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Table II. Functional gene classes demonstrating significant differential expression in each group.
Function name Total P (X2) P (X1) P (X)
A group
Regulation of transcription 189 0.998 0.008 0.581
Regulation of transcription, DNA-dependent 184 0.997 0.011 0.582
Response to external stimuli 135 0.008 0.932 0.14
Mitotic cell cycle 48 0.628 1E-04 0.003
Ion transport 46 0.057 0214 0.026
Regulation of cell cycle 46 0.901 0.001 0.055
Lipid metabolism 36 0013 0.844 0.082
Protein folding 22 0.926 0.038 0.261
Alcohol metabolism 20 1 0.026 0.365
DNA replication and chromosome cycle 20 0.668 0.001 0.009
Response to endogenous stimulus 20 1 0.026 0.365
DNA replication 18 0.609 0.003 0.015
Nuclear organization and biogenesis 18 1 0.016 0.278
DNA repair 17 1 0.013 0.236
Main pathways of carbohydrate metabolism 14 0.808 0.029 0.126
Nucleocytoplasmic transport 14 1 0.029 0.297
DNA packaging 13 1 0.004 0.096
Carbohydrate catabolism 11 I 0.012 0.157
B group
Transport 170 0.041 0.617 0.07
Response to external stimuli 135 0.019 0.219 0.01
Electron transport 56 0.026 0.65 0.045
Apoptosis 44 0.109 0.187 0.043
Energy pathways 37 0.003 0497 0.005
Cell motility 36 0.455 0.024 0.06
Induction of programmed cell death 18 0.037 0.04 0.003
C group
Protein metabolism 340 0.002 0.895 0.009
Biosynthesis 190 0.041 0.99 0.181
Response to stress 96 0.045 0.076 0.01
Defense response 85 0.642 0.047 0.296
Intracellular signaling cascade 82 0.022 0.04 0.003
Cell-cell signaling 36 0.081 0319 0.05
Vehicle-mediated transport 36 0.424 0.024 0.101
Ribosome biogenesis and assembly 33 0.046 1 0.114
Protein kinase cascade 24 0.335 0038 0.077

“Total number of genes represented in each group corresponding to a specific gene ontology term, "p-value in the X group (X=A,B or C).

We assessed the utility of these 119 genes to identify
patients who would develop liver recurrence after surgery.
The expression of these 119 genes was used to build a
weighted vote-based classifier that could predict liver
metastasis at the time of surgery. We applied this classifier to

the 28 independent samples. Eighteen and 10 patients were
assigned to the localized signature and metastasized signature,
respectively. Seventeen of the 18 (94.4%) patients assigned
to the localized signature did not relapse at least 47 months
after surgery, and 9 of the 10 (90%) patients assigned to the
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Figure 2. Hierarchical cluster analysis of metastasized and non-metastasized tumor signatures. The genes in group B are hierarchically clustered with respect
to the 92 tumors in the fundamental set (A) and the 120 tumors adding these 92 to the 18 tumors in the independent set (B). Each row represents a gene and
each column represents a sample. For the samples, the color bars below the dendrogram represent sample annotation in clinicohistopathology. The aqua bars
represent localized primary tumors (LOC). the orange and pink bars represent stage III- and stage V- ones (stage 1 -MET and stage TV -MET) and the red
bars represent liver metastatic lesions (LIV) in the fundamental set. The blue and green bars represent LOC with stage I and III (stage TI-LOC and stage TII-
LOC), and the brown and red bars represent MET with stage II and 11 (stage TI-MET and stage TII-MET), respectively. in the independent set. (A) Two major
branches of the hierarchical tree are observed. The left and right branches are mainly comprised of non-metastasized (non-metastatic cluster) and metastasized
tumors (metastatic cluster). respectively. These two clusters significantly correlated with the metastatic status of the tumors. (B) The clustering pattern was so
robust against sample addition that the partitioning of the 92 fundamental tumors remained the same and showed little change. Out of the 28 independent
tumors, all of the 10 metastasized tumors are in the metastatic cluster. and 17 of the 18 non-metastasized twmors are in the non-metastatic cluster.

metastasized signature recurved to liver metastasis after surgery To assess the association between class assigned by gene
(Table 111). The successful prediction of liver metastasis could  expression profile and survival, we plotted Kaplan-Meier
be shown in the independent set of tumors. survival curves of 28 patients in the independent set (Fig. 3A
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Table III. The predictive diagnosis of liver metastasis in the
independent samples.

