Original

Chromatography, Vol.26 No.2 (2005)

Original

Development of Large−Scale Protein Identification Technology
Using High Resolution LC−MS
Masato Taoka
Laboratory of Biochemistry, Department of Chemistry, Graduate School of Science,
Tokyo Metropolitan University, 1−1 Minami−osawa, Hachioji−shi, Tokyo, Japan
Received for review January 19, 2005. Accepted June 28, 2005.

Abstract
The author demonstrated a newly developed fully integrated online two−dimensional (2 D) LC−MS/MS system that allows non−gel
based mass identification of components in a complex protein mixture by analyzing its proteolytic digests. The system was composed of a 2
DLC, which consists of two independent HPLC one with an ion exchange and the other with a reversed phase capillary columns, a hybrid
type MS spectrometer with an electrospray ionization source, and a software program for retrieval of mass spectral information. The system
successfully showed that proteins present in standard mixtures could be identified at fmol levels over a 300−fold difference in molar quantity
with significant reproducibly. Approximately 4,000 peptides derived from 1,000 proteins, which include the proteins rarely seen in 2 D−
PAGE coupled mass spectrometric analysis, were identified in a single analytical run from E. coli K 12 lysate by using the system. This 2
DLC−MS/MS system can be used for large−scale protein and peptide analysis in strategy of proteomics, in particular, for mass−spectrometric
identification of protein components in crude biological sources.
Keywords: proteomics/twodimensional/liquid chromatography/tandem mass spectrometry/Escherichia coli

identification [2,3]. 2 D−PAGE allows resolving thousands of pro-

1. Introduction
Postgenomic era requires the challenge of analyzing proteome

teins in a single analysis. However, the protein identification is es-

expressed by an organism, tissue, cell, etc. to aid in the understand-

sentially of spot−basis, and requires time−consuming multi−step

ing of the operation of complex cellular pathways, networks, and

manual handling for digestion, extraction, and pre−treatments for

modules under various physiological conditions. The proteome is

MS analysis [4,5]. In addition, the experimental 2 D−PAGE proce-

not fixed, but changes with the state of the development and the en-

dure is yet to be automated, and portions of cellular proteins such

vironmental conditions. A typical proteomic study includes: deter-

as those with extremes in pI and Mr and membrane−associated pro-

mination of quantitative changes in the expression levels of pro-

teins are rarely found in 2 D−PAGE studies [6]. These technical

teins to assess the effects of a wide variety of perturbations to cells,

limitations prevent high−throughput large−scale protein analysis,

and analysis of protein interactions by mass identification of pro-

which is a key issue in proteomics.

tein components in the functional protein complexes and cellular

Liquid chromatography (LC)−based methods for the analysis

organelle [1]. Thus, the technologies of proteomics depend largely

of components of protein mixtures have provided an alternative ap-

on the methods of protein separation and identification.

proach for proteomic analyses [7]. The LC−based technology, in

Among the current technologies two−dimensional poly-

combination with the electrospray ionization (ESI)−tandem mass

acrylamide gel electrophoresis (2 D−PAGE) followed by mass

spectrometry (MS/MS), allows online automation of protein analy-

spectrometry (MS) is most widely used for protein separation and

sis. The identification is based on the method called “peptide se-
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quence tag”, in which the internal amino acid sequence is consid-

as described in our previous report [24]. All other reagents were of

ered for reliable peptide assignment and protein identification in a

analytical−reagent grade from Wako Pure Chemicals, unless other-

high throughput manner [8,9]. However, the complex mixture often

wise mentioned. Empty column was purchased from LC Assist

overwhelms the resolution capability of any single dimensional LC

(Tokyo, Japan) and Sugiyama (Yokohama, Japan). Column−filter

since protease digestion has increased the diversity of the mixture.

(2 SR 1) was from Valco Instruments Co. Inc. (TX, USA). Fused

Two−dimensional methods combining orthogonal modes for sepa-

silica capillary and PEEK tube were purchased from GL Science

ration could improve the resolution of highly complex mixtures.

Inc. (Tokyo, Japan).

