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Evaluation of Multidimensional Chromatography Coupled with
Tandem Mass Spectrometry (LC/LC—MS/MS) for Large-Scale
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Highly complex protein mixtures can be directly analyzed after proteolysis by liquid chromatography
coupled with tandem mass spectrometry (LC—MS/MS). In this paper, we have utilized the combination
of strong cation exchange (SCX) and reversed-phase (RP) chromatography to achieve two-dimensional
separation prior to MS/MS. One milligram of whole yeast protein was proteolyzed and separated by
SCX chromatography (2.1 mm i.d.) with fraction collection every minute during an 80-min elution.
Eighty fractions were reduced in volume and then re-injected via an autosampler in an automated
fashion using a vented-column (100 um i.d.) approach for RP-LC—MS/MS analysis. More than 162 000
MS/MS spectra were collected with 26 815 matched to yeast peptides (7537 unique peptides). A total
of 1504 yeast proteins were unambiguously identified in this single analysis. We present a comparison
of this experiment with a previously published yeast proteome analysis by Yates and colleagues
(Washburn, M. P.; Wolters, D.; Yates, J. R., lll. Nat. Biotechnol. 2001, 19, 242—7). In addition, we report
an in-depth analysis of the false-positive rates associated with peptide identification using the Sequest
algorithm and a reversed yeast protein database. New criteria are proposed to decrease false-positives
to less than 1% and to greatly reduce the need for manual interpretation while permitting more proteins

to be identified.
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Introduction

One of the greatest challenges facing researchers in the post-
genomic era is to identify and quantify all expressed protein
components in cells, tissues, and organisms. While two-
dimensional gel electrophoresis (2DE) is a powerful technique
for protein separation,'~® it has a number of limitations that
have spawned new technologies as alternatives to 2DE.*"1? A
powerful alternative technique is the so-called MUDPIT (multi-
dimensional analysis of proteins identification technology)
pioneered by Yates and colleagues.’*~18 This technique is also
termed DALPC for direct analysis of large protein com-
plexes.t31920 The acquired tandem mass spectrometry (MS/MS)
data are used for database searching,726 which leads to
identification of peptides and proteins. At the heart of the
method is the use of two-dimensional (2D) chromatography
to separate a peptide mixture prior to analysis by mass
spectrometry.

By utilizing peptides’ unique physical properties of charge
and hydrophobicity, a complex peptide mixture can be ef-
fectively resolved and concentrated prior to sequence analysis
by mass spectrometry. Strong cation exchange (SCX) chroma-
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tography is generally implemented as a primary separation
technique due to its potential for increased loading capacity
while reversed-phase (RP) chromatography is a perfect compli-
ment as a secondary separation technique because of its ability
to remove salts and its direct compatibility with mass spec-
trometry through electrospray ionization.

2D chromatography can be accomplished by either an online
or an offline approach.?” For the online approach, an acidified
complex peptide mixture is applied to an SCX chromatography
column and discrete fractions of the adsorbed peptides are
sequentially displaced directly onto the RP chromatography
column using a salt step gradient. Peptides are then eluted and
analyzed by tandem mass spectrometry (MS/MS). This ap-
proach can utilize as many as 15 (or more) salt “bumps” to
fractionate a peptide mixture.’3* A principal advantage to the
online technique is nearly complete automation in an un-
attended fashion. Essentially, the sample is loaded onto the
SCX column and 24 h later the analysis is finished.

The offline approach is performed by applying the acidified
complex peptide mixture to the SCX chromatography column
followed by a binary gradient to high salt to elute the peptides.
Fractions are typically collected every minute into a 96-well
plate and reduced in volume, and then each fraction is loaded
onto a RP chromatography column automatically via an
autosampler and analyzed by LC—MS/MS. The offline tech-
nique has several advantages over the online technique: (i)
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peptide separation is superior using a linear gradient instead
of a step-gradient; (ii) ideally, SCX chromatography is per-
formed with >20% acetonitrile (AcN) in the buffers to linearize
peptides,® yet only 5—10% AcN can be tolerated with the on-
line approach; (iii) more peptide fractions can be collected
with the offline approach (e.g., 96 vs 15); and (iv) user discretion
as to which fractions are to be analyzed is available in the
offline approach, and interesting fractions can be re-visited
(reanalyzed).