Clinical diagnosis

Non-relapse  Relapse
Profiling diagnosis LOC 17
MET 1 9

and B). A significant difference was observed in the disease-
free survival (p<0.0001) and overall survival (p=0.0065) of
patients between the localized and metastasized signature.
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Discussion

The gene expression profile using DNA microarray is a
promising approach to investigate the molecular complexity
of cancer. Several studies have reported the usefulness of this
technique such as the gene identification related to metastasis
and possible prediction of metastasis in various cancers
(16,17). However, these studies simply compared the gene
expression profile of tumors between partial stages and did
not directly address the metastatic process. To elucidate the
phenomenon of metastasis more accurately, it is critical to
analyze comprehensively the process of gradual change in
cancer progression. Thus, we analyzed the gene expression
profiles of 104 samples at four time points in cancer develop-
ment; normal colon, localized and metastasized primary
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Figure 3. Kaplan-Meier plot of disease-free (A) and overall (B) survival of patients with the localized and metastasized signature. (A) Disease-free survival
curves of patients with the localized signature were also higher than those of patients with the metastasized signature (log-rank test, p<0.0001). (B) Overall
survival curves of patients with the localized signature were higher than those of patients with the metastasized signature (log-rank test, p=0.0065).
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tumor and liver metastasis. These analyses indicate that each
step of cancer progression can be characterized by a gene
expression profile.

The expression pattern of group A is considered to be
associated with the promotion of carcinogenesis in CRC.
This group contained a significantly high proportion of genes
with functions relevant to carcinogenesis such as cell
proliferation and response to external and endogenous stimuli,
and any imbalance in these functions initiates colorectal
carcinogenesis. If these genes were expressed on the cell
surface or secreted, this could be detected by easier methods
such as immunohistochemical analysis and be applicable
clinically as candidate diagnostic markers for the early
detection of CRC (cellular-component, data not shown).

The expression of the genes represented in group B is
significantly different in the primary tumor with or without
metastasis, which directly reflects the event of metastasis
itself. The loss or acquisition of this function in this group
was closely relevant to the liver metastatic potential in
colorectal cancer. This group contained a significantly high
proportion of genes with functions relevant to the process of
metastasis such as cell motility and apoptosis. The acquisition
of cell motility is essential for the invasion of interstitial
tissue and lymphatic or vascular vessel walls and the survival
of cancer cells against immune and non-immune defenses
while escape from apoptosis allows cancer cells to arrest a
secondary organ apart from the primary lesion. Genes such
as DCC and GDP dissociation inhibitor 2 (GDI2), which are
referred as relevant to metastasis, are included in group B.
For example, DCC is a putative tumor suppressor gene,
which has considerable homology to neural cell adhesion
molecules and may be involved in the regulation of cell-to-
cell or cell-to-substrate interactions with a potential
functional role in the control of cell growth and the
development of metastasis (22-24). Various studies reported
that DCC is a predictor of distant metastasis and prognosis in
colorectal cancer (24-26). Furthermore, DCC expression has
been shown recently to predict clinical outcome to fluorouracil-
based chemotherapy (27). Other studies have reported that
the DCC gene product induced apoptosis through a caspase-
dependent mechanism (28.,29). In another study, GDI2 was
identified as a metastasis-suppressor gene (30). GDI2 is an
inhibitor of guanine nucleotide dissociation from RHO and
RAC proteins, strongly inhibiting GDP/GTP exchange
reaction. GDI2, RHO and RAC also modulate signal trans-
duction such as the ERK, JNK and p38 MAPK pathways,
three arms of which are involved in invasion, growth-factor-
receptor signaling, the mitogen-activated protein kinase
pathway, cell-cell communication and transcription, which
are the main factors involved in the induction of liver
metastasis (31,32).