In almost two decades ago, our group presented an automated
Columns

two−dimensional high performance liquid chromatography (2
DLC) technique for systematic separation of very complex protein

All the columns were packed in our laboratory. An ion ex-

and peptide mixtures [10−12] and applied the system for sequence

change column (2 mm ID x 35 mmL) was packed with Bioassist Q

analysis of very large proteins and protein genetic variants [13−15],

(TOSOH, Tokyo, Japan). A reversed phase column (320 µm ID x

and for profiling proteins expressed in developing rat cerebella [16

100 mm L) was packed with C 18 bonded silica gel (Mightysil C

−18]. This technique has now been refined for more sophisticated

18, 3 µm, Kanto Chemicals, Tokyo, Japan). A trap column (1 mm

approach by incorporating new MS technology, e.g., replacing a

ID x 5 mm L, LC Assist, Tokyo, Japan) was packed with C 18

conventional UV detector by MS with electrospray ionization

(Mightysil C 18, 15 µm, Kanto Chemicals).

source. For example, Yates et al. reported the micro−scale 2 DLC
Installation

−MS/MS system for comprehensive analysis of functional protein
complex and crude biological materials fractionated [19]. The mul-

The system was composed of six parts, i.e. two independent

tidimensional system employs different solvent for each chroma-

HPLC modules, a trap column assembly, an HPLC controller, a

tographic step and control salt by using volatile one to avoid detri-

mass spectrometer and a PC−based data analysis system as shown

mental effect to a mass spectrometer [20−22]. For multidimen-

in Figure 1. The ion−exchange chromatograph (LC−1) consisted of

sional−LC system, however, several types of chromatography with

two pumps (LC−10 Dvp, Shimadzu, Kyoto, Japan) a dynamic

variety of buffer solutions were necessary and complete replace-

mixer (HG 1580−32, JASCO, Tokyo, Japan) equipped with 80 µL

ment of chromatographic solvents with MS compatible ones is re-

mixing chamber and a sample injector (type 7125, Rheodyne, CA,

quired to combine the multidimensional system with a mass spec-

USA) with a 300 µL loop. The reversed phase chromatograph (LC

trometer. Therefore, it is necessary to develop a new analytical

−2) consisted of two pumps (LC−9 AD, Shimadzu), the same dy-

platform for proteomics, i.e., online 2 DLC−MS/MS, which pro-

namic mixer as used in LC−1 with a 200 µL mixing chamber, and

vides a fully integrated system equipped with solvent replacing de-

a splitter consisting of a stainless steel tee connector (ZT 1 C,

vice, “trap column” [23]. In this report, the author demonstrates the

Valco) and a 200−mm long fused silica capillary (30 µmID).

characteristics and advantages of this system for non−gel based
large−scale protein identification by analyzing standard protein
mixtures and a crude biological source.

2. Materials and methods
Materials
Chromatography grade of water, acetonitrile, and formic acid
were obtained from Wako Pure Chemical Industries, Ltd. (Tokyo,
Japan). Human serum albumin (A 9511) and a protein mixture for
SDS−PAGE marker (M 4038) containing myosin (MYOH), beta−
galactosidase (BGAL), phosphorylase b (PHS), fructose−6−phosphate kinase (K 6 PH), albumin (ALB), glutamate dehydrogenase
(DHE), ovalbumin (OVAL), glyceraldehyde−3−phosphate dehy-

Figure 1. Schematic diagram of the 2 DLC−MS/MS system. The
assemblies are explained in the text. B 1−5, eluents 1−5;
C 1, ion−exchange column; C 2, reversed phase column;
D, drain; E−Valve, electric valve; In, injector; M, dynamic mixer; P 1−5, pumps 1−5; Trap, trap column; T,
T connector.

drogenase (G 3 P), carbonic anhydrase (CAH), trypsinogen (TRY),
trypsin inhibitor (ITRA), alpha−lactoalbumin (LCA) and aprotinin
(IBPS) were purchased from Sigma−Aldrich, Inc. (St. Louis, MO,
USA). Lysate of E. coli in the late logarithmic phase was prepared
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The trap column assembly consisted of a six−way valve (C 2−

