
Journal of Chromatography A, 1067 (2005) 73–83

Review

Proteomic LC–MS systems using nanoscale liquid
chromatography with tandem mass spectrometry

Yasushi Ishihama∗

Laboratory of Seeds Finding Technology, Eisai Co. Ltd., 5-1-3 Tokodai, Tsukuba, Ibaraki 300-2635, Japan

Available online 21 November 2004

Abstract

Current nano-scale liquid chromatography–tandem mass spectrometry (nanoLC–MS/MS) approaches in proteome research are reviewed
from an analytical perspective. For comprehensive analysis of cellular proteins, analytical methods with higher resolution, sensitivity, and
wider dynamic range are required. Miniaturized LC coupled with tandem mass spectrometry is currently one of the most versatile techniques.
In this review, the current status of nanoLC–MS/MS systems as well as data management systems is addressed. In addition, the future prospects
for complete proteomics are discussed.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Efforts to miniaturize HPLC in the 1980’s led to the de-
elopment of packed microcolumns using fused silica cap-
llaries with a 20–250�m inner diameter and a flowrate

separation efficiency[1–8]. In such microscale system
absorbance-based detectors such as UV detectors a
suitable because shorter light paths lead to less sen
detection. On the other hand, low flowrates from micros
LC were compatible with mass spectrometers with fast a
f 0.02–10�L/min to gain higher sensitivity with higher

∗ Tel.: +81 29 847 7192; fax: +81 29 847 7614.
E-mail address:y-ishihama@hhc.eisai.co.jp.

bombardment (FAB) interfaces as described in 1985[9] and
subsequently applied to peptide mapping[10–12]. At the
same time, the most important revolution in atmospheric
pressure ionization for MS, electrospray ionization, was
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developed by Yamashita and Fenn[13], which was recog-
nized by the 2002 Nobel Prize in Chemistry. Although the
early ESI interfaces allowed a flowrate of 1–10�L/min, the
miniaturization of the electrospray, e.g., microelectrospray
[14] and nanoelectrospray[15] produced lower flowrates
(<300 nL/min), which were also directly achievable with
packed capillary columns of less than 150�m i.d. Recently,
nanoLC separation was coupled to another Nobel Prize win-
ning technique, matrix-assisted laser desorption/ionization
(MALDI) [16,17], by continuous spotting of the eluate from
the LC onto the MALDI target plates[18–20].

Tandem mass spectrometry has been used as a microscale
de novo sequencing tool for peptides because collision-
induced dissociation (CID) followed by product ion scanning
provides systematic fragment information of amino acid se-
quences[21]. Further improvement in peptide sequencing
sensitivity was accomplished by the development of nano-
electrospray combined with a peptide sequence tag approach
for protein identification in databases[22]. Because even one
peptide is sufficient to identify a unique protein, this approach
is more powerful for protein identification in proteome-scale
experiments than the peptide fingerprinting approach where
several peptide masses from one protein are used for identi-
fication.

The recent completion of genome sequencing and anno-
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2. LC–MS/MS as protein sequencer

One key technology in large-scale genome sequencing
is a high-throughput DNA sequencer based on multiplex
capillary electrophoresis to separate the fluorophore-tagged
oligonucleotide ladders produced by the dideoxy method.
Similarly, tandem MS allows for separating oligopeptide
ladders, which are generated inside the mass spectrometer
from parent peptides by CID, to determine the partial amino
acid sequences of these peptides (Fig. 1). In the DNA
sequencer, a nucleotide sequence can be determined by se-
quentially identifying the corresponding fluorophores in the
electropherogram. Multiplexing capillaries with a 96 or 384
capillary format allows for high-throughput parallel analysis.
In addition, low sample amounts can be overcome easily by
PCR amplification. On the other hand, proteins are normally
difficult to apply directly to a mass spectrometer to obtain
sequence information because of the relatively lower effi-
ciency of ionization and fragmentation, compared to smaller
molecules such as peptides. Peptides with some length, pro-
duced by sequence-specific cleavage reactions such as trypsin
digestion, are unique enough to identify their source proteins
from fragmented ion spectra produced by CID. In addition,
although CID does not always produce perfect peptide
ladders, partial reaction products recorded in MSMS spectra
a f the
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ation of various organisms has increased the importan
nalysis for possible gene products. One of the primary g
f proteomics is to address all functions in the cell at
rotein level, including protein expression, modification
alization and protein–protein networks[23]. Therefore, on
f the biggest challenges for analytical scientists is to