We report here the use of an off-line LC/LC—MS/MS strategy
to catalog the expressed proteins of the yeast S. cerevisiae. One
milligram of total protein was proteolyzed and analyzed by LC/
LC—MS/MS. A large dataset was generated that allowed us to
estimate false-positive rates during database searching using
the Sequest program and led to the establishment of new
criteria to reduce the false-positive rate to less than 1%.

Experimental Section

Apparatus. An LCQ Deca ion trap mass spectrometer was
purchased from Thermo Finnigan (San Jose, CA). Accessories
for capillary liquid chromatography were from Upchurch
Scientific Inc. (Oak Harbor, WA). Capillary tubing containing
a borosilicate frit (Integrafrit) was from New Objective Inc.
(Cambridge, MA). Magic C18AQ resin (5 um, 200 A) was from
Michrom BioResources (Auburn, CA).

Reagents. Sequencing grade modified trypsin was purchased
from Promega (Madison, WI). High purity acetonitrile (AcN),
methanol, and acetic acid (HOAc) were from VWR (Bridgeport,
NJ), and heptafluorobutyric acid (HFBA) was from Pierce
(Rockford, IL).

Procedure. Preparation and Digestion of Total Cell Lysate
from S. cerevisiae. Strain S288C was grown to log phase in YPD
medium. The cells were collected by centrifugation and lysed
with glass beads in lysis buffer (20 mM Tris, pH 8.0, 10 mM
NaF, 10 mM NacCl, 0.1% deoxycholic acid, 0.5 mM EDTA, and
protease inhibitor cocktail from Roche). The protein concentra-
tion was measured by a Bio-rad assay using bovine serum
albumin (BSA) as standard. The lysate containing 1 mg of
proteins was denatured by adding urea to 8 M and SDS to 0.1%,
reduced with 10 mM DTT at 37 °C for 1 h, and alkylated with
50 mM iodoacetamide in the dark for 30 min. Dialysis and
dilution were used to reduce urea to 1 M and SDS to 0.025%
as described.?’A 20 ug sample of trypsin (1:50) was added to
digest the proteins at 37 °C overnight.

Two-Dimensional Liquid Chromatography with Tandem
Mass Spectrometry. The tryptic peptides were acidified with
TFA to 0.1%, supplemented with AcN to 25%, and then loaded
onto a 2.1 mm x 20 cm polysulfoethyl A column (Poly LC Inc.,
Columbia, MD) connected to a Beckman Gold HPLC. Fractions
were collected every minute during an 80-min gradient from
5% to 35% solvent B (solvent A: 5 mM phosphate buffer, 25%
AcN, pH 3.0; solvent B: the same as A with 350 mM KCI; flow
rate: 0.2 mL/min). All collected fractions (n = 80, 0.2 mL each)
were reduced in volume to ~0.1 mL to remove AcN by vacuum
centrifugation and then analyzed by RP-LC—MS/MS in a
completely automated fashion using a 100 um i.d. vented
column as described.?® We loaded as many as 29 fractions onto
a single V-column. In other work, we used a single V-column
to analyze more than 100 samples (data not shown). Peptides
were eluted for each analysis during a gradient from 10% to
30% buffer B (buffer A: 0.4% acetic acid, 0.005% HFBA, 5% AcN;
buffer B: the same as A except 95% AcN; flow rate: ~300 nL/
min). In general, the amount of sample loaded was adjusted
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Figure 1. Yeast proteome analysis using a combination of two-
dimensional chromatography and tandem mass spectrometry.
Whole yeast protein (1 mg) was first digested with trypsin (see
the Experimental Section). The resulting highly complex peptide
mixture was analyzed by SCX chromatography during an 80-
min gradient with fraction collection. Each fraction (n = 80) was
subjected to automated reversed-phase (RP) nanoscale capillary
liquid chromatography (LC) coupled with tandem mass spec-
trometry (MS/MS). All resulting spectra were searched against
protein sequence databases with the Sequest algorithm for
peptide identification.