repeated 10 times, changing the mixture ratio of B 1 and B 2. Elu-

0006, Valco), a T connector (ZT 1 C, Valco), a pump (LC−10

ent B 2 percentages in steps 1−10 are 0, 5, 10, 15, 20, 25, 30, 40,

Advp, Shimadzu) and the trap column. The two HPLC modules

50, and 100%. The separated peptides are directly sprayed into the

were connected via the six−way valve of the trap column assembly

hybrid mass spectrometer. Electrospray ionization is carried out at

with fused silica capillary (50 µm ID) tubing. The HPLC controller

a voltage of 2.7 kV and tandem mass spectra are automatically ac-

(SCL−10 Avp, Shimadzu) synchronized the operation of the HPLC

quired in data−dependent mode during the entire run. Under this

modules and the trap column assembly. The trap column assembly

condition, the total time required for a 2 DLC−MS/MS analysis is

served to remove salts from peptide eluted from the first ion−ex-

16 hours.

change column C 1. The trap column assembly plays an important
Database search and annotation.

role to obtain reproducible analytical results because the salts used
in the ion−exchange chromatograph (LC−2) prevent efficient ioni-

Data generated by mass spectrometry are generally converted

zation of samples in the MS analysis and often cause malfunction

to text files listing mass values and intensities of fragment ions and

of the system.

analyzed by the search engine (Mascot) for peptide assignment and

A Hybrid type mass spectrometer (Q−TOF 2, Micromass,

protein identification on database (ftp://ftp.ncbi.nlm.nih.gov/

Manchester, UK) was used for the system as a detector. The mass

genomes/Bacteria/Escherichia_coli_K 12/U 00096.faa and ftp://ftp.

spectrometer was equipped with an ESI−source composed of a

ncbi.nlm.nih.gov/blast/db/nr.Z, NCBI). The parameters for the da-

stainless steel capillary tube (130 µm OD, 50 µm ID), a 3−way

tabase search and protein annotation were as previously described

connector (Valco) and a stainless steel sheath for N2 gas. The data

[24].

analysis system consisted of MS/MS data converter software
Preparation of peptide from protein mixture.

(MassLynx, Micromass), amino acid sequence database and MS/
MS ion search software (Mascot, Matrix Science Ltd., London,

Protein mixture (200−500 µg protein) were dissolved in 200

UK) run on a PC with dual processors (PentiumⅢ, 833 MHz). Per-

µL of 0.5 M Tris−HCl buffer (pH 8.5) containing 7 M guanidium

formance of the 2 DLC−MS/MS−system components was de-

hydrochloride and 10 mM EDTA, then the solution was bubbled

scribed previously in ref 23. In brief, columns C 1 and C 2 are

with N2 gas for 10 min and 100 µg of dithiothreitol (3 mM) was

equilibrated with B 1 (0.025 M Tris−HCl buffer, pH 8.0) and B 3

added to the solution. After 2 hours, 250 µg of iodoacetamide (6.5

(0.2% formic acid in water), respectively, at a flow−rate of 100 µL/

mM) was added and left the solution in the dark for 2 hours at

min (C 1) or 5 µL/min (C 2) for 20 min by the method program on

room temperature. The solution was dialyzed against 10 mM am-

the HPLC controller. A sample mixture (50−200 µL) is applied to

monium bicarbonate buffer (pH 8.0), digested overnight at 37℃

column C 1 through a sample injector, and is eluted with B 1 for 5

with TPCK−treated trypsin (Cooper Biomedicals, Malvern, PA) or

min at a flow−rate of 100 µL/min. The eluent is mixed on−line

Lys−C (Wako Pure Chemicals), and stored frozen at −80℃ until

with solvent B 5 (1% formic acid) continuously supplied with P 5.

use.

The mixture flows into a reversed phase trap column, where the

The digests were acidified to pH 2 by addition of an aliquot of

salts are removed from peptides by continuous washing with sol-

6 M−HCl and, removed precipitates by centrifugation. The super-

vent B 5. The washing process continues for 2 min to completely

natant was neutralized with aqueous ammonia to pH 8, the peptide

remove the salts while the eluent from C 1 is stopped. After the de-

mixture was diluted with an equal volume of water, and applied to

salination, the six−way valve is switched the line to connect the

the 2 DLC−MS/MS system.

trap column and C 2. The salt−free samples adsorbed onto the trap
column are introduced into the second column (C 2) and are sepa-

SDS−PAGE and quantitation of separated protein.

