Biomarker Discovery by Integrative Proteo-Transcriptomic Mapping

further optimized using paraffin-embedded cell line blocks as
positive controls, following a cell line processing protocol akin
to routine clinical samples. Briefly, MCF-7 breast cancer cells
were cultured in 75 ml flasks, and upon confluence, the
cells were trypsinized and spun down. Immediately, the cell
pellets were incubated with formalin for 20 min and paraffin-
embedded. To evaluate antigen expression, protein subcellular
location information was obtained from either: (1) datasheets
attached to the commercially available antibodies and predic-
tion using bioinformatic analysis,* or (2) in-house Western
blotting experiment on MCF-7 cells subcellularly fractionated
using the Calbiochem’s Subcellular Proteome Extraction Kit
(Merck). Step (2) was essenual in correlating the antibody
expression on positive control tissues to the tissue microarrays,
to ensure appropriate biological interpretation. Each primary
antibody was applied for 30 min at room temperature, and the
detection of bound antibody was accomplished with the DAKO
Envision Kit (DAKO, CA). The slides were dehydrated in a series
of solutions: 70% ethanol, 95% ethanol, 4« 100% ethanol, and
2. xylene and mounted for visualization. Further information
regarding the IHC analysis, that is, antigen retrieval method
selection, source of primary antibodies, primary antibody
titering, and protein subcellular localization, Is presented in
Table 2. To ensure homogeneity on the scoring methods, all
TMA slides were examined and scored by a single pathologist
[MST) using the scoring system ol 0 1o 3. Statistical associations
of immunchistochemical staining patterns between tumors and
normals were determined using a Fisher test.

Results

Proteomic Analysis of Breast Cancer Cell Lines. Figure |
illustrates the schematic of our integrated proteo-transcrip-
tomic approach for breast cancer biomarker discovery, dem-
onstrating the effect of biomarker shortlisting We prepared cell
lysates from two breast cancer cell lines (MCF-7 and HCC-38)
and a normal control cell line (CCD-10595k) and separated the
proteins by 2DE using narrow-ranged pH IPG strips for pH
ranges 4-7 or pH 6-9, on 10% isocratic SDS-PAGE slab gels.
To minimize gel-to-gel variation, we used a Bio-Rad Dodeca
Cell system, running up to 12 24-cm slab gels simultaneously.
Deep Purple dye was used for posigel fluorescence labeling,
and guantitative gel image analysis was performed using the
PDQuest image analysis software (Supplementary Figures S1
and S2 in Supporting Information). In total, three indepen-
denily grown batches of cell line samples were subjected to
proteome analysis, with a gel spol concordance between the
three independent batches of close to 90% (data not shown).
The protein sets described in Table 1 are based on the baich 3
samples. We performed large-scale protein identification,
excising a total of 2548 protein spots from the 2DE gels of the
3 cell lines using the Xcise robotic gel processing system. To
increase the protein identification rate, at least 3 spots of the
same protein from replicate gels were pooled and processed
for MS analysis. A total of 1724 protein spots representing 484
different protein species were positively identified by PMF, a
success rate of approximately 67%. Table | summarizes the
number of protein spots identified in each sample. The an-
notated 2DE reference maps of the 3 cell line proteins are
available in Supplementary Figures S3—58, and the complete
list of identified proteins in Supplementary Table S1 In Sup-
porting Information. Some gel spots contained more than one
protein, perhaps representing comigrating proteins with similar
primary structures or molecular weights. For example, spot
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HCC38_pH4-7_087 was Identified as wbulin alpha-1 chain
(TBA1_HUMAN) or wbulin alpha-6 chain (TBA6_HUMAN),
both proteins share some identical peptides, while spot
HCC38_pH4-7_476 contained wwo different proteins of Annexin
A5 (ANX5_HUMAN) and Cytokeratin 10 (KICI_HUMAN)
(Supplementary Table S1 in Supporting Information) which
have similar molecular weights. The proteins, including iso-
forms and variants, were then grouped into 13 categories based
on their functions (Figure 2), including cytoskeleton and
associaled proteins, metabolic enzymes, molecular chaperones/
heat shock proteins, membrane-associated proteins with mul-
tiple activities, calclum-binding proteins with EF-hand domain,
proteins with binding functions, protein biosynthesis, nucle-
ofide biosynthesis, cell growth and proliferation regulators,
protein degradation and detoxification, and redox proteins.®*
Proteins with fragments or uncertain functions were placed
under the category of ‘others’. We found that the majority of
the proteins were metabolic enzymes (35%), followed by
cytoskeleton and associated proteins (12%) and molecular
chaperones/heat shock proteins (10%). These functional clas-
sifications, however, should be treated with caution as they are
subject to change, and some proteins may have multiple
functions. We also found that over 50% of the protein species
identified in this study contained isoforms or varlants. For
Instance, gamma actin (ACTG_HUMAN) contained as many as
27 isoforms (Supplementary Table $1 in Supporting Informa-
tion). The biological significance of isoforms is well-known'®
however, they are nol our focus in the current work.

To identify differendally expressed proteins, we applied the
Students  test on the protein spot stain intensity data to
compare the MCF-7 and CCD-1059Sk protein profiles. Here,
the replicates used In this comparison were all technical
replicates (o control for technical variations associated with the
proteomic platform (e.g., gel casting, gel running, staining, etc.).
There was no mixing of biological and technical replicates. For
the pH 4-7 gels, we selected the top 200 spots ranked by their
p-values. The maximum p-value for these spots was 0.0035 (ie.,
all p-values < 0.0035), of these 200 spots, 108 had valid Swiss-
Prot 1Ds and annotations. Similarly, for the pH 6-9 gels, we
selected the top 200 spots, which were all associated with
p-values < 0.0014. Of these, 82 spots had valid Swiss-Prot 1D
and annotations, Collectively, the 190 spots (108 + 82) cor-
responded to 64 unique proteins from the pH 4-7 gels and 57
unique proteins from the pH 6-9 gels, with 10 proteins
overlapping between the two pH ranges. By combining data
from the two pH ranges, we derived a final list of 78 overex-
pressed and 32 underexpressed proteins in MCF-7 relative to
CCD-10595k. We then performed the same procedure to
compare the HCC-38 and CCD-10595k protein profiles. Select-
ing the top 200 differently displayed protein spots (p < 0.0067
for pH 4-7 and p < 0.00094 for pH 6-9), we identified 62
differentially expressed proteins from the pH 4-7 gels (62
unique proteins) and 60 differentially expressed proteins from
the pH 6-8 gels. By combining data from the pH ranges, we
derived a final list of 81 overexpressed and 31 underexpressed
proteins in HCC-38 cells compared 1o controls. A total of 56
proteins were found to overlap between the MCF-7 (110; Table
S2 in Supporting Information) and HCC-38 (112; Table S3 in
Supporting Information) protein comparisons, Of these, 35
proteins were commonly overexpressed when compared to
CCD-10595k; 18 proteins were commonly underexpressed, and
3 proteins were discordant. A complete list of the differentially
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Figure 1. Schematic of an integrated protec-transcriptomic ap-
proach for breast cancer biomarker discovery. Numbers in
parentheses represent the number of proteins or mANAs after
each filtering step.