yze these proteomic samples, in which more than 106 human
ryptic peptides may be present in concentrations varyin
ore than 106 in a human cell, with as much throughput a

ensitivity as possible. To fulfill this analytical demand, t
imensional gel electrophoresis has been used to se
roteins followed by in-gel digestion of excised spots
ALDI MS or nanoelectrospray MS/MS to identify the
roteins. However, this approach has several disadvan

n that only a limited range of proteins are analyzabl
uffers from low dynamic range and lower throughput or
culty of automation[24]. Nevertheless, a differing opinio
hampioning its merits as a proteomics platform has
een published[25]. An alternate and perhaps more powe
pproach is nanoLC combined with tandem mass spec
try. Most of the current publications about large-scale

ein identification are performed not by two-dimensional
lectrophoresis, but by nanoLC–MS/MS combined with

erent prefractionation approaches[26,27]. In addition, pos
anoLC–MS/MS technologies such as database search
orithms have been combined to increase the analytica

ormance of the method as a whole.
Here, current analytical technologies, including nano

S/MS, as well as the data management for proteomic
eviewed. Furthermore, the future demands and directi
his field is discussed.
re specific enough to identify one unique peptide out o
andidates obtained from a protein sequence database[28].
herefore, digested peptides instead of proteins are gen
nalyzed with tandem mass spectrometry to identify pro
ith the help of protein databases and the various se
ngines[29–31]. Because, however, digestion of prot
ixtures provides a larger number of solutes with a w
ynamic range than that of DNA, more efficient approac

or introduction of the sample to the mass spectrom
re required to reduce sample complexity and to widen
ynamic range of analysis. Currently, direct coupling
anoLC with tandem MS is the most powerful approach.
s well as MALDI interfaces are currently used between
nd MS. The main difference between ESI and MALDI
rotein identification is the ease of fragmentation of pept
SI normally produces multiply charged parent ions, whe
ingly charged peptides are dominant in the MALDI proc
herefore, in general, MSMS spectra by ESI have m

ragmented ions than those by MALDI. In addition, the
uence of ionization suppression should be considered
he samples are highly complex. In general, this suppre
ffect is more severe in MALDI than ESI. On the other ha
ALDI has advantages over ESI in terms of the flexibility

he front-end separation tool. Because the coupling bet
ALDI and LC is not perfectly on-line, parallel separat

s easily accomplished. In addition, empty fractions ca
y gradient delay and column equilibration/washing
e omitted from analysis. Furthermore, re-analysis
ertinent fractions and optimization of analysis condit

o improve data quality from previously analyzed spot
ossible.
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Fig. 1. Comparison between DNA and protein sequencing. Top: DNA sequencing by capillary array electrophoresis. Bottom: Protein sequencing by tandem
mass spectrometry.

3. NanoLC–MS/MS systems

3.1. Column and interface to MS

Typical microcolumns for nanoLC are prepared using re-
versed phase materials with a 3–10�m diameter packed into
fused silica capillaries with a 12–100�m diameter, in which
sintered silica particles or silicate-polymerized ceramics have
been used as frits[7,14,32–34]. The post-column connec-
tions affect peak broadening, and usually zero dead-volume
unions are used, in which tubing ends are closely adjoined to
one another. In this case, how the tubing is cut is critical to
avoid peak broadening[35] and customized unions are used
in some cases[36,37].