rated by using a 70−min linear gradient elution from B 3 to B 4 (5

SDS−PAGE followed by Coomassie Brilliant Blue staining

to 60% of CH 3 CN in 0.2% formic acid) at a flow−rate of 5 µL/

and quantitation of protein bands were performed as previously de-

min. Column C 2 is equilibrated again with B 3 for 15 min after the

scribed [25].

completion of the linear gradient elution. By this step, the whole
cycle of the 2 DLC finishes. Then, LC−1 for the first dimension of

3. Results and discussion

the chromatography starts again to elute peptides stepwise from the

Separation of tryptic digest from standard protein: coverage of

ion−exchange column C 1 by introducing a portion of buffer B 2

protein digests, dynamic range and sensitivity

(0.4 M NaCl in 0.025 M Tris−HCl buffer, pH 7.5) into B 1. After

As for the evaluation of the system, the author prepared the

applying the eluent to C 2, the second dimension of the chromatog-

tryptic digest of human serum albumin, which contains 585 amino

raphy is repeated as described above. These separation cycles were

acids and has the potential to yield 71 tryptic peptides and free
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Figure 2. A three−dimensional visualization of 2 DLC profile of
the tryptic digest of human serum albumin.
Each horizontal profile represents the single ion chromatogram of the second dimension of chromatography
(reversed phase). The percentage of B 2 in B 1 eluent is
shown at the right−hand side of each profile.

Figure 3. Analysis of the impurities in the albumin reagent.
Two µg of human serum albumin reagent was analyzed
in a 17 % of polyacrylamide gel containing 0.1% SDS.
Molecular mass markers are indicated on the left−hand
side. The arrows indicate the protein bands of transferrin
(Tf), serum albumin (Alb) and haptoglobin (Hpt).

amino acids. The peptides were introduced into the system and
automatically analyzed by data dependent MS/MS mode during the
entire run as shown in Figure 2. Using 40 pmol of the tryptic digest, 48 peptides were identified except for the small peptides (molecular mass <700) and free lysine, and the peptides covered 83.9

1).

% of the entire amino acid sequence of the protein (See Supple-

analysis (data not shown) but barely by SDS−PAGE following

These impurities were obviously detected by western blot

mentary Table 1,

http://www.sci.metro−u.ac.jp/proteomicslab/).

Coomassie blue staining as shown in Figure 3 because of low con-

The small peptides and free amino acids unidentified by the system

centration. Optical density of the bands showed that this reagent

may not have been retained on the trap column during the first di-

contained 0.37% of transferrin (130 fmol in 40 pmol albumin) and

mension of chromatography (ion−exchange) due to the low hydro-

unquantifiable level of haptoglobin. At this level, transferrin was

phobicity [26]. In addition to this wide coverage, the detection

present at 300 times less than the molar amount of serum albumin

limit of this system was estimated to be 46 fmol at a signal−to−

indicating that 2 DLC−MS/MS system had broad dynamic range

3+

noise ratio (S/N) of 2, based on a fragment with m/z 682.4 (indi-

for analyzing protein mixture. This broad dynamic range should be

cated by a closed arrowhead in Figure 2) detected using a single−

achieved owing to high−resolution separation by 2 DLC and sensi-

ion monitor. These results demonstrate the usefulness of the 2

tive detection by mass spectrometer, and was also maintained in

DLC−MS/MS system for highly sensitive identification of proteins

the analysis of the crude protein mixture such as E. coli proteins in

and for analysis of post−translational modifications in proteins

late logarithmic phase described below and previously [24].

available in limited amounts.
Reproducibility and efficiency of the system

In addition to albumin, haptoglobin and transferrin were re-

A well−characterized mixture of proteins is commonly used to

producibly identified from the same mixture by the system (Table

Table 1. The peptide identified from impurity of the human serum albumin reagent.