expressed spots and their protein identities is presented in the
Supporting Information,

Biomarker Prioritization by Proteo-Transcriptomic
Mapping. We then integrated the proteomic information with
gene expression data. First, we focused on the 78 overexpressed
and 32 underexpressed proteins in MCF-7 relative 10 CCD-
10598k (Supplementary Table $2 in Supporting Information).
Using Affymetrix U133_plus chip annotations and matching
Swiss-Prot 1Ds, we mapped these differentially expressed
proteins (o their corresponding mRNA counterparts and identi-
fied two sets of microarray probes: one set ('MCF-7 upregu-
lated’) corresponding to MCF-7 up-regulated proteins (198
probes), and a second set (‘MCF-7 downregulated') corre-
sponding to MCF-7 down-regulated proteins (84 probes). We
then ranked all ~50K probes on the microarray according to
their strength of differential gene expression between MCF-7
and CCD-10598k, and used Gene Sel Enrichment Analysis
(GSEA) to examine the distribution of the two "MCF-7 upregu-
lated” and ‘MCF-7-downregulated’ probe sets against the
ranked list. GSEA is a recently described powerful method for
testing the coordinated over or underexpression of sets of genes
using the Kolmogorov-Smirnov test over a weighted summa-
tion.** We found that the “MCF-7 upregulated” probes were
significantly enriched in genes exhibiting elevated gene expres-
sion levels in MCF-7 compared to CCD-10595k cells (p < 0.001),
indicating a good concordance between the proteomic and
transcriptomic data. Likewise, the "MCF-7 downregulated”
probe sel was significantly enriched in genes exhibiting de-
creased gene expression in MCF-7 compared to CCD-1059Sk
cells (p < 0.001) (Figure 3A). We then performed a similar
analysis for the "HCC-38 upregulated” and “HCC-38 down-
regulated” probe sets, corresponding to the 81 overexpressed
and 31 underexpressed proteins in HCC-38 cells compared to
controls (Supplementary Table $3 in Supporting Information).
The "HCC-38 upregulated” probe set (195 probes) was signifi-
cantly enriched In genes highly expressed in HCC-38 cells (p
< 0.001), while the "HCC-downregulated” probe set (71 probes)
was significantly enriched in genes exhibiting decreased ex-
pression in HCC-38 cells (p < 0.001) (Figure 3A). These results
indicate that a significant proportion of differentially expressed
proteins (79-82%) identified in the 2DE/MS analysis are also
associated with concomitant alterations in mRNA expression.
By focusing on these concordantly expressed proteins, we were
able to further shortlist the list of putative biomarker candidates
to B7 proteins for MCF-7 versus CCD-10595k and 92 proteins
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for HCC-38 versus CCD-10598k, respectively. These proteins
were then combined into a single list, representing 30 under-
expressed and 105 overexpressed proteins differentially ex-
pressed between cancer and control cells.

To move beyond the in vitre cell line setting, we then
prioritized the biomarker candidates by identifying proteins
whose cognate genes were differentially expressed at the gene
expression level between primary human breasi tumors and
normal breast samples. We constructed a training mRNA data
sel of 39 primary tissue samples (7 normal and 32 wmors),
and used a combination of a Support Vector Machine (SVM)
machine learning algorithm, coupled with 100 cross-valiation
runs, to identify biomakers that could robustly discriminate
between breast tumors and normal tissues. The SVM identified
nine biomarkers for further evaluation, including Annexin |
(ANXI_HUMAN), Alpha basic-Crystallin (CRAB_HUMAN),
6-phosphogluconolactonase (6PGL_HUMAN), F-actin capping
protein alpha-2 subunit (CAZ2_HUMAN), type II cytoskeleral
7 (K2C7_HUMAN), Lamin B1 (LAM1_HUMAN), Transketolase
[TKT_H1IMAN), Serine/threonine-protein kinase PAK 2 (PAK2_
HUMAN), and 268 proteasome non-ATPase regulatory subuni
2 (PSD2_HUMAN). Of these nine candidates, ANX1 and CRAB
were down-regulated, while the rest were up-regulated in breast
cancer cells (Table 2). Importantly, the gene expression patterns
of the top nine biomarkers were concordant between the cell
lines and human tumors. To further validate these nine
biomarkers, we then assessed their ability to further classify
an independent test set of 36 tissue samples (31 umors and 5
normals) (Figure 3B). As shown in Figure 3B, the nine biom-
arkers could unambiguously differentiate all the tumor and
normal samples in the test data set, indicating that they are
relatively robust.

Validation of Potential Biomarkers by Tissue Microarray
Analysis. Our decision 1o select the top nine biomarkers out
of 179 was motivated by the empirical need to select a small
set of candidate biomarkers for subsequent immunohistochem-
ical validation. To validate the potential biomarkers at the
protein level, we performed an immunochistochemical (IHC)
analysis of the biomarkers on an independent breast cancer
tissue microarray (TMA) of approximately 100 breast tumors
and 100 normal breast tissues. Of the nine biomarker candi-
dates, we purchased commercial antibodies for five (ANX1,
CRAB, K2C7, LAM1, PAK2) and generated custom antibodies
for the remaining four (6PGL, CAZ2, TKT, PSD2). Prior to IHC,
the antibodies were optimized against paraffin-embedded cell
line blocks, inferring the likely subcellular localization of the
biomarker from either vendor-provided data (for commercial
antibodies), prediction using bioinformatic analysis, ™ or West-
ern blotting experiments using subcellularly fractionated cell
line lysates {see Materials and Methods). Of the nine biomarker
candidates, four (ANX1, CRAB, 6PGL, and CAZ2) were success-
fully validated on the TMA as bona fide differentially expressed
proteins between normal breasts and breast umors (Table 2).
With the exception of ANX1 where a previous association with
breast cancer has been demonstrated,®* 2 the other three
proteins (CRAB, 6PGL, and CAZ2) represent novel breast cancer
biomarkers.

The TMA analysis for ANX1 revealed that it was strongly
expressed in normal breast tissues (10%), while 88% of the
breast tumors exhibited positive staining only in fibroblast cells
but not in wmor cells (Figure 4A,B, p=4 - 107, Fisher test).
These findings confirm previous reports that only the stromal
cells in tumors, but not the epithelial cells, are reactive against
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Figure 2. A tolal of 484 different protein species were identified from

the 3 breast cell lines (MCF-7, HCC-38, and CCD-10595k). Their

functional distributions are grouped into 13 categories. These categorizations should be treated as peneral divisions, as one major
function to each protein, However, some proteins can have multiple functions and may belong to multiple functional categories.
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Figure 3. (A) Gene set enrichment analysis of differentially expressed proteins in mRNA expression data. (Left panel) Proteins identified
by comparison between MCF-7 and CCD-10595k; (Right panel) Proteins identified by comparison between HCC-38 and CCD-10595k.
The genes are ranked based on the ratio of their differential gene expression between control and cancer cell lines. The significantly
differentially expressed protein spots were mapped to their corresponding mRNAs and used as test groups against the ranked gene
lists by GSEA (see Materials and Methods). (B) Principal component analysis (PCA) of mRNA expression of nine biomarkers in an
independent test set, including 5 normal and 31 tumors. The brown spots represent normal samples, while blue spots are tumor
samples. Using nine biomarkers, normals are clearly distinguished from tumors.