according to its peptide concentration: about 50% of the total
volume for fractions with OD,14 < 1.2 and 25% for all others
(OD24 at least 1.2, fractions 14—18). Gradient length was largely
dependent on the peptide concentration estimated by its ODj14
absorbance: 60 min (fractions 1—8 and 67—80, OD14 < 0.2),
90 min (fractions 42—66, OD,14 between 0.2 and 0.5), 120 min
(fractions 28—41, ODj4 between 0.2 and 0.5), or 150 min
(fractions 9—27, OD.14 > 0.5). Peptide ions were detected in a
survey scan from 400 to 1700 amu (3 uscans) followed by five
data-dependent MS/MS scans (5 uscans each, isolation width
3 amu, 35% normalized collision energy, dynamic exclusion
for 3 min) in a completely automated fashion on an LCQ-DECA
ion trap mass spectrometer (Thermo Finnigan, San Jose, CA).

Data Processing. All MS/MS spectra were searched using
the Sequest algorithm.?13° The database utilized was a com-
posite of the known yeast ORFs (6139 proteins) and a second
database containing 6139 bogus proteins created by precisely
reversing the order of the amino acid sequence for each protein
so that the C terminus became the N terminus. This is similar
to a database created by Moore et al.?® A total of 162 000 MS/
MS spectra were searched against the database using the
following criteria: no requirement for trypsin digestion, variable
modification of methionine (+16 Da) and cysteine (+57 Da).
The reason for the addition of the reverse-database is to provide
an estimate of the false-positive rate of peptide identification
by Sequest under various parameters.

Results

A flowchart of the experiment is presented in Figure 1. Whole
yeast extract (1 mg protein) was trypsinized into peptides in
the presence of SDS and urea. The resulting peptides were
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Figure 2. Large-scale analysis of yeast proteome by LC/LC—MS/MS. (A) SCX elution profile of typsinized total yeast extract. Peptides
were eluted in a gradient from 5% to 35% buffer B and monitored by UV absorption at 214 nm. Fractions were collected every minute.
(B) Base-peak chromatogram of SCX fraction 36 during RP LC—MS/MS analysis. Peptides were loaded and desalted in the first 20 min
and eluted in a 10—30% gradient of buffer B over 120 min. Selected peptides were subjected to MS/MS analysis. (C) An MS survey
scan during LC—MS/MS analysis at time 109.6 min. Many peptides can be seen coeluting. The mass spectrometer sequentially selected
five peptide ions for further sequence analysis by collision-induced dissociation. (D) MS/MS scan of precursor ion m/z 1010.7. This
was one of the five peptide ions chosen for analysis which was later matched to the peptide amino acid sequence shown. Some b-and

y-ions derived from the peptide ion are also indicated.

separated by strong cation exchange (SCX) chromatography
with fraction collection. Each fraction (n = 80) was collected
and analyzed by automated reversed-phase (RP) chromatog-
raphy coupled with tandem mass spectrometry using a vented
column approach.? In total, more than 162 000 MS/MS spectra
were automatically collected and searched against the com-
posite database (see the Experimental Section). More than
26 800 peptides were identified (7537 unique peptides, see the
Supporting Information).

As an example, the analysis of fraction 36 is shown in Figure
2. The off-line SCX analysis (Figure 2A) resulted in the collection
of 80 discrete fractions. The LC—MS/MS analysis of fraction
36 is shown in Figure 2B. Figure 2C shows a single MS survey
scan at the point of 109.6 min during the analysis. Figure 2D
shows an MS/MS scan of the precursor ion, m/z 1010.7
triggered from the survey scan.

To avoid loading each SCX fraction manually, we utilized a
vented-column approach for the RP-LC—MS/MS analysis?
(Figure 3). This allowed for fast loading of SCX fractions and
desalting (Figure 3A). To test the reproducibility and sensitivity
of the system, a standard peptide (bradykinin) was loaded from
10 fmol to 1 pmol (Figure 3B). The system could readily detect
the peptide at 10 fmol with a signal-to-noise ratio of about 4
and had a consistent performance indicated by the similar
retention time of the peptide in each analysis.

After acquisition of MS/MS spectra, the software algorithm
Sequest?2° was employed for peptide/protein identification.