In ESI-MS, a spray needle with a tapered outlet is used
as a restrictor for packed particles to prepare a fritless col-
umn. This approach is quite attractive for LC–MS because
the post-column dead volume is minimized. So far, several
groups have reported that the opening size of the column must
be smaller than or equal to the average diameter of the pack-
ing materials to retain them[38–40]. The column, however,
is easily blocked during the packing process[41]. This is be-
cause the particle size was almost equal to that of the outlet,
and a single particle often completely blocked the outlet. To
overcome this problem, we developed a “stone-arch” column,
w av-
e arch
o ction
a tlet

of the ESI needle, in which the assembled silica particles are
fused by a pulsed laser beam to make permanent frits[42].
Monolithic columns are another type of fritless column. Both
silica-based and organic polymer-based materials were re-
ported[43,44]. It should be considered that the lower loading
capacity of monoliths is a potential problem in some cases.

Generally, smaller columns at a lower flowrate combined
with real nanoelectrospray conditions give higher sensitivity
[36,45]. It is quite difficult, however, to routinely prepare
packed columns with a small diameter (<30�m), because
particles stop in the middle of the column during packing.
Removal of larger particles improves the efficiency of the
packing[32,36]. Some groups reported that the use of loosely
packed transfer tubing helps to pack smaller columns more
tightly [42,46].

In ESI interfaces, liquid junctions are mostly used in both
packed needles and columns with empty needles to apply the
spray voltage. With the former, an inlet connector is used
for the liquid junction using a metal union or a tee with a
platinum electrode inserted. Because of the large difference
in electrical resistance between liquid and gas, the drop in
electrical field along the packed needle is negligible and suf-
ficient voltage for spraying is maintained along the needles.
In latter cases, conductive unions with distally coated emitters
are most often used. Conductive tips, such as stainless steel
n ials
[

I in-
t lytes
here the opening size is two- to five-fold larger than the
rage particle size, and particles at the end of the column
ver the opening and these self-assembled particles fun
s a frit. A similar approach is to make a silica frit at the ou
eedles[47] and glass tips coated with conductive mater
48–51], are also used.

There are two approaches of the liquid phase-MALD
erface. One is based on the on-line introduction of ana
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into MS using a continuous flow. Another is based on the off-
line fractionation of analytes from LC eluent. In both modes,
the MALDI matrix is mixed with analytes before introduc-
tion into the MS. In on-line aerosol liquid MALDI, an elu-
ent mixed with the MALDI matrix is sprayed into a vacuum
chamber of the MS to generate an aerosol, and the analyte
is ionized from the aerosol by an irradiating laser[52]. The
continuous flow MALDI with a porous frit at the capillary
end inside the mass spectrometer, similar to continuous flow
FAB, is also used for an on-line mode. The MALDI matrix is
mixed with column eluent before crystallization occurs on the
frit, which is used as a target for laser irradiation in MALDI
[53,54].

In off-line interfaces, analytes are directly deposited onto
the target. For a target, a moving belt of cellulose membrane
containing the matrix was reported first[18]. Another ap-
proach is to use a rotation wheels in the vacuum region of
the MS and to continuously deposit the mixture of analyte
with the matrix[20]. Non-continuous deposition approaches
using piezoelectric microdispensers[55] and electrosprayers
[56] are also used. The simplest non-continuous deposition
approach is to spot the mixture solution of analyte and the
matrix on the target by controlling the distance between the
flow output and the target or by applying an intermittent neg-
ative potential to the plates[19]. This approach is routinely
u s. In
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has been used as an organic solvent in many applications, but
methanol gives better sensitivity in off-line infusion nanoES
experiments; although in LC analysis the peak width is gener-
ally broader in methanolic buffers. Giorgianni et al. reported
that Michrom Magic C18 with methanol gives higher sen-
sitivity in peptide LCMS analysis[64]. The influence of the
gradient time on sensitivity and the resolution were evaluated
for a malaria proteome study[65]. Under the conditions em-
ployed, a 90 min gradient from 5 to 20% acetonitrile gave the
best results in terms of the number of identified proteins. The
optimum gradient is highly dependent on sample complexity
as well as the amounts loaded because a shallower gradient
gives better resolution, while a steeper gradient give better
sensitivity. For neuropeptides with less complexity, a steeper
gradient gives better results, as described by Haskins et al.
[66].