the ANX1 antibody,™ and are consistent with proposals that
ANX1 might be an endogenous suppressor of cancer develop-
ment*” Similarly, CRAB was expressed in only 5 out of 98 breast
tumor tissue cores, while all 98 normal tissues exhibited strong

D,
F
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CRAB expression in the myoepithelial cells of the normal ducts
(Figure 4C,D, p=3 - 107*). Interestingly, the five breast tumor
tissues exhibiting positive CRAB staining were all ER negative
samples, a class of tumors proposed to have a myoepithelial
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Figure 4. TMA analysis of breast cancer biomarker candidate expression, (A) Strong positive ANX1 staining in the myoepithelial cells
of normal breast tissues, while (B) 88% of the breast cancer tissues show negative ANX1staining. (C) Strong positive CRAR staining
in the myoepithelial cells of normal breast tissues, while (D) 96% of the breast cancer tissues show negative CRAB staining. (E) All of
the normal breast tissues showed a score of 1 or 2 for 6PGL staining, while (F) 98% of the breast cancer tissues show strong (2 or 3)
positive BPGL staining. (G) Majority of the normal breast tissues showed negative CAZ2 staining, while (H) 89% of the breast cancer
tissues show strong positive CAZ2 staining. Insets are zoom-in images highlighting the respective protein expression patterns in breast

tissue cells,

arigin *' Conversely, 6PGL was lowly expressed in all the normal
breast tissues (Intensity scores 1-2), while 98% of the breast
cancer tissues exhibiled strong positive 6PGL staining (scores
2-3) (p =17 - 107*"). In the cancer cells, 6PGL was largely
expressed in the cytoplasm, consistent with bioinformatic
predictions. Finally, CAZ2 was expressed in 69% of the tumor
tissue cores (58 out of 84) also in a predominantly cytoplasmic
location. Specifically, 15.5% of the tumor cores showed score
3 staining, 16.7% showed score 2 staining, and 36.9% showed
score 1 staining. In contrast, the majority of normal tissue cores
showed negative staining, with only occasional samples show-
ing score 1 positive staining (Figure 4GH, p = 2.6 - 109,

Discussion

In this report, we used a proteo-transcriptomic integrative
strategy for the rapid discovery of new cancer hiomarkers.

Mirroring the clinical reality that most currendy approved
biomarkers are likely to be protein-based, a major strength of
our approach lies in the combining the direct visualization of
differentially expressed proteins with the high-throughput scale
of gene expression profiling. Although several studies have
previously attempted to combine proteomic data with gene
expression from bacteria,*** yeast,™ cell lines,'®* animals,**
and humans,” comparatively fewer studies have attempted to
utilize such integration efforts for the purposes of biomarker
candidate prioritisation and discovery.*” Using breast cancer
as a case example, we combined 2DE/MS proteomic maps of
cancer (MCF-7 and HCC-38) and control (CCD-10595k) cell
lines with gene expression databases of cancer cell lines and
primary breast tumors to identify nine selected biomarker
candidates. From these, we reidentified ANX1, a protein
previously reported to be differentially expressed in breast
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cancers and normal tissues, and validated three other novel
candidates, CRAB, 6PGL, and CAZ2, as bona fide differentially
expressed proteins by immunochistochemistry on breast tissue
microarrays. In total, close to half (4/9) of our protein bio-
marker candidates were successfully validated. It is worth
noting that the bulk of the analytical pipeline prior to the final
validation step did not require focusing on individual proteins.
We thus believe that our approach is likely to be highly
competitive compared to other biomarker identification strate-
gles in terms of cost, throughput, and efficiency.

The initial step in our approach involved the delineation of
a large set of differentially expressed proteins that were
subsequently prioritized and refined. We elected to use cancer
cell lines for this purpose, so as o minimize contributions from
nontumor cellular compartments, and to maximize the ability
of our candidate list to represent tumor-centric proteins,
Indeed, the 2DE/MS analysis reported in this study represents
the most comprehensive proteomic investigation of breast
cancer cell lines ever reported using a 2DE/MS platform,
dramatically exceeding the closest previous study where 162
proleins (including isoforms and variants) were identified **
Notably, when the differentially expressed cell line proteins
were treated as a collective set, they did not exhibit a significant
concordance with primary tumor gene expression data when
analyzed by GSEA. This lack of global concordance, which
persisted even after the cell lines proteins were filtered by cell
line mRNA data, is likely due to the many differences between
in vitro cultured cell lines and primary tumors. In our strategy,
we thus deliberately introduced an extra filtering step where
candidate biomarkers were further stratified by their concor-
dance to primary tumor gene expression (see Figure 1). This
resulted in nine biomarkers being finally chosen for final
validation on the basis of their concordant gene expression
patterns berween cell lines and primary tumors. One potential
criticism of our study might be its reliance of 2DE/MS, which
has acknowledged limitations in detecting proteins that are
lowly expressed (sensitivity) or associated with extreme p/and
MW.*® However, there is no conceptual reason why our
approach should not be transportable to other newer genera-
tion proteomic technologies, such as shotgun-based proteom-
ics™ and stable isotope labeling proteomics,'™*° so long as the
candidate proteins are identified before the mRNA integration
step. It is also important to note that, while we elected to use
a particular set of analytical algorithms in our strategy, other
methodologies can also be applied. For example, the gene
ranking step in our study was performed using a Support Vector
Machine, as this algorithm has been used in many other gene
expression studies.*! However, this does not rule out the use
of simpler methods such as a Venn diagram analysis lo perform
the ranking. Future work should be focused on defining the
mosl accurate and efficient set of analytical methods for this
approach.

Of the nine biomarker candidates, four proteins including
ANX1, CRAB, 6PGL, and CAZ2 successfully passed the TMA
validation. ANX1 is a member of the annexin family of calcium
and phospholipid-binding proteins, which are involved in
diverse biological processes including signal transduction,
mediation of apoptosis, and immunosuppression.?” Interest-
ingly, the exact expression status of ANXI in breast cancer is
controversial. While some groups have reported that ANX1
expression is undetectable in breast cancer cells, Ahn et al.
recently reported that ANX1 was generally expressed in various
types of breast cancers, including noninvasive ductal carcinoma
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in siru (DCIS), invasive and metastatic breast umors ® The
prateomic and gene expression results of our current study
strongly suggests that ANX1 is down-regulated in breast cancer
cells and only detected in the stromal cells of tumors, consistent
with proposed models where ANX1 may play a critical role in
maintaining normal breast biology*? Similar to ANX1, we also
identified CRAB as a down-regulated protein in tumors, CRAB
belongs o the small heat shock protein HSP20 family and is a
well-known structural component of the eye lens.** A potential
role for CRAB in cancer development has been suggested as it
was previously found to be down-regulated in anaplastic
thyroid carcinomas.® We found that CRAB was strongly
expressed in normal breast tissues line as compared to the
majority of breast umors. Interestingly, we detected CRAB
expression in five breast tumors that were ER negative.
Recently, CRAB expression was reported to associate with the
basal-like subtype of human breast wmor™** which are
typically ER negative. The potential role of CRAB in the
development of ER negative breast cancer deserves to be
further studied.

