2Mano 1/
GalB1-4GlcNAcB1-2Mana 1 Fucal
G,22bisF GlcNAcB1-4Manf 1-4GlcNAcB1-4GIcNAc-PA 15.86 6.29
GlcNAcB1-2Manal”
GalB1-4GlcNAcB1-2Mana. 1 Fucotl
22bisF GIcNAcB1-4ManB1-4GIcNAcB1-4GlcNAc-PA 16.80 7.02
GalB1-4GlcNAcB1-2Mana 17
GalP1-4GIcNAcB1-2Mana 1 Fucal
224F GalBI4GINAGIN, gManBl-4GlcNAc[31~4GlcNAc-PA 13.91 796
Mana 17

GalB1-4GIcNAcB 1/2
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(A) 90% acetonitrile- 3% acetic acid titrated to pH 7.3 with triethylamine
and (B) 20% acetnitrile 3% acetic acid titrated to pH 7.3 with triethyl-
amine. Elution was performed at 4 flow rate of 1.0 ml/min at 40 °C. The
column was equilibrated with solvent A, and after injection of a sample,
the following gradient was employed: 0-28% B over 7 min; 28 100" B
over 5 min: 100% B for 4 min. PA-N-glycans were detected with a fluo-
rescence spectrophotometer using excitation and emission wavelengths of
310 and 380 nm, respectively. The fraction between 7 and 16 min after the
injection was collected, concentrated, and used for the structural studies.

Preparation and size-fractionation of asialo-PA-N-glycans. PA-N-gly-
cans were dissolved in 50 ul of 100 mM ammonium acetate buffer (pH 5.0)
and then digested with 2 U/ml of Arthrobacter ureafaciens neuraminidase
(Nacalai Tesque, Kyoto, Japan) at 37 °C for 24 h. The reaction was ter-
minated by boiling for 3 min, followed by centrifugation at 13,000g for
10 min. The resulting supernatant was injected into a normal phase HPLC
apparatus equipped with a TSK gel Amide-80 column (4.6 x 75 mm), and
the asialo-PA-N-glycans were size-fractionated into nine fractions from
glucose unit (GU) 3 to GU 12 at intervals of one glucose unit, according to
the method of Fujimoto et al. [19] with some modifications. The solvents
used were (A) 90% acetonitrile-0.6% acetic acid titrated to pH 7.3 with
triethylamine and (B) 20% acetnitrile- 0.6% acetic acid titrated to pH 7.3
with triethylamine. The elution was performed at 40 °C using a flow rate
of 1 ml/min. The column was equilibrated with 5% solvent B, and after
injection of a sample, solvent B was increased linearly to 75% in 25 min.
The PA-N-glycans were detected using excitation and emission wave-
lengths of 310 and 380 nm, respectively.

HPLC for structural analysis. Reversed phase HPLC was performed at
30 °C on a Cosmosil 3C4-P column (2 x 100 mm, Nacalai Tesque) at a
flow rate of 0.2 ml/min. The solvents used were (A) 20 mM ammonium
acetate buffer pH 4.0 and (B) the same buffer containing 0.5% 1-butanol.
The column was equilibrated with 5% solvent B, and after injection of a
sample, solvent B was linearly increased to 100% over 50 min and then
held at 100% for 3 min. Fluorescence was monitored using excitation and
emission wavelengths of 320 and 400 nm, respectively.

Normal phase HPLC was performed at 40 °C on a TSKgel Amide-80
(2% 150 mm, Tosoh) at a flow rate of 0.2 ml/min. The solvents used were
(A) 90% acetonitrile-0.6% acetic acid titrated to pH 7.3 with triethylamine
and (B) 20% acetnitrile-0.6%, acetic acid titrated to pH 7.3 with triethyl-

amine. The column was equilibrated with 5% solvent B, and after injection
of a sample. solvent B was linearly increased to 75% over 40 min. Fluo-
rescence was monitored using excitation and emission wavelengths of 310
and 380 nm, respectively.

The structures of the PA-glycans were assessed by two-dimensional
sugar chain mapping [20-22] The retention time of each of PA-glycans
was given in glucose unit based on the elution time of the PA-isomal-
tooligosaccharides. The behavior of authentic PA-oligosaccharides on
HPLC is shown in Table 1.

Glycosidase digestion for structural analysis. PA-glycans were digested
in a volume of 20 ul for 16 h at 37 °C using the following enzymes:
Streptococcus pneumoniae P-galactosidase (Prozyme, San Leandro, CA),
specificity for B(1,4)Gal, 0.1 U/ml in 50 mM sodium acetate buffer, pH
5.6; Streptomyces sp.142 x-fucosidase ( Takara), specificity for 2(1,3/4)Fuc,
0.2 mU/ml in 50 mM potassium phosphate buffer, pH 6.0.

NanoESI ion-trap mass spectrometry. Mass spectra of the PA-glycans
were observed on a Finnigan LCQ Deca XP ion-trap mass spectrometer
(Thermo Electron Co., Waltham, MA) equipped with a nanoESI device
(AMR, Inc., Tokyo, Japan) connected to a Paradigm MS4 pHPLC system
(Michrom BioResources, Inc., Auburn, CA). Reversed phase HPLC was
performed at room temperature on a Magic CI8 column (5 pm,
0.2 x 50 mm, Michrom BioResources) with a FortisTip capillary needle
(AMR, Inc.) at a flow rate of 2 ul/min. The solvents used were (A) 5 mM
acetic acid titrated to pH 6.0 with triethylamine and (B) 50% (v/v)
methanol. The column was pre-equilibrated with solvent A, and 3 min
after injection of a sample, solvent B was increased to 100% over | min
and then held at 100% for 10 min. The nanoESI voltage was set at 1.8 kV
and the capillary temperature was 200 °C.