3.3. Injection system

Because of the low flowrate, injectors with a smaller
dead volume such as injection valves with 100�m bore and
20–25�m i.d. transfer lines, should be used for nanoLC. In
typical cases, the proteomic sample size ranges from a few
microliters to 100�L. Trap columns are useful to reduce the
injection time. Because the diameter of the analytical col-
u fully
s ain-
t
p 1 mm
i nger
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w lyt-
i d
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c via a
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sed in many laboratories with commercial instrument
hese off-line approaches, the efficiency of the front LC
ration is to some extent compromised. Because LC an
ecome fully independent, however, more flexible MS a
sis is possible, such as skipping or repeating analys
escribed earlier.

.2. Mobile phase conditions

In LCMS for peptides, acidic conditions with ion-p
eagents are usually used in combination with C18 sta
ry phases to suppress peak broadening. Trifluoroaceti
TFA) is one of the most popular reagents because of h
eak capacity with smaller peak width. However, signal
ression by TFA was often reported in LCMS analysis[57]
lthough some groups use a 0.05–0.1% level[58] or lower

41] because signal suppression highly depends on th
nstrument. Wolters et al. reported great improvement
he addition of 0.02% heptafluorobutyric acid (HFBA)
C/LC–MS/MS analysis[59] and later decreased down
.012%[60] or even without HFBA[61], and Peng et al. use
.005% HFBA[27]. Other ion-pairs with longer fluoroca
on chains, including perfluorooctanoic acid, have also
sed[57,62]. In our laboratory, 0.5% acetic acid is mai
sed, and 0.005% HFBA as well as 0.005% TFA are us

ncrease the number of identified proteins by changing
etention behavior[63]. Modern C18 stationary phases h
enerally good features to suppress peak tailing with fo
cid or acetic acid. In our case, “stone-arch” needles pa
ith ReproSil C18 give Gaussian symmetric peaks with
roximately 5 s half-height peak widths (Fig. 2). Acetonitrile
mn is quite small, the size of the trap should be care
elected to provide sufficient loading capacity whilst m
aining separation efficiency[67]. In general, it is difficult to
repare a reliable short trap less than 5 mm length (0.3–

.d.) reproducibly. It was also reported that the use of lo
rap columns with smaller i.d. affects the elution order (
ith 100�m i.d. and 25 mm length combined with ana

cal column with 75�m i.d.) [68]. Licklider et al. reporte
n interesting system called a v-column, in which the
olumns and analytical columns are directly connected
ee with an open/close switch[69]. A similar system was als
eported using a custom-made butt tee connector betwe
rap and column[37]. We developed triple columns, whe
trong cation exchange chromatography (SCX) is ins
etween the C18 trap and the C18 analytical column,

he waste line is between the SCX and the analytical
olumns[70]. Then hydrophilic as well as hydrophobic co
aminants, such as Coomassie dye, can be removed.
ystems are not practical, however, because of the diffic
n assembly.

Direct injection was accomplished by concentrating s
le volumes using pipette tip-based microcolumns. Fo
tance, stop and go extraction tips (StageTips) are use
ause of the higher capacity, higher recovery, and sm
lution volumes required[71]. These tip-columns allow sam
les to be processed in parallel, and consequently, redu

otal analysis time. In addition, the robustness of the LC
em is improved by filtering the sample solutions. A spli
etween injector and column was effective in avoiding

nfluence of dead volume inside the injector if the pump
enerate the direct flow for loading as shown inFig. 3.
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Fig. 2. NanoLC–MS/MS analysis for 50 fmol tryptic digest of human serum albumin. Conditions: column, arch-stone C18 (100�m i.d., 150 mmL, 6�m
opening, ReproSil C18-3�m); flowrate, 300 nL/min; mobile phase, 0.5% acetic acid with acetonitrile; gradient, acetonitrile 4–24% in 10 min; MS, AB-Sciex
QSTAR pulsar i.