We identified 6PGL and CAZ2 as (wo proteins up-regulated
in tumaors. 6PGL is a well-known enzyme involved in glucose
metabolism. Although there is no current evidence directly
relating 6PGL to cancer, its high expression in tumors may
contribute to the ‘Warburg effect’ where tumors undergo a
metabolic shift from fermenting glucose (o lactaie even in the
presence of oxygen (aerobic glycolysis).*® 6PGL expression has
been associated with pentose phosphate pathway (PPP) activity
in several species,*”** and the PPP regulates glucose conversion
to ribose for nucleic acid synthesis and glucose degradation 1o
lactate. Interestingly, besides being simply a metabolic end-
product, lactate has been proposed to directly mediate tumor
invasion through the promotion of angiogenesis, the proteolytic
cleavage of matrix proteins, and inhibition of the immune
responses.’” Finally, CAZ2 binds to the fast growing ends of
actin filaments (barbed end) in the presence of Ca®", thereby
blocking the exchange of subunits al these ends. CAZ2 has been
reported to be amplified in glioblasiomas®* and F-actin
capping protein has been identified as one of the potential
tumor associated antigens (TAA) in human renal cell carcinoma
(RCC). It is possible that CAZ2 may play a role in regulating
tumor-specific aspects of cell motility.

It is also worth revisiting the five biomarker candidates that
failed to pass the TMA validation. Four of these, including K2C7,
LAM1, TKT, and PSD2, were initially identified as differentially
expressed proteins in the proteo-transcriptomic pipeline but
ultimately showed equally positive IHC staining on both tumor
and normal tissues. There could be several reasons for this
discrepancy. For example, although TKT was selected by
proteo-transcriptomic analysis as an up-regulated caner bio-
marker, the TMA analysis revealed that ils expression was
equally strong in both tumor and normal cells. This could be
due to differences between in vifro and in vivo growth.
Alternatively, since breast tumors typically contain higher
relative proportions of epithelial cells than normal controls that
comprise predominantly of stromal tissue,* this difference in
relative proportions might have resulted in relatively greater
amounts of TKT protein/mRNA being extracted from tumor
cells. Finally, while PAK2 protein was detected In cell lines, we
did not identify PAK2 in a preliminary 2DE analysis of breast
cancer tissues (data not shown), which is consistent with the
negative staining results in the breast TMA. Thus, PAK2
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expression may be induced during in vitro growth and may
only be present in certain breast cell lines.

In conclusion, we have in this report used a novel integrated
proteo-transcriptomic analytical pipeline to successfully re-
confirm one biomarker and to identify three novel potential
biomarkers for breast cancer. We acknowledge there are some
limitations in the current work. First, although our 67% protein
identification rate is generally acceptable, several highly ranked
protein spots were excluded from the analysis because they
were not identified. Thus, improving the protein identification
rate by, for example, implementing MS/MS peptide sequencing,
would definitely enhance the process of biomarker selection.
Second, only three cell lines were used in this proof-of-concept
study, and a larger number of cell lines will undoubtedly be
required to accurately capture the molecular heterogeneity of
breast cancer. We believe that all are readily solvable deficien-
cies. Thus, with fine-tuning, this versatile strategy may also
prove valuable for biomarker identification in other cancer
types for either molecular diagnostics or therapeutic applications.

Abbreviations: ER, estrogen receptor; GSEA, Gene Set En-
richment Analysis; SVM, Support Vector Machine; TMA, tissue
microarrays; [HC, immunchistochemical analysis.
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= after digestion by metall

A novel method for isolation mddc novo sequencing ol N-terminal peptides from proteins is described.
The method presented here combines selective chemical tagging using succinimidyloxycarbanylmethyl
tris(2.4.6-rimerhaxyphenyl jphosphonium bromide (TMPP-Ac-0Su) at the N*-aminao group of peptides

Keywords:

Mass qu:mm;euy
N-terminal medification

hyl eris{2.4.6-

peptidase (from Crifola frondosa) and selective capture procedures using

_ p-phenylenediisothiocyanate resin, by which the N-terminal peptide can be isolated, whether ar not it
oo’ is N-terminally blocked. The isolated N-terminal peptide modified N-terminally with TMPP-Ac-05u
reagent produces a simple fragmentation pattern under tandem mass spectrometric analysis to signifi-
cantly facilitate sequencing.

© 2008 Elsevier Inc. All rights reserved.

Analyzing amino acid sequences of proteins is highly important
in the life sciences because the covalent structures are responsible
for the biological functions of individual proteins, A “bottom-up”
(or “shotgun™) approach is generally used to determine covalent
structures of proteins [1). This usually involves peptide mass fin-
gerprinting (PMF)" |2-5] or MS/MS ion search |6,7]. However, a ma-
ture protein formed under particular physiological conditions in cells
or organs is usually altered from that expected from the DNA se-
quence alone because of processes such as splicing and shuffling of
the gene or mRNA, and/or the various posttranslational modifica-
tions (PTMs) that occur in newly expressed proteins [8]. Therefore,
widely used methods such as PMF and MS/MS ion search often fail
to identify posttranslationally modified proteins or to detect se-
quence polymorphisms observed in various protein isoforms be-
cause the database is insufficiently comprehensive for an effective
search for any type of protein.

The superiority of de novo sequencing using N- and C-terminal
peptides (“terminal proteomics”) has been stressed because of
the global applicability of sequencing peptides to structural deter-

* Corresponding author. Fax: +81 6 6879 4320.
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' Abbreviations wsed: PMF, peptide mass fingerprinting; PTM. posttranslational
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succink Y i thyl tris(2.4.6 h “n yiip phoni s ide:
DITC. p-phenylenediisothiocyanate: TCEP, tris(2 xyethy phine hydrochl
ride; TFA, trifluorcacetic acid; CHCA, a-cyano-4-hydroxycinnamic acid; MDPNA
methanediphosphonic acid; CID, collision-induced dissociation; MALDI, matrix-

isted laser descrption/i Tof, time of flight; MS/MS, tandem mass
spectrometry.
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mination and/or protein identification |9]. One of the most advan-
tageous [eatures of terminal sequencing is that as few as four
residues from an N-terminal amino acid sequence have proven sul-
ficient for specifying 43 to 83% of proteins, and those from the C-
terminal counterpart raise the success rate to 74 to 97% of proteins
[10]. Hence. de novo sequencing of terminal parts of a protein al-
fords much higher fidelity and throughput.

Recently we developed a method for specific isolation of C-ter-
minal peptides from proteins and their de novo sequencing [11].
This method is as follows: (1) proteolytic digestion of a protein
with lysyl endopeptidase (LysC) to produce peptides having a-
and £-amino groups except for the C-terminal peptide, which has
only an «-amino group at its N-terminus; (2) modification of the
N%.amino groups of resulting peptides with TMPP-Ac-OSu
|12.13] to yield TMPP-Ac peptides in which the C-terminal peptide
incorporates no free amino group; (3) binding of the resulting pep-
tides with a free e-amino group to p-phenylenediisocyanate resin
(DITC resin) to produce an unreacted C-terminal peptide that re-
mains intact in the supernatant of the reaction mixture. The C-ter-
minal peptide obtained is then sequenced de novo by tandem mass
spectrometry.