Protein
haptoglobin

transferrin

Charge

m/z
observed

Delta
m/z
(ppm)

Scorea

SCAVAEYGVYVK
SPVGVQPILNEHTFCAGMSK
VTSIQDWVQK
YVMLPVADQDQCIR

2+
3+
2+
2+

673.2
724.6
602.3
854.3

−17.9
−30.3
−3.0
−6.4

17.8
9.9
18.3
27.4

EFQLFSSPHGK
FDEFFSEGCAPGSK
MYLGYEYVTAIR
SAGWNIPIGLLYCDLPEPR
SASDLTWDNLK
SVIPSDGPSVACVK

2+
2+
2+
2+
2+
2+

638.8
789.3
739.8
1086.0
625.3
708.3

1.9
15.0
29.6
21.4
46.6
−22.4

3.2
19.9
29.6
10.5
30.3
8.1

Sequence

a. Score indicates individual score minus threshold score (p<0.05). Each score was from result of Mascot search.
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Table 2. Proteins identified from the standard mixture.
The retention time of the representative and peptide number of peptide identified from each protein were compared among four independent analytical runs under same condition.
Protein a

Mr (kDa)

MYOH
PHS
K 6 PH
ALB
DHE
OVAL
G3P
CAH
TRY
ITRA
LCA
IBPS
BGAL

205
97
84
66
55
45
36
29
24
20
14
6.5
116

pI

5.6
6.6
8.5
5.8
8.4
5.2
8.5
7.9
8.2
5.0
4.9
9.2
5.3

Retention time (min)b

Representative peptide

SELQAALEEAEASLEHEEGK
VFADYEEYVK
GQIEEAGWSYVGGWTGQGGSK
TCVADESHAGCEK
SEAAADREDDPNFFK
LTEWTSSNVMEERK
VISNASCTTNCLAPLAK
EPISVSSQQMLK
DSCQGDSGGPVVCSGK
LVFCPQQAEDNK
FLDDDLTDDIMCVK
SAEDCMRTCGGA
−−−

exp.1

exp.2

1136.0
517.6
158.9
372.9
660.7
150.6
45.7
11.6
157.0
157.8
878.5
168.6
−−−

1135.8
517.7
160.1
372.1
660.3
150.0
44.8
11.5
156.3
158.0
879.7
168.0
−−−

Number of peptide identified b
exp.1

exp.2

exp.3

exp.4

17
5
3
10
4
1
2
4
Not identified
2
1
2
13
16
11
10
1
7
4
5
2
3
2
2
2
4
3
4
2
8
4
5
2
7
5
8
4
4
4
4
2
5
5
5
2
2
3
2
Not identified Not identified
Not identified
2

a. Abbreviations were described in Materials & Methods.
b. Lys−C peptide was analyzed in exp. 1 and 2, and tryptic peptide was analyzed in exp. 3 and 4.
verify the consistency of results obtained in a biochemical experi-

becomes higher. For instance, when we analyzed more complex

ment. Such a mixture should have proteins of widely different mo-

mixtures, such as E. coli [24] and embryonic stem cell proteome

lecular weights and isoelectric points. SDS−PAGE protein marker

[27] the occasional identification increased to about 20%. It should

is a readily available protein mixture meeting these criteria. The

be noted that the occasional identifications of such complex pro-

marker that was constituted of the same amount of proteins listed

teins appeared to be reliable. We repeatedly analyzed the same pep-

in Table 2 with wide range of molecular weight (6.5−205 kDa) and

tide prepared under the same conditions to collect occasionally

isoelectric point (4.9 to 9.2) was used. Five µg of Lys−C and tryp-

identified proteins and extended the coverage of the proteome

tic peptide from the marker were analyzed, respectively, by 2 DLC

[24,27−30].

−MS/MS system two times each. In these analyses, the author se-

To examine the efficiency of identification of the 2 DLC−MS/

lected the most significant peptides identified from each protein

MS system, tryptic peptide of E.coli was introduced into the sys-

and compared the retention time on 2 DLC. All the peptides listed

tem. Figure 4 shows the relationships between the amounts of pep-

in Table 2 were eluted from 2 DLC within 0.9% variation of the re-

tides and percentages of identified peptides and proteins. By in-

tention times, indicating significant reproducibility of the LC sec-

creasing the loading amount of crude peptides of E.coli, the per-

tion of the system. In 4 runs, the number of peptide identified from

centages of identified peptides and proteins were increased and

each protein was almost identical, and almost all the proteins were

reached a plateau at around 200 µg. This proves that our standard 2

reproducibly identified. These results indicate that the system is capable of reproducibly identifying proteins regardless of pI and molecular weight.
Even though the system offers the high reproducibility and reliable identification of proteins as discussed in the previous section
paragraph, beta−galactosidase was only occasionally identified.
However, this occasional identification of the protein is not false
but is positive. The reliability of the identification was verified by
the detailed analysis of MS/MS spectra. This occasional identification may be caused by the protein nature which has the potential to
produce only a few peptides covered by the mass range of the system, shows low expression level, and/or by the characteristics of