The expression pattern of group C is closely associated
with the colonization and maintenance of metastasis, which
is the outgrowth of cancer cells after arrival at a secondary
organ. Functional analysis indicated that metastatic
colonization occurs as a result of the cancer cells' modification
following interaction with the surrounding environment in
the liver. Other investigators also reported similar results
(16.,33,34). Nishizuka er al (34) reported that cytokines
produced by glial cells in vivo may contribute in a paracrine
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manner to the development of brain metastases from breast
cancer cells. Metastatic colonization differs from growth in
the primary lesion by its requirement for angiogenesis, and
changes in the local microenvironment in metastatic lesions
and stressful conditions. The requirement for various growth
factors and chemokines, the cell-cell or cell-extracellular
matrix interaction and the activity of intracellular signaling
pathways regulated by various stimuli and interactions could
have considerable influence upon not only the initiation but
also the maintenance of metastatic colonization (35,36). For
example, MAP3K4 and ERK], which are differentially
expressed in the metastatic tumor, stimulate the p38 and JNK
MAPK pathway, and the MAPK-ERK pathway, respectively.
Reduced JNK and p38 signals facilitate metastatic
colonization by preventing apoptosis induced by the stress of
a foreign environment (37). Numerous reports have linked
the activation of ERK] with metastasis, motility and invasion,
and angiogenesis (38,39). This result suggests that the cross-
talk between signaling pathways, which were represented in
the MAPK pathway, such as the ERK, p38 and JNK
pathways, are linked closely within the cancer cells and
interstitial tissue to adhesion, motility, proliferation, angio-
genesis and apoptosis in metastatic lesions, which represents
the final step in cancer development. These genes might be
candidate markers of metastasis and could be suitable targets
for the treatment of metastatic disease.

Chronological analysis allowed us to clarify each step
of cancer progression, carcinogenesis to metastasis, at the
molecular level. In particular, we were successful in separating
metastasis into the acquisition of metastatic potential (group B)
and the initiation and maintenance of metastatic colonization
(group C).

Does the gene expression pattern correlate with the
metastatic potential (such as that represented in group B)
already present in the bulk of the primary tumor and detectable
at the time of initial diagnosis? The conventional hypothesis
about metastasis is that acquisition of the metastatic pheno-
type may occur late in tumor progression. Primary CRC cells
arise from the normal colorectal epithelium through onco-
genic mutations. The occasional cancer cells possessing
metastatic ability in the primary tumor population can
accumulate additional genetic changes that mediate metastasis
to the liver. Thus, it has been hypothesized that primary tumors
have gene expression profiles in which only a fraction of the
metastatic potential exists. However, some groups have
challenged this hypothesis (16,17). Ramaswamy et al (16)
reported that the expression profile of primary tumors that
had metastasized resembled that of metastatic tumors, and
that a predictive diagnosis for metastasis was possible based
on the analysis of the primary tumor profile. Van't Veer et al
(17) also reported that patients with early-stage breast cancer
could be classified according to their prognosis based on the
gene expression signature obtained from the primary tumors,
and specific gene expression profiles were predictive for
distant metastases. Thus, the new hypothesis indicates that
the acquisition of metastatic ability does not begin in just a
few cells in the primary tumor but instead most cells in such
tumors are inherently capable of metastasis.

Our hierarchical clustering with the expression profile of
the genes closely relevant to the metastatic potential shows
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that the profile of the metastasized primary tumor resembled
one of a metastatic lesion apart from a primary lesion rather
than one of a non-metastasized primary tumor. This means
that the tumors are segregated according to their final metas-
tatic status rather than their clinical stages. This suggests that
the metastatic potential of CRC is not acquired in proportion
to cancer progression but has already been encoded in the
primary tumor. Thus, our findings support the above new
hypothesis rather than the conventional one.

We also succeeded in the verification of this hypothesis
using independent primary tumors. Clustering analysis with
these genes on CRC samples diagnosed as localized or
regional disease allowed the robust classification of metas-
tasized tumors vs non-metastasized tumors. Supervised
classification analysis enabled us to predict the postoperative
relapse risk of the patients who were diagnosed as localized
or regional disease at the time of surgery. The classification
appropriately reflected the outcome of CRC patients. Our
microarray data provide important information on the
metastatic potential in CRC and indicate that the expression
profiles in the bulk of primary tumors reflect the character of
individual tumors and are possible and valid enough to
predict metastasis.

The clinical outcome of patients with CRC is governed to
some extent, if not fully, by the inherent character of tumor
cells. The programmed expression pattern is detectable in the
bulk of primary tumors. The characterization of cancer based
on gene expression profile promises to shift the paradigm of
cancer diagnosis from general taxonomy by clinicohisto-
pathological parameters to individualized risk assessment.