While studying the C-terminal sequencing. we noticed that the
use of Grifola frondosa metalloendopeptidase (LysN) [14-16] in-
stead of LysC enables N-terminal-specific isolation, regardless of
whether the N-terminal amino group is blocked or not The
TMPP-Ac tag is reported to facilitate sequence analysis by simplify-
ing fragmentation under MS/MS analysis |12,13]. Therelore, de
novo sequencing of the isolated N-terminal peptide can be success-
fully performed for a protein with a nonblocked N-terminus. As a
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whole, this method can facilitate N-terminal sequence analysis by
tandem mass spectrometry.

In this report, we describe a new method for isolation and de
novo sequence analysis of N-terminal peptides from proteins.

Materials and methods
Materials

Bovine a-lactalbumin, bovine carbonic anhydrase Il, human
hemoglobin, and iodoacetamide were obtained from Sigma (St. Louis,
MO, USA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and
succinimidyloxycarbonylmethyl tris(2,4,6-trimethoxyphenyl)phos-
phonium bromide (TMPP-Ac-0Su) were oblained from Fluka (Swit-
zerland). Metalloendopeptidase (from Grifela frondosa: LysN) was
purchased from Seikagaku Corporation (Tokyo, Japan). Sodium
hydrogen carbonate (NaHCO, ), acetonitrile, 2-propanol, and trifluo-
roacetic acid (TFA) were purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). a-Cyano-4-hydroxycinnamic acid (CHCA:
high-purity mass spectrometric grade ) was obtained from Shimadzu
GLC (Tokyo, Japan). p-Phenylenediisothiocyanate (DITC) resin used in
this study was obtained from Shimadzu Corporation (Kyoto, Japan) as
an item packaged in an ORFinder-NB Mass Sequencing Kit. Methan-
ediphosphonic acid (MDPNA) was obtained from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Water used in all experiments was
purified using a MilliQ water purification system, All other chemicals
were ol analytical reagent grade and were used without lurther
purification,

Methods

General protocol for proteins on gel slices

A sample protein (30 pmol) was separated by SDS-PAGE in a
12.5% acrylamide gel. The Coomassie-stained protein band was ex-
cised and washed with 50% (v[v) acetonitrile in 100 mM NaHCO;.
The washed gel piece was dehydrated with acetonitrile and dried
in a vacuum centrifuge. To the dried gel was added 100 pL of
10 mM aqueous TCEP solution to reduce disulfide bonds. This solu-
tion was incubated for 30 min at 37 °C. S-alkylation was performed
by replacing the TCEP solution with 55 mM iodoacetamide in
100 mM NaHCO;. Alter a 45-min incubation at room temperature
in the dark, the gel piece was washed with 100 pL of 50 mM NaH-
€Oy, dehydrated to shrink in acetonitrile, and dried in a vacuum
centrifuge. The gel piece was then rehydrated with 2 pl of acetoni-
trile-50 mM NaHCO, (1:9) containing 10 ng of LysN. After 5 min,
50 mM NaHCO; solution (15 pL) was added to keep the gel piece
moist during digestion (room temperature, overnight). To extract
the resulting peptides, 30 uL of 50% acetonitrile containing 0.05%
TFA was added to the digestion mixture, and the gel piece was son-
icated in a water bath for 10 min, alter which the supernatant was
collected, This extraction procedure was repeated three times, The
extract was combined and lyophilized. The resulting powder was
dissolved with 10 pL of acetonitrile-50 mM NaHCO; (1:9). To this
solution was added 1 pL of TMPP-Ac-0Su solution (10 mM in ace-
tonitrile-water = 1:4), and the mixture was sonicated in a water
bath for 30 min. The TMPP-Ac-modified peptide solution was
added to the prewashed DITC resin (5 mg), and this was allowed
to stand for 2 h in a water bath at 60 °C. The extraction was done
using acetonitrile-50 mM NaHCO; (1:9, 60 uL; twice) and 2-propa-
nol-acetonitrile-0.1%TFA (1:1:2, 60 pL: three times). The extracts
were combined and dried in a vacuum centrifuge.

MALDI-ToF MS
MALDI mass spectra were recorded on Axima CFR-plus or Axi-
ma TOF? (Shimadzu/Kratos, Manchester UK) reflectron time-ol-

flight mass spectrometers equipped with a nitrogen laser
(337 nm, 3-ns pulse width). All measurements were performed in
positive-ion reflectron mode. The ion acceleration voltage was set
at 20 kV, and the reflectron detector was operated at 24 kV, The
fiight path in the reflectron mode is about 240 cm for both instru-
ments. For MS/MS experiments, collision-induced dissociation
(CID) was carried out using helium at a pressure of ca, 5 = 107°
mbar in the collision cell,

CHCA was used as a matrix, which was dissolved to saturation
in 50% aqueous acetonitrile containing 0.05% TFA. We used
MDPNA, which has been proven to be useful for MALDI analysis
ol salt-containing samples, as a matrix additive [17]. MDPNA was
used as a 1 to 2% aqueous solution. An aliquot (0.4 uL) of sample
solution was mixed with an equivalent velume of matrix solution
and matrix additive solution on the MALDI target plate and ana-
lyzed aflter drying.

mj/z values in the spectra were externally calibrated with angio-
tensin I {human) and ACTH fragment 18-39 (human) using CHCA
as a matrix.

Results and discussion

Several methods for selectively isolating the N-terminal peptide
followed by sequencing by tandem mass spectrometry to deter-
mine N-terminal amino acid sequences of proteins with high
throughput and high fdelity have been reported [18-26]. Qur
group has been developing methodologies for “terminal proteo-
mics” [8], and we recently developed a method for sequencing
N-terminal peptides that is based on a concept different from that
of the method described in this report and will be published
elsewhere.

In our previous report of C-terminal isolation/tandem mass
analysis [11], we used tagging into an N%-amino group (with
TMPP-Ac-05u reagent) and depletion of the reactive amino
group-containing peptides (using DITC resin or glass). The selectiv-
ity of the TMPP-Ac-tagging reaction to the N*-amino group is
essential to the method. This is achieved by adjusting the reaction
pH to 8.2 [13]. In the method for N-terminal specific isolation fol-
lowed by MS/MS5 analysis described in this article, we employed a
similar procedure except for digestion with LysN instead of LysC.
Fig. 1 outlines the procedure. A protein sample is first digested
with LysN to yield peptides incorporating a lysine residue at their
N-termini except for the N-terminal peptide, which possesses no
lysine residue. If a protein is N-terminally blocked by any PTM,
the N-terminal peptide has no amino group in its sequence. The
next step is to modify their N*-amino groups with TMPP-Ac-OSu
o produce TMPP-Ac peptides. The resulting modified peptides
have one more active amino group (£-amino group) in the lysine
residue, except for the N-terminal peptide, which has no active
amino group after TMPP-Ac modification. In the final step, peptides
with free amino groups are depleted using DITC resin (or DITC
glass [27]), and the N-terminal peptide, whether N-terminally
blocked or not, is thus recovered in the supernatant solution,
which is then subjected to de novo sequencing analysis by tandem
mass spectrometry.