Figure 4. Relationships between the amounts of peptides and percentages of identified peptides and proteins. The data
was from 2 DLC−MS/MS by applying crude tryptic digest of E.coli. Open and closed circles indicate relative
number of identified peptides and proteins, respectively.

the automatic MS/MS acquisition system which sometimes irregularly pick up peptides [24]. Therefore, the frequency of occasional
identifications increases as the complexity of the protein sample
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DLC−MS/MS system equipped with a 2.0 mm I.D. anion−ex-

terminal acetylations and 36 deletions of initial methionine were

change column and a 0.3 mm I.D. reversed−phase column showed

also detected. A complete list of the proteins and peptides identi-

maximal performance even with the loading of complex peptides

fied by this run was shown in Supplemental Table 2 (http://www.

as low as 200 µg.

sci.metro−u.ac.jp/proteomicslab/). In this analysis, the portions of
cellular proteins such as those with extremes in pI (115 proteins
with pIs >9 or <4) and Mr (76 proteins with Mr >100 kDa or <10

Analysis of peptides from crude protein mixture
Now, a typical analysis of the late logarithmic phase of E.coli

kDa), integral membrane proteins (112 proteins) and rarely trans-

proteome will be presented. Figure 5 illustrates a part of the sec-

lated proteins (133 proteins with codon adaptation index below

ond dimension of MS and MS/MS chromatograms, which were ob-

0.3) were identified. In this work, the number of proteins identi-

tained from the eluent of the first dimension of chromatography at

fied was about 10 times more than that by the 2 D−PAGE based

0% B 2 eluent. In this step, about 2,500 MS/MS spectra were gen-

analysis previously reported by Tonella et.al. [32].

erated and the database search was performed for the spectra

Using knowledge database, the proteins identified in this work

through the Mascot algorithm. This step was repeated 10 times

were categorized by the major functional groups (See Figure 6).

with increasing the concentration of sodium chlorides in the eluent

The proportion between each category was almost the same as that

of the first dimension of chromatography. Finally, 16,640 MS/MS

of the genome wide prediction, indicating that this system gave ac-

spectra were obtained which could be assigned to 4,106 peptides

cess to E.coli proteome in a largely unbiased manner. It should also

leading to the identification of 1,019 proteins, which is about one−

be noted that this system identified not only abundant cellular pro-

fourth of the number of open reading frames predicted from

teins such as ribosomal proteins and the elongation factors Tu and

genomic data [31]. Post−translational modifications including 5 N−

G that exist at 104 to 105 copies per cell [33] but also very minor

Figure 5. 2 DLC−MS/MS analysis of the tryptic digest of E.coli lysate.
(A 1) A part of typical total ion chromatogram generated in MS mode. The chromatogram shows the analysis of the eluent from
the first dimension of chromatography at 0% B 2 eluent.
(A 2−5) Parts of the typical total ion chromatograms generated in MS/MS mode. The four most intense ions in each MS scan were
automatically selected for collision−induced fragmentation and analyzed in MS/MS mode. The arrow at 17.6 min correlates with
the peptide that was selected as an example of peptide sequence shown in (B).
(B) Corresponding MS/MS spectrum obtained from peak eluting at 17.6 min. A doubly charged ion of mass−to−charge ratio (m/z)
of 753.89, corresponding to a peptide of 1505.78, was selected for fragmentation by collision−induced dissociation. The fragment
ions that originate either from the N terminus (b type ions) or the C terminus (y type ions) correspond to an amino acid sequence
that was identified using the database search program. In this instance, the MS/MS spectrum matched the peptide sequence
VINSGQVCNCAER from aldehyde dehydrogenase residues 278−290 (accession number 1787684).
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fore, the method presented here is useful for large−scale surveys of
differential protein expressions of cells and is also suitable for the
medical and pharmaceutical applications such as diagnosis of human diseases and drug discovery and safety assessment.
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