Currently, because it is clinically difficult to accurately
predict metachronous liver metastasis at the time of initial
diagnosis, a lot of time and effort is directed toward the
detection of asymptomatic recurrences using postoperative
monitoring such as CT and the CEA test. Therefore, a more
accurate prediction of liver metastasis and clinical outcome
should benefit the optimization of cancer treatment,
including adjuvant therapy and postoperative surveillance, for
individual patients, and at the same time avoid over- or
unnecessary treatment and reduce overall cost. Chrono-
logical analysis of the gene expression profile should enable
a better understanding of the metastatic process. The
identified ‘interesting’ genes and profiles could help design
new strategies for the treatment and diagnosis of metastasis.
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A simple and highly successful C-terminal sequence
analysis of proteins by mass spectrometry
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A simple and efficient method for C-terminal sequencing of proteins has long been pursued
because it would provide substantial information for identifying the covalent structure, including
post-translational modifications. However, there are still significant impediments to both direct
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sequencing from C termini of proteins and specific isolation of C-terminal peptides from pro-
teins. We describe here a highly successful, de novo C-terminal sequencing method of proteins by
employing succinimidyloxycarbonylmethyl tris (2,4,6-trimethoxyphenyl) phosphonium bromide

and mass spectrometry.
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1 Introduction

Determining amino acid sequences of proteins, including
their PTM, is important in life sciences because the covalent
structures themselves are responsible for the functions of
individual proteins in living systems. MS has emerged as a
key technology for determining the covalent structures of
proteins, and two approaches based on MS, categorized as
“top-down” and “bottom-up”, have been developed [1]. The
former approach is more attractive {2, 3] because a particu-
lar series of fragment ions from the N and C terminus of an
intact protein is obtained with high sensitivity and accuracy,
by which its amino acid sequence, including PTM, is di-
rectly read out. However, it is still difficult to effectively dis-
sociate large proteins into a series of fragment ions for se-
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search, Osaka University, Suita 565-0871, Japan
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endopeptidase; Pfu, Pyrococcus furiosus; RPA, replication pro-
tein A; TCEP, tris (2-carboxyethyl) phosphine hydrochloride;
TMPP-Ac-OSu, succinimidyloxycarbonyimethyl tris (2,4,6-tri-
methoxypheny!) phosphonium bromide
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quencing, although sophisticated analyzers such as FT-ICR
and orbitrap mass spectrometers have been developed.
Therefore, the latter approach is generally used to deter-
mine the covalent structures of proteins [4]. It involves two
steps: (i) determination of the molecular weight of the target
protein as accurately as possible, (ii) structural analyses by
PMF and/or MS/MS, utilizing information from genome
and protein databases. These analyses are very useful, but
they often fail to identify post-translationally modified resi-
dues, or to detect sequence polymorphisms observed in
various protein isoforms. This is because sequence coverage
by PMF is usually less than 60% and protein databases are
still insufficiently comprehensive to effectively search for
any protein from the various creatures on the Earth. There-
fore, it is necessary to determine the complete covalent
structures of proteins by orthogonal methodologies. The
addition of information from N- and C-terminal sequencing
of proteins into databases is practically significant and is
expected to maximize the chance of identifying sequence
variants [5]. In line with this expectation, several methods
for N-terminal [6-8] and C-terminal [9, 10] sequence analy-
ses by MS have been reported, and we have proposed that
this scientific category be called “terminal proteomics” [11].

* These authors contributed equally to this work.
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The development of a simple and highly successful method
for C-terminal sequencing by MS has particularly been a
growing need for a long time.

This paper describes selective recovery and de novo se-
quencing of C-terminal fragments of proteins of interest.
The method is based on highly specific modification of the
a-amino group of peptides for attaching a positively charged
group in a pool of lysyl endopeptidase (LysC) digest of pro-
teins, and scavenging peptides having a free amino group for
isolating the desirved C-terminal fragment that does not con-
tain a free amino group.

2 Materials and methods
2.1 Materials

Chicken ovalbumin, chicken lysozyme, bovine u-casein,
horse cytochrome ¢, and iodoacetamide were obtained from
Sigma (St. Louis, MO). Tris (2-carboxyethyl) phosphine hy-
drochloride (TCEP) and succinimidyloxycarbonylmethyl tris
(2,4,6-trimethoxyphenyl) phosphonium bromide (TMPP-Ac-
OSu) were obtained from Fluka (Switzerland). LysC, sodium
hydrogen carbonate (NaHCO;), ACN, 2-propanol and TFA
were purchased from Wako Pure Chemical Industries,
(Osaka, Japan). CHCA (high-purity mass-spectrometric
grade) was obtained from Shimadzu GLC (Tokyo, Japan).
Four peptides (RKRSAE, AAKIQASFRGMHARKK,
TRDIYETDYYRK, and MHRQETVDCLK-NH2} were from
AnaSpec (San Jose, CA). A peptide (GFETVPEG-NH,) was
synthesized in house using Shimadzu peptide synthesizer
PSSM-8 by the Fmoc strategy. A recombinant of replication
protein A (RPA) complex from the hyperthermophilic
archaeon, Pyrococcus furiosus (Pfu) (PfuRPA; 1.54 mg/mL
solution containing 50 mM Tris-HCl, 0.4 M NaCl, 0.5 mM
DTT, 0.1 mM EDTA, and 10% glycerol) was provided by
Professor Ishino (Kyushu University). p-Phenylenediisothio-
cyanate (DITC) resin used in this study was obtained from
Shimadzu Corporation {Kyoto, Japan) as an itern packaged in
an ORFinder-NB Mass Sequencing Kit. Water used in all
experiments was purified using a Milli Q water Purification
System. All other chemicals were of analytical reagent grade
and were used without further purification.