The results obtained are described using three model proteins
(bovine a-lactalbumin, human hemoglobin, and bovine carbonic
anhydrase 11). For each protein, we used excised gel pieces after
purification by SDS-PAGE.

Fig. 2 presents MALDI-ToF mass spectra ol the LysN digest alter
TMPP-Ac modification (Figs. 2a, ¢, and e) and the isolated N-termi-
nal peptides (Figs. 2b, d, and [) of the three proteins used, Figs. 2a
and b illustrate the results for bovine a-lactalbumin. The N-termi-
nal peptide (TMPP-Ac-EQLT) was singly recovered after depletion
of undesired amino group-containing peptides using DITC resin
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Fig. 1. Outline of procedure. A protein i< first digested with LysN to yield peptide
fragments incorporating - and t-amino groups except for the N—terminal peptide
having only an @-amino group. This is followed by sslective modification of a-
amino groups with TMPP-Ac-05u and isolation of the N-terminal peptide using a
DITC resin.

(Fig. 2b). Figs. 2c and d illustrate the results for human hemoglobin,
Human hemoglobin comprises two subunits (« and ). Thereflore,
two N-terminal peptides (o: TMPP-Ac-VLSPAD,f: TMPP-Ac-VHLT-
PEE) were cleanly recovered (Fig. 2d). Figs. 2e and [ show the re-
sults for bovine carbonic anhydrase Il. The N-terminal peptide

incorporating an acetyl group on its N-terminal amino group (Ac-
SHHWGYG) was isolated after depletion of the amino group-con-
taining peptides with DITC resin (Fig. 2f). In this case, an N-termi-
nally blocked peptide does not have the benefits of the TMPP-Ac
tag. For blocked proteins, a simpler method has been shown to
work [26]

TMPP-Ac-modified peplides give simple [ragmentation patterns
biasing strongly toward producing a-type ions [12,13), Fig. 3a is the
CID spectrum of the N-terminal peptide of bovine a-lactalbumin. A
simplified pattern was obtained to show all o-type ions (a,. a;. a;.
and as). in addition, a few d-type ions (dy, da, ds, and d,) are clearly
discernible and helpful for sequencing. Figs, 3b and ¢ depict CID
spectra of N-terminal peptides from o and § subunits of human
hemoglobin. Both spectra display all a-type ions and some d-type
ions (da, dy, and ds for the N-terminal peptide from the = subunit
of hemoglobin; dy. dy, ds, and dg for the N-terminal peptide from
the B subunit of hemoglobin).

Mass spectrometry sometimes cannot discriminate between
leucine and isoleucine. However, in a TMPP-Ac-modified peptide,
loss of an isopropyl group (-42) is often observed for leucine resi-
dues, whereas loss of an ethyl group (-28) is observed for isoleu-
cine residues |12.13]. Each of the three N-terminal peptides from
a-lactalbumin and hemoglobin contains one leucine residue,
which was differentiated from its isobaric counterpart using the
d-type ion indicating loss of the isopropyl group (-42) (d; in
Fig. 3a, d; in Fig. 3b, and d; in Fig. 3c). Thus d, ions help to differ-
entiate isobaric amino acids on the peptide chain.

Glutamine and lysine residues have very close masses (monoi-
sotopic mass: 128.058 for glutamine residue and 128.094 for lysine
residue). Therefore, differentiation by mass spectrometry is gener-
ally difficult. However, this is not problematic because this method
does not incorporate lysine residues into the isolated N-terminal
peptide.

LysN from Crifora frondosa is known to cleave specifically pep-
tidyl-lysine bonds, but certain X-Lys bonds (where X is an acidic
residue or proline) are difficult to cleave [15]. In this study, how-
ever, we observed cleavage of such X-Lys bonds in the two N-ter-
minal peptides from human hemoglobin: TMPP-Ac-VLSPAD(K)
from the @ subunit and TMPP-Ac-VHLTPEE(K) from the p subunit.

The amino group-containing peptides were depleted using DITC
resin. In principle, depletion can be performed with any kind of
amine scavenger. In this study, we tested a couple of commercially
available polymer-bound isothiocyanates as well as DITC glass pre-
pared in accordance with the study by Wachter et al. |27]. For in-
house preparation of DITC glass, aminopropyl glass (pore size
17 nm, 200-400 mesh, amine content: 162 pmol/g) was purchased
from Sigma. Details on the DITC resin were not disclosed by Shima-
dzu. The DITC resin (Shimadzu) and the in-house-prepared DITC
glass gave better results in that background peaks were not dis-
cernible over the m/z 600 range.

Although lysine residues are equally distributed across all posi-
tions of proteins |26], we sometimes have the problem that an iso-
lated N-terminal peptide fragment is too big for sequence analysis
by mass spectrometry. One solution to such a problem is subdiges-
tion of the large fragment with other proteases (such as Gluc, tryp-
sin, and chymotrypsin), which may yield an appropriate fragment
length for mass analysis. Alternatively, the sequence of the N-ter-
minal part of a protein can easily be estimated using the observed
m/z value of the isolated N-terminal peptide because the full-
length sequence of the protein can be retrieved by database
searches such as MS/MS ion search or PMF.

In a protein sequence, the lysine residue can be N-terminally
positioned and its e-amino group is [ree. In this case, every peptide
fragment, including N-terminal peptide, is bound to DITC resin and
totally depleted from the supernatant solution, which eliminates
peptide-derived signals in the mass spectrum. Therelore, when
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Fig. 2. MALDI-ToF mass spectra of LysN digest after TMPP-Ac modification (a. c. &) and the isolated N-terminal peptides (b, d. f) of the three proteins used: bovine a-
lactalbumin (a and b). human hemoglobin (¢ and d). bovine carbonic anhydrase [l (e and ). Each arrowed signal corresponds to the mass calculated from the already reported

N-terminal sequence with TMPP-Ac modification.

any peptide signal is not observed in a mass spectrum, it can be as-
sumed that the protein has a lysine residue at its N-terminus (and
its e-amino group is free), and the N-terminal sequence can be esti-
mated from a readily obtained full-length sequence of the protein
as described above,

As a pretreatment of sample solution for mass analysis. a micro-
desalting approach is generally employed using ZipTip-type pipel

tips. However, we have sometimes experienced nonrecovery ol
TMPP-Ac peptides using this type of tip. On the other hand, alkali
metal adduct signals were effectively eliminated rom mass spec-
tra when MDPNA was used as a matrix additive in the sensitive
detection of phosphopeptides [17]. Hence, we used MDPNA, in-
stead of a micro-desalting approach. to obtain better-quality mass
spectra.
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In summary, we have described a simple alternative method lor
the isolation and de novo sequencing of N-terminal peptides from
proteins.
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An improved method for de novo sequencing of arginine-containing peptides modified with succi-
nimidyloxycarbonylmethyl tris(2,4,6-trimethoxyphenyl)phosphonium bromide (TMPP-Ac-OSu) is
reported. A tagging reagent, TMPP-Ac-OSu, was introduced to improve the sequence analysis of
peptides owing to the simplified fragmentation pattern. However, peptides containing arginine
residues did not fragment efficiently even after TMPP-Ac modification at their N-termini. This report
describes how fragmentation efficiency of TMPP-Ac-modified arginine-containing peptides was
significantly improved by modifying the guanidino group on the side chain of arginine with
acetylacetone. Copyright © 2008 John Wiley & Sons, Ltd.