Direct loading is also possible using an air-pressured cell
where the column is directly immersed into the sample solu-
tion [38]. Because this is a “true” direct loading from sample
solution to the column without transfer tubing, carry-over
caused by the injector is avoided. In addition, the loading
time is negligible when loading is performed during another
analysis using another column. However, it has the disadvan-
tage of being a fully manual process.

3.4. Nano-flow gradient system

Few commercial pumps can generate low flowrates of less
than 1 (L/min in a gradient mode. Two types of nanoflow
pumps are currently available. One is a split type, where a
splitter divides the higher flowrate generated by the pump
into nanoflow. Because the split device has a flow monitoring

function, the final flowrate becomes constant during gradient
elution, even if the backpressure of the column changes. A
simple homemade splitter consisting of a tee and a restric-
tion line has also been used in many applications. Without a
feedback system, however, the split ratio changes during gra-
dient elution. Therefore, one serious problem that can occur
during automated analysis is to lose all samples if the col-
umn becomes blocked, because the total backpressure does
not change when the column is blocked. Therefore, filtration
of samples helps to make the system robust. StageTip has
been used not only to desalt but also filtrate samples prior to
nanoLC–MS/MS analysis[65,72–74].

Another type of pump utilizes direct flow without flow
splitting. Generation of a low flowrate less than 1�L/min in
gradient mode is accomplished using a large mixing chamber
in which the initial solvent is exponentially replaced with
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Fig. 3. Direct injection systems without trap columns. (A) Using a 10-port injection valve. (B) Using an air-pressure cell.

the final solvent[75]. Both the flowrate and the volume of
the mixing chamber control the gradient curve profile. This
system was miniaturized for nanoLC[76,77]. Shen et al.
reported the use of ultrahigh pressure-tolerant pump systems
[78]. Although the retention time reproducibility was not
satisfactory due to the constant pressure conditions in their
systems, the run-to-run difference in retention times was
minimized using a genetic algorithm[58]. We accomplished
the linear gradient using split tubing array (STAR) systems
[79] (Fig. 4). Natsume et al. also developed a multistep
gradient with a relatively large mixing cell to obtain a linear
gradient[45]. Stepwise gradient elution is performed using
two filled loops with two different solvents in microLC[80].
Using the same principle, linear gradient elution in nanoLC
was accomplished using a loop filled with solvents from a
conventional gradient pump[81,82]. This was also applied
in a ultrahigh pressure nanoLC system[83].

3.5. Multidimensional separation

Although current nanoLC–MS/MS has a throughput of
approximately 2000–4000 peptides per run within 1–2 h, it
is not sufficient to analyze complex peptide mixtures such as
that obtained from a whole cell lysate. Therefore, additional
steps prior to nanoLC–MS/MS are necessary to reduce the
c bun-
d and
s num-
b nent
o sing
i ltra-

filtration, SDS-PAGE, ion-exchange chromatography, chro-
matofocusing, and isoelectric focusing (IEF) have been re-
ported. Peptide separation after digestion is also performed
using orthogonal modes of reversed phase separation that is
used for final steps before MS/MS. So far, SCX is mostly of-
ten used[26,84,85]. Theoretically, separation at the protein