2.2 Methods
2.2.1 General protocol

One hundred micrograms of sample protein was dissolved
in 23 uL of 8 M urea-50 mM NaHCO;. To the solution was
added TCEP solution (1 pL; 0.1 pmol/pL) and incubated for
1 h at 37°C, followed by addition of iodoacetamide solution
(1 uL; 0.3 pmol/uL, 1-h incubation at room temperature). To
this solution was added LysC solution (10 pg in 250 pL of
ACN-50 mM NaHCOj; 1:9), and this was left standing for
15 h at 37°C. An aliquot corresponding to 10 pmol of protein

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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was taken from the digest solution and diluted to 10 pL with
50 mM NaHCO;. To this diluted solution was added 3 pL of
1 mM TMPP-Ac-OSu [12] solution (ACN-water; 1:4), fol-
lowed by sonication in a water bath for 30 min. DITC resin
(5 mg) was pre-washed with 20% ACN solution (60 uL; three
times) and 50 mM NaHCO; (60 pL; three times). To the
washed resin the TMPP modified solution was added, which
was allowed to stand for 2 h in a water bath at 60°C. The
extraction was carried out using ACN-50 mM NaHCO; (1:9,
60 pL; twice) and 2-propanol-acetonitrile-0.1%TFA (1:1:2,
60 pL; three times). The extracts were combined and dried in
a vacuum centrifuge.

2.2.2 General protocol for proteins on gel slices

A sample protein (30 pmol) was separated by SDS-PAGE ina
12.5% acrylamide gel. The Coomassie-stained protein band
was excised and washed with 50% v/v ACN in 100 mM
NaHCO,. The washed gel piece was dehydrated with ACN
and dried in a vacuum centrifuge. To the dried gel 100 uL of
10 mM aqueous TCEP solution was added to reduce di-
sulfide bonds. This solution was incubated for 30 min at
37°C. S-alkylation was accomplished by replacing the TCEP
solution with 55 mM iodoacetamide in 100 mM NaHCO;,
After a 45-min incubation at room temperature in the dark,
the gel piece was washed with 100 pL of 50 mM NaHCO;,
shrunk by dehydration in ACN, and dried in a vacuum cen-
trifuge. The gel piece was then rehydrated with 2 nL of ACN-
50 mM NaHCO,; (1:9) containing 200 ng of LysC. After
5 min, 50 mM of NaHCO; solution (15 yL) was added to
keep the gel piece moist during digestion (37°C, overnight).
To extract the resulting peptides, 30 pL of 50% ACN con-
taining 0.05% TFA was added to the digestion mixture, and
the gel piece was sonicated in a water bath for 10 min, after
which the supernatant was collected. This extraction proce-
dure was repeated three times. The extract was combined
and lyophilized. The resulting powder was dissolved with
10 pL of ACN-50 mM NaHCO; (1:9). To this solution 1 pL of
TMPP-Ac-OSu solution (10 mM in ACN-water, 1:4) was
added and the mixture was sonicated in a water bath for
30 min. The TMPP-modified solution was added to the pre-
washed DITC resin (described above), and this was allowed
to stand for 2 h in a water bath at 60°C. The extraction was
done using ACN-50 mM NaHCO; (1:9, 60 uL; twice) and 2-
propanol-ACN-0.1%TFA (1:1:2, 60 uL; three times). The
extracts were combined and dried in a vacuum centrifuge.

2.2.3 MALDI-TOF MS

MALDI mass spectra were recorded on AXIMA CFR-plus
and AXIMA TOF? (SHIMADZU/KRATOS, Manchester, UK)
reflectron TOF mass spectrometers equipped with a nitrogen
laser (337 nm, 3-ns pulse width). All measurements were
performed in positive-ion reflectron mode. The ion accelera-
tion voltage was set to 20 kV, and the reflectron detector was
operated at 24 kV. The flight path in the reflectron mode is

www.proteomics-journal.com
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about 240 cm for both types of instruments. For MS/MS
experiments, CID was carried out using helium at a pressure
of ca. 5 x 107 mbar in the collision cell.