Peptide sequencing by tandem mass spectrometry (MS/MS)
isan established methodology in proteomic analysis.' This is
normally performed by comparing fragmentation data with
protein and /or genomic databases. Although this approach
is very effective, it often fails to identify post-translationally
modified residues or to detect sequence polymorphisms
observed in a variety of protein isoforms. In these cases,
de novo sequencing, where peptide sequences are interpreted
directly from the MS/MS spectra, is the only practical
approach by MS/MSs.

Peptide d¢ novo sequencing implies determining the
peptide covalent structure, which is done from a given
MS/MS spectrum, not with any information from an existing
protein or DNA database. This is an alternative approach for
analyzing peptide sequences and is especially effective for
analytes with sequences that are difficult to analyze via the
normally employed, database searching approach.

However, this approach by MS/MS is limited by the
complex fragmentation patterns of various types of frag-
mentation.” The complexity of the MS/MS spectrum
drastically reduces the possibility of de novo sequencing.
Hence, fragmentation that is simple enough for manual
interpretation (i.e, generation of a particular type of
fragment ions) has been demanded.

Several simplification strategies have been reported using
matrix-assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS).>"" De novo sequencing becomes easier
and is facilitated with simple fragmentation,

Succinimidyloxycarbonylmethyl  tris(2,4,6-trimethoxyp-
henyl)phosphonium bromide (TMPP-Ac-O5u)*” is a reagent

*Correspondence to; H. Kuyama, Institute for Protein Research,
Osaka University, Suita 565-0871, Japan.
E-mail: kuyama@protein.osaka-u.ac.jp

that has already been reported for simplification. The tagging
reagent reacts selectively with the a-amino group at the
N-terminus. The resulting peptide incorporating a fixed
positive charge at its N-terminus biases the fragment ion
intensities strongly toward a-type ions, leading to an easy
and clear sequence determination, compared with its
unmodified counterpart. However, arginine-containing pep-
tides did not produce fragment ions well even after
modification with TMPP-Ac reagent.'

It has already been reported that arginine-containing
peptides exhibit a low degree of structurally informative
fragmentation when investigated by commonly used
collision-induced dissociation (CID) analysis. The arginine
residue has the most basic property and easily protonates,
which has deleterious effects on structural analysis by
MS/MS." For example, protonation of the basic groups
results in charge localization, which subsequently results in
suppression of random cleavage of backbone bonds. Several
modification methods have been reported for enhancing the
fragmentation of arginine-containing peptides.'*'® Of these,
derivatization with acetylacetone has been developed by
reducing the basic nature of the guanidino group.'

Few studies, however, have been performed on the in-
fluence of arginine on the fragmentation behavior of
TMPP-Ac-modified peptides. Recently, Chen and co-
workers reported that enzymatic elimination of arginine
residue from TMPP-Ac-modified peptides improved frag-
mentation.’* However, this method has limited use for
peptides containing arginine at their C-termini.

In this paper, we applied acetylacetone derivatization to
TMPP-Ac-modified arginine-containing peptides and eval-
uated the fragmentation efficiency of derivatized peptides in
comparison with the fragmentation efficiency for non-
derivatized counterparts. This study covers four types of

Copyright © 2008 John Wiley & Sons, Ltd.
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Table 1. Fragmentation efficiency of TMPP-Ac-modified peptides with and without arginine derivatization in MALDI-PSD and

MALDI-CID

Fragmentation efficiency” PSI)

Fragmentation efficiency® CID

TMPP-Ac-modified peptides non-derivatized Arg derivatized non-derivatized Arg derivatized
N-terminal arginine
RGDS 0.25 18 0.54 22
RVYIHPF 0.53 55 1.3 14
RAHYNIVTF - 41 14 12
Internal arginine
APDTRFAPG 53 78 [} 14
TPRVTGGGAM 32 47 b 9.6
DAEFRHDSGYE 44 52 75 15
C-terminal arginine
SFLLR 44 44 9.0 78
YIGSR-NH2 6.0 56 83 96
multiple arginines®
RLRFH —r 43 (1.4 —* 65(35)
RPGFSPFR —* 44 0G4 1.5 11 (8.1)
APRLRFYSL 19 6.5 (2.1) 5.0 14 (9.0

*“Fragmentation efficiency’” is calculated as the sum of a, ion absolute abundances divided by the absolute abundance of the (M+H] " ion signal.

" Not detected.

“ The values of multiple arginine-containing peptides indicate those for doubly derivatized peptides. The values in parentheses indicate those for

singly derivatized peptides,

peptides, arginine residue at the N-terminus, at the
C-terminus, in the middle of the sequence, and peptides
with two arginine residues.

EXPERIMENTAL

Materials

Pig albumin and iodoacetamide were purchased from
Sigma (St. Louis, MO, USA). Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) and succinimidyloxycarbonylmethyl
tris(2,4,6-trimethoxyphenyl)phosphonium bromide (TMPP-
Ac-OSu) were obtained from Fluka (Switzerland). Lysyl
endopeptidase (LysC), sodium hydrogen carbonate
(NaHCOs), acetonitrile, 2-propanol, and trifluoroacetic acid
(TFA) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). a-Cyano-4-hydroxycinnamic
acid (CHCA; high-purity mass-spectrometric grade) was
obtained from Shimadzu GLC (Tokyo, Japan). Two peptides
(RGDS and RPGFSPFR) were purchased from Peptide
Institute, Inc. (Osaka, Japan). Other peptides used in this
study (listed in Table 1) were purchased from AnaSpec (San
Jose, CA, USA). Methanediphosphonic acid (MDPNA) was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan).

Derivatization of peptides

Model peptides

Each peptide was dissolved in 100 mM NaHCO; containing
10% acetonitrile at a concentration of 10nM. A volume of
5 uL of 10 mM TMPP-Ac-OSu solution (in water/acetonitrile
4:1) was added to 45 pL of peptide solution. The mixture was
sonicated in a water bath for 5min and incubated at 50°C for
30 min. Then 4 L of Na,CO5 and 6 pL of acetylacetone were

Copyright © 2008 John Wiley & Sons, Lid.

added to this reaction solution, followed by incubation at
80°C for 3 h. The reaction solution was used directly for
MALDI-TOF MS analysis without any purification.

Isolated C-terminal peptide

The C-terminal peptide of pig albumin was isolated
according to our method.' The solution containing the
C-terminal peptide isolated from separated proteins in an
excised gel strip (loaded amount: 40 pmol) was lyophilized
and redissolved in 18ul of 100mM NaHCO;/NasCO;
buffer (pH 9.0). Then acetylacetone (2 uL) was added to this
solution, followed by incubation at 37°C for 12h. The
reaction solution was used directly for MALDI-TOF M5
analysis without any purification.