Sequest matches an MS/MS spectrum with a peptide sequence
using the following steps. (i) All theoretical peptides with
molecular masses isobaric to that of the precursor ion for an
MS/MS spectrum are extracted from a database. (ii) Each
peptide is given a preliminary score by examining the number
of predicted fragment ions from the database peptide that
match the acquired fragment ions in the MS/MS spectrum. (iii)
The 500 best-matching peptides undergo a more rigorous ion-
matching algorithm that generates a Sequest cross-correlation
score (Xcorr) A list of the best-matching peptides is returned to
the user with the top-scoring peptide being considered the best
candidate. The difference of X scores between the top
peptide and the runner-up is represented by the function
termed delta-correlation score (ACy).

In most large-scale peptide sequence analysis studies where
Sequest is utilized, the results of the search for each MS/MS
spectrum are filtered according to some established criteria to
achieve a list of peptide matches. The criteria utilized include
three parameters: state of tryptic ends (fully- or partially
tryptic), Xcorr, and AC,. Although this data processing procedure
is sophisticated, the standard for accepting matched peptides
is rather empirical, and a large number of spectra require
manual interpretation.’® This dataset presented a unique
opportunity to evaluate the rate of false-positives achieved by
varying these three parameters because of the size of the
dataset. More than 162 000 MS/MS spectra and more than
20 000 spectra easily matched to correct peptides. Hence, the
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Figure 3. Automated nanoscale microcapillary LC—MS/MS using a vented column. (A) Integrated scheme including an autosampler,
HPLC pump, two six-port valves, one micro-tee, one micro-cross, a vented RP column and a LCQPECA jon trap mass spectrometer. SCX
fractions were first loaded onto a sample loop in valve 1 that was connected by dashed lines. Valves 1 and 2 were then switched
(connected by solid lines), which closed the micro-tee (flow restrictor; split) and opened the micro-cross (vent). At this stage, the
sample was transferred to the trap region of the vented-column and desalted by extensive wash at high flow rate (up to 5 uL/min).
After sample loading at high flow rate, valve 2 was again switched (dashed-line connection), which opened the flow-restrictor (split)
and closed the vent. Peptides bound to the trap were eluted during a RP gradient and ionized by electrospray with voltage (1.8 kV)
applied via a gold wire to one arm of the cross. All 80 fractions were analyzed by this same procedure. (B) A standard peptide bradykinin
(monoisotopic m/z of 530.8 for doubly charged ion) was sequentially titrated from 10 fmol to 1 pmol using a 100 um i.d. nanoscale
vented-column. Selected ion chromatograms for the doubly charged peptide ion (m/z 530.3—533.3) are shown. The amount of the
peptide loaded is also indicated as well as the strength of signal recorded.

number of total peptides after filtering was large enough to
easily evaluate false-positive rates of less than 1%.

To address the false-positive rate in database searching by
Sequest, we exploited the use of a composite database contain-
ing the yeast ORFs in both the forward (correct) and reverse
(incorrect) orientation. The reverse-database was positioned
after the forward one. After searching the 162 000 MS/MS
spectra, the results were filtered according to specific criteria.
Any peptide passing the filtering parameters that was derived
from the reverse-database is defined as a false-positive (fol-
lowed by manual verification of all false-positives). Because the
reverse-database is exactly the same size (number of amino
acids), it can be assumed that the rate of false-positives is the
same for both databases. Therefore the overall false-positive
rate can be estimated by doubling the number of peptides
found from the reverse-database and dividing the result by the
total number of identified peptides from both databases
according to following formula: % fal = 2[Nrev/(Nrev + Nrear)],
where % fal is the estimated false-positive rate, ny, is the
number of peptides identified (after filtering) from the reverse-
database, and n.a is the number of peptides identified (after
filtering) from the real database.