CHCA was used as a matrix, which was dissolved to
saturation in 50% aqueous ACN containing 0.05% TFA. A
portion (0.5 uL) of sample solution was mixed with an
equivalent volume of matrix solution on the MALDI target
plate and analyzed after drying. A double layer protocol [12]
was used for TMPP-Ac peptides. The m/z values in spectra
were externally calibrated with angiotensin II (human) and
ACTH fragment 18-39 (human) using CHCA as a matrix.

3 Results and discussion

Our project for terminal sequencing of protein has set the
goal on both of isolation and de novo sequencing of N- [8, 13]
and C-terminal peptides [14, 15] by MS. In the course of the
study, we found that TMPP-Ac-OSu [12] exhibited selectivity
exclusively for the ¢-amino group, which was more than
expected. Furthermore, because side reactions were de-
scribed but were not actually seen in mass analysis, we
thought of using this selective tagging agent for LysC digest
of protein, and amino-reactive group immobilized material.
Hence, we tried DITC resin as a scavenger of peptides having
free amino group(s), which in turn afforded good recovery of
peptides devoid of amino group(s).

A technique using the combination of LysC and DITC
resin for isolating C-terminal peptide was reported almost
two decades ago [16). In the method, the sequence determi-
nation of an isolated C-terminal peptide was carried out by
Edman method (not by MS) after cleavage of the peptide
from the resin with use of hazardous conc. TFA. Therefore,
compared with the present method, some drawbacks in the
technique can be pointed out as follows: {i) sequence analysis
by Edman reaction remains ambiguous for identifying sev-
eral amino acids as Ser, Thr etc. and post-translationally
modified residues, (if} low yield of PTH-amino acid adjacent
to the C terminus leads to difficulty for complete sequence
analysis, (iil) mixture sample can not be analyzed without
further fractionation of isolated C-terminal peptide, and
{iv) C-terminal determination is not possible if the peptide
consists of only one amino acid. With this in mind, we set
out to the investigation of selective isolation of C-terminal
peptides and their de novo sequencing with combinational
use of an a-amino group selective modifying reagent (TMPP-
Ac-OSu) and MS.

Before describing the results, we will present the outline
of our method in Fig. 1. First, the protein of interest is
digested with LysC to yield peptides that have amino groups
at both ends, but a C-terminal peptide has only the ¢-amino
group in it, If a protein is N-terminally blocked by any PTM,
the N-terminal peptide has only the e-amino group. The next
step is TMPP-Ac derivatization with TMPP-Ac-OSu to pro-
duce TMPP-Ac peptides. These peptides are selectively
modified at the o-amino group (not at the g-amino group on

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic overview of the method. A protein is first
digested with LysC to yield peptides incorporating amino groups
at both ends but the C-terminal peptide contains only an a-amino
group. This is followed by selective attachment of the TMPP-Ac
moiety to a-amino groups, and isolation of the C-terminal pep-
tide using a DITC resin.

the lysine residue). Hence, the resultant modified peptides
have free amino groups at their lysine residue, but the C-ter-
minal peptide itself has no free amino group left. In the final
step, peptides with free amino groups are attached covalently
to the DITCresin, and the C-terminal peptide thus recovered
in the supernatant solution is subjected to de novo sequenc-
ing analysis by MALDI-MS.

The results obtained are described using (i) model pep-
tides, (ii) model proteins, and (iii) a recombinant protein
(PfuRPA).
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3.1 Model peptides

Proteomics 2008, 8, 1639-1550

terminus. It was expected that peptide (2) would be isolated
after treatment with DITC resin. Fifty microliters of equi-