MALDI-MS
MALDI mass spectra were recorded on AXIMA TOF
(SHIMADZU/KRATOS, Manchester, UK) reflectron time-
of-flight (TOF) mass spectrometers equipped with a nitrogen
laser (337 nm, 3ns pulse width). All measurements were
performed in positive-ion reflectron mode. The ion accel-
eration voltage was set to 20kV, and the reflectron detector
was operated at 24 kV. The flight path in the reflectron mode
is about 240 cm for both types of instruments. For MS/MS
experiments, collision-induced dissociation (CID) was car-
ried out using helium at a pressure of 5 x 107 mbar in the
collision cell.

a-Cyano-4-hydroxycinnamic acid (CHCA) was used as a
matrix, which was dissolved to saturation in 50% aqueous
acetonitrile containing 0.05% TFA. We used MDPNA,”
which has been proven to be useful for MALDI analysis of
salt-containing samples, as a matrix additive. MDPNA was
used as 1-2% aqueous solution. An aliquot (0.4 uL) of sample
solution was mixed with an equivalent volume of matrix

Rapud Commun. Mass Spectrom, 2008; 22: 2063-2072
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solution and matrix additive solution on the MALDI target
plate and analyzed after drying.

We set the laser fluence identically for the MS/MS analysis
of each TMPP-Ac-modified peptide before and after arginine
modification. All spectra were obtained by accumulating
data from 200 laser shots.

RESULTS AND DISCUSSION

We have recently developed a simple method for
C-terminal-specific isolation and de nove sequencing of
proteins by MALDI-MS using the TMPP-Ac reagent.'” In
this method, protein was digested with LysC; thus an
isolated C-terminal peptide may contain arginine residue(s)
at any position(s) in its sequence. Therefore, proteolytic
elimination of an arginine residue for enhancing fragmen-
tation was beyond the scope for the peptides isolated by this
method. Dikler and co-workers described the enhancing

(a) before derivatization
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effect of fragmentation by MS/MS using derivatization of a
guanidino group in peptides with acetylacetone yielding the
N*-(4,6-dimethyl-2-pyrimidinylornithine (Pyo) residue.'*
This modification reduces the basicity of the guanidino
group in the arginine residue. It has been reported that
fragmentation of protonated peptides is suppressed due to
the high basicity of the guanidino group. The MS signal itself
has also been reported to be enhanced by introducing the
pyrimidine ring*' In addition, the modification can be
performed in an aqueous media as in the TMPP-Ac
modification. Therefore, we adopted the acetylacetone
derivatization procedure to TMPP-Ac-modified peptides.
In one C-terminal peptide in our report,”” one arginine
residue was positioned at its N-terminus and gave
practically no fragmentation signals in the MS/MS exper-
iment. We applied acetylacetone derivatization to the
peptide and obtained significant enhancement of structurally
informative fragmentation in the MS/MS experiment.

15040
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(b) after derivatization with acetylacetone 3 h at 80°C
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Figure 1. Derivatization with acetylacetone at slevated temperature. The reaction was accelerated at
80°C even with the peptide with an arginine residue at its N-terminus (TMPP-Ac-RVYIHPF). Under this

condition, no side reaction is observed (b).

Copyright © 2008 John Wiley & Sons, Lid.
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Figure 2. Enhancing effect of arginine derivatization using a peptide incorporating
an arginine residue at its N-terminus (TMPP-Ac-RVYIHPF). (b) A non-derivatized
peptide and (c) TMPP-Ac peptide after derivatization of Arg with acetylacetone. The
influence of the arginine residue on fragmentation is also depicted using a peptide
without an arginine residue (a: TMPP-Ac-VYIHPF) and with an arginine residue atits
N-terminus (b: TMPP-Ac-RVYIHPF).
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Hence, we began a detailed investigation of fragmentation
efficiency by derivatizing arginine residue(s) of TMPP-
Ac-modified peptides.

Reaction

We first investigated the reaction conditions of TMPP-Ac
modification. It has been reported that peptides with an
N-terminal arginine residue and peptides containing more
than two arginine residues are resistant to TMPP-Ac
modification.” In our experiments, peptides with N-terminal
arginine did not react with TMPP-Ac-OSu under the original
conditions® We found that it is possible to derivatize
arginine residues in both types of peptides by heating at
50°C. No by-products were detected in the MS spectrum
{data not shown).

(@) TMPP-Ac-SFLLR

1
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We next investigated the reaction conditions of arginine
derivatization. One experimental problem of the procedure
is that the reaction is very slow, and a long reaction
time (3 days) is required for modification. This problem was
solved by heating at 80°C. The reaction was checked by MS,
and the modification was achieved with more than 80%
completion after 3-h reaction at 80°C (Figs. 1(a) and 1(b)). The
reaction efficiency was simply evaluated by using signal
intensities of derivatized and non-derivatized peptides
(Fig. 1(b)). However, the improved procedure of arginine
modification was not directly applicable to the peptides
isolated by our C-terminal isolation and sequencing
method.'” This may be attributable to the impurities in the
isolated peptide solution. Therefore, a detailed examination
of reaction conditions is required to improve the reaction
efficiency. During the present experiment, we obtained
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Figure 3. Enhancing effect of arginine derivatization using a peptide with a C-terminal
arginine residue (TMPP-Ac-SFLLR): (a) non-derivatized peptide and (b) TMPP-Ac peptide

after derivatization of Arg with acetylacetone.
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sufficient spectra of these derivatization-reluctant peptides
for sequence determination for reaction conditions of 12h
at 37°C.

Improvement of fragmentation efficiency of
model peptides

To confirm whether an arginine residue influences frag-
mentation behavior of TMPP-modified peptides, we com-
pared MALDI-CID spectra of two model peptides
(TMPP-Ac-VYIHPF and TMPP-Ac-RVYIHPF). In the spec-
trum of TMPP-Ac-VYIHPF (Fig. 2(a)), all the a-type ions were
detected, and it was possible to directly interpret the amino
acid sequence of the peptide, while in the spectrum of
TMPP-Ac-RVYIHPF (Fig. 2(b)), all the a-type ions were
detected, but signals were rather low and masked by noise
peaks. The only difference between these two peptides is
the presence of N-terminal arginine. This indicates that the

(a) TMPP-Ac-DAEFRHDSGYE

arginine residue greatly influences the fragmentation pattern
of TMPP-Ac-modified peptides.

Figure 2(c) depicts the MALDI-CID spectra of the peptide
TMPP-Ac-RVYIHPF after arginine derivatization with acet-
ylacetone. In the spectrum, all the a-type ions were clearly
detected as in the spectrum of TMPP-Ac-VYIHPF, and the
sequence was easily determined.

To study how the effectiveness of arginine modification
depends on the position and the number of arginine residues,
four groups of model peptides (peptides incorporating an
arginine residue at their N-termini, C-termini, an internal
position, and peptides containing two arginines) were
derivatized with acetylacetone and subjected to MALDI-PSD
(post-source decay) and MALDI-CID analysis. To compare
the fragmentation of the derivatized and non-derivatized
peptides, we defined a ‘fragmentation efficiency’ as in
the report by Dikler ¢t al,,'* which is calculated as the sum of
the absolute abundances of the a, ion divided by the absolute
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Figure 4. Enhancing effect of arginine derivatization using a peptide incorporating an
arginine residue at an internal position (TMPP-Ac-DAEFRHDSGYE): (a) non-derivatized
peptide and (b) TMPP-Ac peptide after derivatization of Arg with acetylacetone.
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