We thus calculated the estimated false-positive rate of
returned peptide identifications with regard to their charge
state, tryptic state, Xcorr, and AC,,. We first examined the effect
of increasing the AC, on the estimated false-positive rate for
fully tryptic and doubly charged peptides. As expected, when
the cutoff of AC, increased for various Xcorr settings, false-
positive rates decreased gradually (Figure 4) as did the number
of peptides accepted (data not shown). To maximize the
identified peptides and keep the false-positive rate below 1%,
the cutoff (AC, > 0.08) showed a good compromise. After fixing
the cutoff of AC,, the false-positive rate was further derived as
shown in Table 1. The estimated false-positive rate was highly
dependent on peptide charge state and tryptic state. For
example, for nontryptic peptides with a low Xcorr score (<2),
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nearly all peptides matched in the database were false-positives,
which was in good agreement with the fact that trypsin
possesses high substrate specificity and produces very few
completely nontryptic peptides during digestion. In addition,
when the same threshold of X was applied, fully tryptic
peptides had a much lower false-positive rate than partially
tryptic peptides. Based on the Table 1, we determined new
criteria (highlighted in the Table 1) with the goal of an overall
estimated false-positive rate of less than 1%: AC, score is >0.08;
in the case of fully tryptic peptides, Xcorr should be larger than
2.0, 1.5, or 3.3 for charge states of +1, +2, +3, respectively;
partially tryptic peptides must have an Xcorr score of >3.0 (+2
state) or >4.0 (+3 state).

We next compared these new criteria with those previously
delineated by Yates and colleagues.'* Our dataset was processed
(filtered) according to both criteria (Figure 5A). Our criteria
resulted in an approximately 3-fold lower estimated false-
positive rate (10.6% vs 30.8%) for identified proteins before
manual validation, which decreased the requirement of manual
interpretation. To further analyze the false-positives in identi-
fied proteins, the proteins were categorized by the number of
unique peptides contributing to their identification (Figure 5B).
The false-positive rate among proteins identified by a single
peptide was 26% (188 out of 716). This rate decreased dramati-
cally when two peptides were utilized in the identification to
1.4% (4 out of 279). Finally within this very large dataset, there
were no false-positives detected for proteins identified by three
or more peptides. Therefore, we manually confirmed proteins
identified by one or two peptides instead of all proteins
matched by four or fewer peptides.** A total of 216 (12.6% of
1720) proteins were discarded, which was consistent with the
predicted false-positive rate (10.6% in Figure 5A). In our dataset,
proteins identified by a single peptide after manual interpreta-
tion represented 33.9% (510 out of 1504) of the entire dataset
that was significantly less than that in the dataset published
previously (42.1%, 617 out of 1465).14 Furthermore, while 858
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Figure 4. Evaluation of the effect of AC, on the false-positive rate of peptide identifications. A total of 162 000 MS/MS spectra were
searched against the chimeric forward- and reverse-yeast database. Sequest analysis results were filtered for fully tryptic peptide ends
and a charge state of +2. The effect of increasing the AC,, cutoff at different Xcorr values is shown. A false-positive was defined as the
identification of a peptide from the reverse-database after filtering. The estimated false-positive rate was calculated as described in the
text. The estimated percent of false-positives at an X.or > 1.5 and a AC,, of >0.08 was less than 1% (170) with an n of more than 20 000.

Table 1. Evaluation of the False-Positive Rate Using Different X Cutoff Thresholds?

ion state (+1)

ion state (+2)

ion state (+3)