To demonstrate the usefulness of the method, we tried this molar solution of these five peptides (2 pmol/uL each) was
strategy using model peptides. Five peptides were used for a prepared, and to this solution was added TMPP-Ac-OSu so-
model peptide mixture (1) RKRSRAE (m/z 901.5), (2} lution (5 pL of 1 mM solution in ACN-watey, 1:4). The solu-
GFETVPETG-NH, (m/z 934.4), (3) MHRQETVDCLK-NH, tion was then sonicated in a water bath for 30 min. An ali-
(m/z 1357.7), (4) TRDIYETDYYRK (m/z 1621.8), and (5) quot (4 pL) was taken and treated with DITC resin for 2 h at
AAKIQASFRGHMARKK (m/z 1799.0). Peptide (2} is devoid 60°C. Figure 2 presents the MALDI-MS spectra of the equi-
of lysine residue and thus has only one amino group atits N molar mixture of the five peptides before and after TMPP
1623.0
100 ] (a)
4
%0
&
70 1
&
50 5
1800.2
40
1 3
30 2
13581
n
0
o " . H At . ALJ N
200 1000 1100 1200 1300 1400 1500 1800 1700 1800 1909
1508.9
" (b)
o
& 1 Figure 2. MALDI-TOF mass
spectra before and after TMPP-
70 Ac modification of the mixture
of five model peptides. The five
&0 peptides are as follows: (1)
RKRSRAE (m/z 901.5); (2}
I GFETVPETG-NH, (m/z 934.4);
{3) MHRQETVDCLK-NH, {(m/fz
© 1357.7); (4) TRDIYETDYYRK (m/z
1621.8); (5) AAKIQASFRG—
1 HMARKK (m/z 1799.0). Panel (a)
0 shows the spectrum before
\ TMPP-Ac modification, while (b)
20 3 4 shows the signals of TMPP
14758 5 modified peptides after TMPP-
10 19321 21960 Ac modification. The x-axis and
23733 y-axis represent m/z and %
" » L
0 ; ok ; ? ; he ey, her intensity, respectively, for all
1400 1633 1600 1700 1800 1900 2000 2900 2200 Z300 2400 2500
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mass spectra.
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modification. Side reactions at the potential reactive sites
on the residues of Tyx, Lys, Thr, and Ser were not actually
observed (data not shown). In Fig. 2a peptide (2) has the
least intense peak before TMPP-Ac modification. In
Fig. 2b, however, the modified peptide (2) has the most
intense peak after the modification. If a peptide devoid of
Arg and/or Lys residue in its sequence is modified with a
TMPP-Ac reagent, the signal intensity in MALDI-MS can
be enhanced. TMPP-Ac peptide (2) was cleanly recovered
from the mixture of TMPP-Ac peptides, as depicted in

15088

ey . ;

Isolated TMPP-peptide 2

Technology 1543
Fig. 3a. The CID spectrum was acquired (Fig. 3b) for se-
quencing the TMPP-Ac peptide. Relatively simple frag-
mentation was observed, which was enough for de novo
sequencing [17-19]. In addition to the readout of the
sequence using a-type ions, several characteristic fragmen-
tations were observed, including ds/d; (-58), d,/dg (-16),
and ds (-14), which can be very helpful for assigning the
residues [20]. The peak of m/z 573 is derived from one of
the common reagent-related background ions [TMPP-
CH=COJ* [12).
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3.2 Model proteins

The model proteins used were lysozyme (chicken), ovalbu-
min (chicken), cytochrome ¢ (horse), and a-casein (bovine).
Both the lyophilized powder and the excised gel strip
obtained after purification by SDS-PAGE of each protein
were used as starting material. For the solution phase
experiment, 10 pmol of each LysC digest was used for the
TMPP-Ac modification, followed by DITC resin treatment
for the selective recovery of the C-terminal peptide. To pre-
pare 1-D-separated gel samples, 30 pmol was applied to the
gel, and each stained band was excised after separation. The
resulting gel pieces were treated with LysC, TMPP-Ac
reagent and DITC resin as described in Section 2.2.1. In this
protocol, amino group-containing reagents were avoided be-
cause they may consume the NCS group on the resin. Figure
4 presents the MALDI-TOF mass spectra of their isolated C-
terminal fragments. Figures 4a and b depict gel-started
results, and the other two figures depict solution-started
results. Isolation was successful regardless of whether gel
pieces or solutions were used as the starting material. Their
C-terminal peptides are GTDVQAWIRGC*RL (lysozyme,
m/fz 1530.8: *S-alkylated with iodoacetamide), HIATN-

e

Rl
(a) C-terminal fragment

a7
Coerminal fragment
"1 (©) , i

MR TEn owWn @r We MpO&E MR TR |V TN PR Mn ME A Aan

Proteomics 2008, 8, 1539-1550

AVLFFGRC*VSP (ovalbumin, m/z 1787.9: *S-alkylated with
iodoacetamide), ANTE (cytochrome ¢, m/z 433.2), TTMPLW
(v-casein S1, m/z 747.4), and VIPYVRYL (o -casein S2, m/z
1021.6). The C-terminal peptides of lysozyme, cytochrome ¢
and ovalbumin were sequenced in CID mode using a
MALDI-TOF mass spectrometer. The spectra are plotted in
Fig. 5. Sequencing was performed using mainly a-type ions
and using the structural information from characteristic d-
type ions that occurred due to the elimination of the side
chain from certain amino acid residues. For example, Fig. 5a
plotted the CID spectrum of the C-terminal fragment of
lysozyme, in which d-type ions are formed on Thr (-16), Asp
(-44), Val (-14), Gln (-57), Ile (-28), Arg (-85), Cys (-104: S-al-
kylated with iodoacetamide), and Leu (-42). The d-type ions
are very helpful for de novo sequencing [20}.