F ient
g mes.
B r.
omplexity as well as the dynamic range of the peptide a
ance. Subcellular fractionation using ultracentrifugation
ucrose gradient separation effectively increases the
er of identified proteins and purifies the cellular compo
f interest. Protein separation or selective enrichment u

mmunoprecipitation, size exclusion chromatography, u
ig. 4. Split tubing array (STAR) gradient systems. Top: STAR grad
enerator using three split tubes with different restrictions and volu
ottom: Obtained gradient profiles with and without a mixing chambe
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level is more effective than that at peptide level in reducing
the dynamic range problem as simulated inFig. 5. Actually,
a GeLCMS approach, in which SDS-PAGE followed by slic-
ing the gels, digeston, and LC–MS analysis, was performed,
which solved the dynamic range problem in the malaria pro-
teome by isolating huge amounts of hemoglobins from red
blood cell samples[65]. On the other hand, the complex-
ity problem can be solved by fractionation at both the pro-
tein and peptide levels. This leads to an increase in the total
analysis time and the number of identified proteins becomes
saturated as fraction number increases[27,86]. Therefore,
selection of the fractionation method is important to max-
imize the efficiency of the identification process, and two
factors, peak resolution and orthogonality to C18 separation,
should be considered for peptide fractionation. For exam-
ple, in SCX, to increase the resolution, linear gradient salt
elution is preferable to step gradients, and the addition of
organic solvents is effective to suppress hydrophobic inter-
actions, i.e., to increase the orthogonality to C18 separation.
Therefore, working in an off-line mode would more eas-
ily achieve the optimum conditions. In addition, in an off-
line mode, larger bore columns can be used to handle larger
sample volumes to increase the dynamic range, whereas the
on-line mode can be fully automated and provides poten-
tially more reproducible results. Recently, IEF separation
f ve to
S

per-
i plex
s may
m ions.
W isks
a iden-
t
l

F unts in
F tion w

Selective enrichment at the peptide level reduces the
complexity for ICAT peptides, which are biotin-modified
cysteines, and an avidin column was used to fish out the
ICAT peptides in combination with SCX and C18 separa-
tion [27]. Phosphopeptides were also enriched using pipette-
tip-based immobilized metal-ion-affinity chromatography
(IMAC) column [88]. Methylation of carboxyl moieties ef-
fectively reduced the non-phosphopeptide and IMAC interac-
tion [89]. We also performed phosphopeptide fishing using a
C18/titania/C18 StageTip and phosphopeptides in whole cell
lysate were successfully enriched (Fig. 6) [90].

3.6. Mass analyzers

Mass analyzers of various design and performance are cur-
rently used for proteome research[23]. Factors for compari-
son are sensitivity for resolution of peptides, mass accuracy,
and the ability to generate information-rich peptide fragment
ion mass spectra. In general, ion-trap (IT) instruments are
relatively robust, sensitive, and inexpensive. In addition, they
generate more fragment ions and even MSn (n> 2) is possi-
ble, although resolution and mass accuracy is relatively lower.
The linear IT, where ions are stored in a cylindrical volume
that is considerably larger than that of the traditional three-
dimensional ITs, was recently introduced with increased sen-
s was
m ) to
g lied to
p pho-
m

S)
c netic
fi ution,
s nt is
c e per-
or peptide prefractionation was reported as an alternati
CX [87].
For different situations, such as immnoprecipitation ex

ments where only a few micrograms of moderately com
amples are available, a more flexible off-line system
ore easily be adapted to the best fractionation condit
e employed a StageTip with C18/SCX/C18 stacked d

nd the resultant four fractions increased the number of
ified peptides by up to 240% forEscheriachia colisoluble
ysate[63].

ig. 5. Simulated prefractionation of eight proteins with different amo
ractionation at the protein level before digestion. Simulated fractiona
to five fractions. Top: Fractionation at the peptide level after digestion. Bottom:
as performed using a random sampling function in Microsoft EXCEL.