par non ful par non ful par non

Xeorr % fal n % fal n % fal n % fal n % fal n % fal n % fal n % fal n % fal n
15 26 1713 19.7 1672 895 711 0.80 21156 258 8371 988 6802 104 2433 783 4078 99.7 12976
16 24 1605 169 1511 911 540 0.73 21124 240 8159 98.6 6121 104 2430 77.8 4037 99.7 12803
1.7 19 1456 143 1342 944 411 066 21049 219 7895 99.1 5282 103 2426 779 3984 99.7 12590
1.8 15 1295 129 1165 931 275 060 20921 19.7 7598 99.2 4381 9.9 2413 77.7 3893 99.6 12276
19 10 1156 98 977 939 179 055 20744 170 7264 978 3566 9.6 2401 774 3771 99.7 11832
20 06 980 81 815 942 121 046 20475 143 6895 96.8 2770 9.2 2385 76.1 3615 99.8 11282
21 07 848 80 650 0.39 20099 119 6539 96.8 2109 86 2362 74.8 3421 99.7 10553
22 06 682 7.0 513 028 19619 94 6191 953 1581 82 2333 737 3173 100.1 9689
23 0.0 563 6.8 380 022 19065 75 5803 934 1148 7.8 2290 70.7 2867 100.2 8650
24 0.0 454 58 275 0.20 18417 58 5434 906 843 7.1 2244 67.4 2583 100.8 7580
25 0.0 364 6.7 208 009 17722 45 5091 852 601 6.4 2167 644 2301 100.8 6359
26 0.0 270 6.6 152 0.09 16964 3.4 4754 799 438 49 2079 60.6 1993 101.7 5136
27 0.0 199 89 112 0.06 16170 2.4 4442 759 316 44 1978 557 1696 102.2 4031
28 0.0 150 0.03 15374 19 4131 80.7 218 3.7 1873 487 1414 1025 2985
29 0.0 111 0.01 14563 1.3 3820 769 156 3.1 1757 419 1183 1035 2167
3.0 0.00 13734 0.7 3506 727 110 26 1638 352 999 104.7 1513
31 0.00 12840 0.6 3238 20 1525 287 829 1044 1027
3.2 0.00 11903 0.3 2951 14 1419 244 713 1029 657
3.3 0.00 10954 0.2 2666 0.9 1323 196 613 1021 433
34 0.00 10059 0.1 2407 0.7 1218 143 531 105.9 270
35 0.00 9102 0.1 2156 05 1113 91 461 107.7 156
3.6 0.00 8243 0.1 1891 0.2 1016 6.5 403

3.7 0.00 7431 0.1 1667 0.0 936 45 353

3.8 0.00 6668 0.0 1471 0.0 855 3.8 319

3.9 0.00 5868 0.0 1275 0.0 787 22 275

4.0 0.00 5133 0.0 1110 0.0 717 0.8 247

4.1 0.00 4483 0.0 954 0.0 641 00 229

4.2 0.00 3913 0.0 832 0.0 582 0.0 210

4.3 0.00 3411 0.0 700 0.0 523 0.0 193

4.4 0.00 2915 0.0 596 0.0 491 0.0 175

4.5 0.00 2451 0.0 493 0.0 448 0.0 156

aful, fully tryptic ends; par, partially tryptic ends; non, nontryptic; % fal, the percentage of false-positives; n, the sum of peptides based on the X cutoff
(shown in the first column). All peptides display AC, of >0.08. The established thresholds are shown in boldface type.

proteins were found in both datasets, 607 proteins were unique
to the published dataset and 646 proteins were found only in

our dataset (Figure 5C).

We also examined the elution profile of the peptides with
different solution charge states. At the pH utilized for the

separation (pH 3.0), only lysine, arginine, histidine, and the
amino-terminus contribute to the peptide solution charge state.
Peptides with different solution charges were well separated
mainly based on their ionic charge (Figure 6A) but also
dependent on hydrophobicity (Figure 6B) during the elution.
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Figure 5. Refining Sequest search criteria with respect to
reducing the number of false-positives. A total of 162 000 MS/
MS spectra were searched against the chimeric database de-
scribed in the text that contained yeast ORFs in both the forward
and reverse direction. (A) Comparison of the criteria (marked by
asterisk) previously described by Yates and colleagues (ref 14)
and our new criteria from Table 1. While peptides with AC, >
0.1 were accepted in the previous criteria, we selected AC, >
0.08. lon charge state (+1, +2, or +3) and tryptic state (ful, fully;
par, partially; or non, nontryptic) are indicated. The sum of
peptides (n = nrev + Nreal) in each category, the number of false-
positives (#fal = 2nre,) and the percentage of false-positives (%
fal) are also shown. After manual validation, we removed 216
proteins (12.6%) and accepted 1504 proteins. (B) Assignment of
proteins according to how many unique peptides used in their
identification for this study (1504 proteins) and one previously
published (ref 14) (1465 out of 1486 proteins with extractable
peptide information). (C) The overlap in the proteins detected in
this study and those previously described (ref 14).