Two peaks were observed for o-casein (Fig. 4d) because it
consists of two components (S1 and S2), which indicates that
protein mixture (e.g. hetero-oligomeric complex consisting of
multiple subunits) can be analyzed with this strategy.

The isolation of C-terminal peptide and its de novo se-
quencing were successfully carried out using the four model
proteins. Hence, we next used a recombinant protein con-
sisting of three subunits to analyze their C-terminal peptides.

WA

g
(b) C-termiinal fragment

3T e n il W% . Zn  #Av  am et GRS G e D

- 13216
(d) C-lerminal fragment of S1

yeae

2 ; /C«termlnal fragmant of 52

£ ne e Y o ki nn o - A0 A m:,

Figure 4. MALDI-TOF mass spectra of the isolated C-terminal peptides from four model proteins. (a) The isolated peptide from lysozyme.
(b} The isolated peptide from cytochrome c. {c} The isolated peptide from ovalbumin. (d) The isolated peptide from a-casein.
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Figure 5. CID spectra of the isolated C-terminal peptides from lysozyme (panel a), cytochrome ¢ {panel b},
ovalbumin {panel ¢}.

3.3 Recombinant protein

We then examined the method using a recombinant protein
(PfuRPA) [21], consisting of three subunits, RPA14, RPA32,

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and RPA41. Figures in the abbreviations indicate their mo-
lecular weights.

The recombinant protein was first analyzed without
separation into subunits. The whole protein (100 pg) was

www.proteomics-journal.com
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processed through reduction and S-alkylation, followed by
digestion with LysC (10pg) in 250 uL of ACN-50 mM
NaHCO3 (1:9). An aliquot (50 pL) was then treated with
TMPP reagent, and one-tenth of the resulting mixture was
added to 5 mg of DITC resin.

The results of TMPP-Ac modification and selective
recovery of the three C-terminal peptides are depicted in
Fig. 6. Among the many TMPP-Ac peptides that appeared
after TMPP-Ac modification (Fig. 6a), the three objective C-
terminal peptides were selectively recovered with DITC resin
(Fig. 6b}.

We next used three subunits of the recombinant protein
separated on gel: 25 pg of the protein was applied for the
separation on gel. After separation, the excised gel pieces
were processed through reduction/S-alkylation, digestion
{LysC), TMPP-Ac modification, and isolation with DITC

Proteomics 2008, 8, 1539-1550

resin. Figure 7 presents MALDI-MS spectra at the stages of
TMPP-Ac modification (Figs. 7a, b, ¢} and isolation (Figs. 7d,
e, f). These experiments demonstrated the successful isola-
tion of the C-terminal peptides, regardless of the methods
used for sample preparation. The three C-terminal peptides
were sequenced by MALDI-TOF-MS. Their CID spectra are
shown in Fig. 8. The sequence readouts of the C-terminal
peptides derived from RPA14 (Fig. 8a) and RPA32 (Fig. 8b)
are consistent with their reported C-terminal sequences. The
sequencing was performed using a-type and d-type ion sig-
nals (Ile, Leu, Gln, Glu, Arg, Val, Met, etc.). The signals of the
d-type ions were quite helpful in the sequencing [20}.

In the case of the C-terminal peptide of RPA41, no sig-
nificant fragmentation peaks were observed in the CID
spectrum (data not shown), hence its sequencing failed. This
seemed attributable to the highest basicity of the arginine
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Figure 6. MALDI-TOF mass spectra for
K PESTY C-terminal peptides isolated from
PfuRPA protein complex. MALD-TOF
x mass spectrum (a) after TMPP modifica-
tion of the LysC digest, (b} after isolation
» of three C-terminal peptides using DITC
- resin. Arrows indicate signals of the C-
® \ terminal peptides derived from the three
0 W RN , subunits, RPA14, RPA32, and RPA41 of
) R R R e A I . R T PfuRPA.
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