itivity, resolution and mass accuracy. This instrument
odified to perform electron transfer dissociation (ETD
enerate c, z-series fragment ions and successfully app
hosphorylated peptide analysis without loss of a phos
oiety during fragmentation[91].
Fourier Transform Ion Cyclotron Resonance MS (FTM

aptures the ions under very high vacuum in a high mag
eld. The advantages are ultrahigh mass accuracy, resol
ensitivity, and dynamic range. However, the instrume
omplex and requires constant maintenance to keep th
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Fig. 6. Phosphopeptide enrichment using C18/titania/C18 StageTip. Left: C18/titania/C18 StageTip. Right: LC–MSMS analysis for tryptic peptidesfrom Hela
cell lysate spiked with�-casein. Right-top: Total ion chromatograms of the flow through and the enriched fractions. Right-bottom: MSMS spectrum of an
enriched peak. Mascot protein identification engine identified phosphoserine-containing peptides from�-Casein.

formance. In addition, fragmentation efficiency is generally
not very high. So far, FTMS has not been used routinely in
proteomics. Very recently, a hybrid linear IT–FTMS was in-
troduced, in which MS/MS is performed in an IT and FT is
used for high accuracy simultaneous measurement of parent
ions[92,93].

Time-of-flight (TOF) instruments are used with MALDI
as well as ESI. TOF also has high mass accuracy, resolution
and sensitivity. For MS/MS measurement, it requires another
analyzer and CID source in front of TOF. Hybrid quadrupole-
TOF, IT–TOF and TOF–TOF have been developed with ESI
and MALDI interfaces.

While TOF, IT, and hybrid TOF instruments are currently
widely used, the development of new instruments with higher
performance is quite rapid because of the increasing demands
of proteomics. Along with LC having a higher resolution,
faster scanning capabilities will be more important in the
near future.

3.7. Data analysis

Data analysis is a key step in “-omics” research because
huge amounts of information-rich data are easily generated.
The first post-MS step is to produce peak lists from MS
raw data consisting of MS scans with three-dimensional axes

(time,m/z, and ion counts) and MSMS scans with parent ion
masses, acquired time, and fragment ions with ion counts.
Peak extraction is generally performed using scripts attached
to the MS operation software or identification software. How-
ever, the quality of peak extraction software varies with each
MS instrument. In our laboratory, therefore, we developed
our own software that is used to generate the same quality of
MSMS peak lists from various MS instruments from differ-
ent vendors including quadrupole-TOF, IT, and TOF–TOF.
The peak lists are then automatically submitted to database
search engines for protein identification.

There are two types of search engines developed so far
to identify proteins via tandem mass spectra. The “peptide
sequence tag” approach uses partial sequence information
as well as the parent ion mass and the sequence speci-
ficity of the cleavage reaction are used as “tags” to con-
strain searches of the sequence database[28]. It requires a
pre-interpretation step to obtain these tags before database
searching, although this can be automated[94,95]. On the
other hand, another approach does not require any pre-steps
before starting the database search because these algorithms
are based on comparisons between observed and theoreti-
cal spectra. The program based on cross-correlation between
observed and theoretical spectra is known as Sequest[29],
while other programs based on probability of random match-
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ing between the measured and the theoretical peaks have been
commercialized as Mascot[30] and Sonar[31], for instance.
These fully automated search engines are now widely used for
large-scale protein identification via LC–MS/MS data and for
searching sequence databases. The output, however, should
be manually verified to avoid false positive proteins in the
list. A 1% false positive rate at peptide level leads to more
than a 10% false positive rate in protein levels if manual
verification is not performed in the case of large-scale yeast
proteome[27], because the present automated algorithms are
not versatile enough to accurately distinguish false positive
identifications from true positive ones especially when the
quality of MS/MS spectra is poor. Other concerns are to re-
move some constraints or to add possible variations such as
cleavage specificity or additional modifications, because it
would also cause a drastic increase in the false positive rate.
Recently, a hybrid linear IT–FTMS was employed to evalu-
ate the specificity of trypsin cleavage using IT fragmentation
with ultrahigh accuracy of parent ions measured by FTMS
[93]. As a result, under the conditions employed, they con-
cluded that trypsin cleaves C-terminal to both Arg and Lys,
exclusively.