Results
Tissue preparation for LMD
Hematoxylin and eosin (H&E) are the most commonly

used histochemical stains. Good recovery (85%) of
pyridylamino (PA) N-glycans was obtained after H&E

Fig. I. Photomicrographs of laser microdissection of H&E stained tissue sections of normal colon (A.B) and cancerous colon (C.D). (A.C) Normal colon
and cancerous colon, respectively. before microdissection. (B.D) Samples after successful microdissection. Representative data are shown
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staining and solubilization of the sections with 50% hexa-
fluoroisopropanol (HFIP)/0.1% acetic acid mixture. More-
over, there was no gross effect on the resulting asialo-PA-
N-glycans profile of colon cancer tissues (Supplementary
Fig. 1). Thus, H&E staining and HFIP/acetic acid mixture
were used for tissue preparation prior to LMD and for sol-
ubilization of samples, respectively. Colon cancer cells and
normal colonic epithelial cells were successfully microdis-
sected with the laser from the tumor and normal tissue sec-
tions, respectively, as shown in Fig. 1.

Comparison of N-glycan profiles from the LMD- and the
bulk tissue-derived samples

PA-N-glycans were prepared from the LMD- or the
bulk tissue-derived samples. After sialidase digestion, the
resulting asialo-PA-N-glycans were separated into nine
fractions (F1-F9) by normal phase HPLC (Fig. 2), in
which oligosaccharides were separated in accordance with
their molecular size. Each of the collected fractions was
further separated by reversed phase HPLC. Comparison
of the N-glycan profiles obtained from the LMD-derived
samples with those from the bulk tissue-derived samples
showed clear differences in fractions F2-F6 (Fig. 3).
Although the expression profile of many N-glycans is dif-
ferent between normal and cancerous cells, we picked up
12 characteristic peaks (G1-G12) whose marked expres-
sion changes could only be detected using the LMD proce-
dures. The detection of these peaks directly demonstrates
the potential of using LMD to overcome problems associ-
ated with tissue heterogeneity. All 12 peaks displayed a
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substantial decrease in intensity in the cancerous colon cells
relative to normal colon cells. Each of these peaks was frac-
tionated and further purified by normal phase HPLC for
structural analysis as described in Materials and methods.
Elution positions of G1-G12 on normal and reversed
phase HPLC are summarized in Fig. 4A as a two-dimen-
sional map. Peaks G3, GS, G10, and G12 had the same
positions on the map as G2, G4, G6, and G9, respectively,
indicating that each paired peak possessed the same struc-
ture. These results presumably arose from incomplete sep-
aration during the initial size-fractionation step (Fig. 2).
From the positions on the map corresponding to authentic
PA-N-glycans (Table 1), G1, G2 (G3), G4 (GS5), G6 (G10),
and G9 (G12) were estimated to be ag22bis, ag22bisF,
G,22bisF, 22bisF, and 224F, respectively. These structures
were also confirmed by mass analysis (Table 2). The struc-
tures of the peaks G7, G8, and G11 were determined by
two-dimensional mapping combined with exoglycosidase
digestion and mass spectrometry as follows.

Peaks G7 and G8, both of which had the same compo-
sition of HexsHexNAcsdHex,-PA (Table 2), were sequen-
tially digested with exoglycosidases in following order: 1st
S. pneumoniae B(1,4)-galactosidase, S. sp142 o(1,3/4)-fuco-
sidase, and 2nd S. preumoniae B(1,4)-galactosidase (Fig. 4B
and Supplementary Table 1). A single residue was removed
at each step, indicating the presence of one Lewis™ structure
with fucose linked o(1,3) to GIcNAc (the presence of fucose
rendering the galactose residue resistant to cleavage). Elu-
tion positions on the map of the digests were shifted to that
corresponding to the authentic PA-N-glycans, G,22bisF
and ag22bisF, after digestion with the a-fucosidase and
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Fig. 2. Size-fractionation HPLC of asialo-PA-N-glycans from normal colon and colon cancer. (A,B) Normal and cancerous colon, respectively, which
were not subjected to laser microdissection (LMD). (C,D) Normal and cancerous colon, respectively, which have been subjected to LMD to isolate normal
epithelial cells and tumor cells. Numbered arrowheads indicate the elution position of PA-isomaltooligosaccharides with the corresponding degree of
polymerization. Fractions F1-F9 were collected as indicated by the partitioned bars.
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Fig. 3. Reversed phase HPLC profiles of the fractions F2-F6. (A,B) Normal and cancerous colon, respectively, which were not subjected to laser
microdissection (LMD). (C,D) Normal and cancerous colon, respectively, which have been subjected to LMD. Twelve peaks (G1-G12) were collected.

the 2nd B-galactosidase, respectively. Thus the structures of
these two peaks were estimated to be 22bisF with one Lew-
is* structure.

Peak GI11, which had the composition of HexsHex-
NAcsdHex;-PA (Table 2), was resistant to digestion with
S. pneumoniae P(1,4)-galactosidase, but was sensitive to
sequential digestion with S. sp142 a(1,3/4)-fucosidase fol-

lowed by S. pneumoniae B(1,4)-galactosidase (Fig. 4B and
Supplementary Table 1). Two residues were removed at
each step indicating the presence of the two Lewis* struc-
tures with fucose linked o(1,3) to GlcNAc. Elution posi-
tions on the map of the digests were shifted to that
corresponding to the authentic PA-N-glycans, 22bisF and
ag22bisF, after digestion with the a-fucosidase and the