The next step is to validate the results, remove the redun-
dancy, and quantify proteins if necessary. The use of multiple
algorithms based on different principles would be helpful to
v mass
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a h
a
r ation
o were
d sition
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Fig. 7. False positive removal using predicted retention times. Upper: Rela-
tionship between predicted and measured retention times of peptides from
E. coli soluble lysate. The prediction was based on Meek’s equation[96].
Lower: Relationship between the differences between predicted and mea-
sured retention times and Mascot probability scores of peptides. The outside
of the shadow zone indicates false-positive identified peptides.

as cellular localization, the biological process, and the molec-
ular function are added to the identified proteins. These data
validation and mining steps should be performed automati-
cally to avoid human error. The tools, however, are not stan-
dardized at present, with individual laboratories developing
their own tools and some commercial products are now being
introduced.

4. Conclusion

Current nanoLC–MS/MS technology has been suc-
cessfully applied to proteomics research and has provided
dramatic improvement in protein identification, although
complete coverage of the proteins for any organism has
not yet been accomplished. Analytical challenges remain in
trying to resolve the dynamic range problem as well as the
complexity as mentioned. Currently, the Human Proteome
Organization (HUPO) is focusing on human plasma pro-
teome (http://www.hupo.org/hpp/hppp.htm), where these
problems are emphasized[99]. In addition, large numbers
of false positive proteins have been reported as identified
proteins from different laboratories because of different cri-
teria for protein identification using different search engines.
A non-redundant protein list obtained from four different
a itive
i ive
h pects
i ot
i icle.
C per-
alidate protein identification. Other parameters such as
ccuracy of parent ions, peptide retention times, isoele
oints if IEF is used, and protein molecular weight if pro
eparation based on the size is performed are also help
emove the false positives. In quadrupole-TOF instrum
e-calibration using top-ranked peptides improves the m
ccuracy an average of up to 10–20 ppm[65]. Software suc
s MSQuant (http://msquant.sourceforge.net) can perform
ecalibration automatically. Approaches based on estim
f peptide retention times in reversed phase separation
eveloped in the 1980s, based on the amino acid compo
nd other parameters by Meek[96] and Sakamoto et al.[97].
sing current proteomic LCMS, it is much easier to ob
atasets of more than 1000 peptides in a single run. Rec
almblad et al. used the estimated retention times for pr

dentification[98]. Also Petritis et al. estimated the retent
imes using a neural network based on Meek’s equation[58].
he coefficients for the equation depend on the LC sy

ncluding the mobile and stationary phases. In our lab
ory, a peptide mixture from digested whole cell lysate
repared and analyzed by LCMS with 90 min linear grad
lution. Usually more than 3000 sequencing events
erformed and approximately 1500 peptides were iden
ith 95% confidence. Using this dataset, multiple lin

egression analysis was performed to calculate Meek’s
cients for each of the 20 amino acids. The obtained re
ere used to eliminate the false positive proteins (Fig. 7).
Grouping of redundant proteins or protein families

ased on shared peptides. This should be done carefu
uantitation because two isomers with different express
ften have shared regions. Then, biological information
pproaches is helpful in reducing the number of false pos
dentifications[100]. The Proteomics Standards Initiat
as been organized in HUPO to standardize various as

ncluding a data format[101]. Quantitation is another h
ssue in this area although it is not reviewed in this art
omprehensive gene expression analysis is now easily

http://msquant.sourceforge.net/
http://www.hupo.org/hpp/hppp.htm
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formed using DNA microarray as well as RT–PCR. Unlike
the transcriptome, proteomic quantitation is not sufficient
enough in terms of the coverage, although stable isotope
labeling approaches are widely employed[102–104]. An-
other application of LCMS in proteomics would be the study
of protein–protein interactions[72,105]. While proteomics
has so far provided significant insights in cell biology,
extensive improvement in analytical science is still required
for comprehensive understanding of cellular function.
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