The number of peptides identified in each fraction was
outlined in Figure 7A. The number of identified proteins
increased steadily with the number of fractions analyzed and
did not reach a plateau (Figure 7B). Although the slope appears
to decreases gradually, if the curve is normalized according to
the number of peptide identified in each SCX fraction (Figure
7A), it is clear that a plateau is not being reached (data not
shown). To increase the throughput of the method, one strategy
is to decrease the redundant MS/MS analysis of peptides
from the same fraction. Analyzing every other fraction would
reduce the analysis time by 50% and would still allow the
identification of 84% of same proteins. Analyzing only every
third fraction resulted in 74% of the same proteins being
identified (Figure 7C).

48 Journal of Proteome Research e Vol. 2, No. 1, 2003

Peng et al.
A 400 7
350 - —o— 2+ charged peptides
—O— 3* charged peptides
300 —a— 4+ charged peptides
§ 250
& 200
Q.
e
O 150 -
*
100 -
50
0 nr
0 20 40 60 80
# of SCX fractions
B
0 1 \ 2+ O3+ a4t

Average of hydrophobicity index
>

-30 T T T ]
0 20 40 60 80

# of SCX fractions

Figure 6. SCX separates peptides in a mixed mode. (A) Peptides
identified in each SCX fraction with regard to their solution
charge state. (B) The hydrophobic index average (ref 32) for all
peptides in each fraction categorized by their charge state in
solution. This shows that peptides were separated primarily by
solution charge state and secondarily by hydrophobicity.

Discussion

Multidimensional chromatography coupled to tandem mass
spectrometry (LC/LC—MS/MS) represents a promising alterna-
tive for proteome analysis. Multidimensional chromatography
is most commonly accomplished by the combination of SCX
and RP chromatography because of their orthogonal separation
properties. In this report, we present the analysis of expressed
yeast proteins by LC/LC—MS/MS techniques. More than
162 000 MS/MS scans were collected throughout the analysis
with a final result of identification of 1504 proteins.

The sensitivity of peptide detection in LC—MS/MS is largely
dependent on the concentration of the peptide eluted from the
column, which is affected by the amount of sample loaded and
the gradient length (or the slope of linear gradient). It is a
challenge to optimize sample loading and the gradient length
for each SCX fraction to maximize peptides detected by MS/
MS. A common strategy is to maximize the sample loading and
to run a longer gradient. However, when the sample is limited,
a long gradient will decrease the detection sensitivity of many
low abundant species and result in fewer peptides identified.
On the other hand, overloading the column will cause peak
broadening of abundant peptide species that will suppress the
signal of coeluted minor species in electrospray. In the offline
approach, the concentration of peptides in each fraction can
be estimated based on the UV absorbance at a wavelength of
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Figure 7. (A) Number of peptides identified in each SCX fraction.
(B) Cumulative curve of proteins identified by LC—MS/MS. (C)
Effect of analyzing only every other or every third fraction from
the 80 SCX fractions on total number of peptides, unique peptide
and proteins identified. The number of total peptides (26 815),
unique peptides (7537) and proteins (1504) were normalized to
100%. Key: 1_3, all fractions with odd numbers; 2_4, all fractions
with even numbers; 1_4, fractions 1, 4, 7, ...; 2_5, fractions 2, 5,
8, ...; 3_6, fractions 3, 6, 9, ....

214 nm. For most fractions, we loaded only one-half of the
sample volume to maximize sensitivity. For several fractions
with much higher peptide concentrations, some peak broaden-
ing effect was observed (data not shown) and we reduced the
loading amount to 25%. To provide the ability for adjustment
to the amounts of sample loaded and gradient length, we first
analyzed every 8th fraction (fractions 8, 16, 24, 32, 40, 48, 56,
64, 72, and 80).

A two-dimensional separation and analysis of proteolyzed
yeast protein has already been presented by Yates and col-
leagues.'* They reported the analysis of 1486 yeast proteins by
a combination of SCX and RP chromatography with peptide
sequence analysis by tandem mass spectrometry. It should be
noted that their report actually represents the pooled results
of three separate experiments with each experiment being
performed after differential protein extraction. Our results
represent the results of a single experiment from a single yeast
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sample analyzed in an automated fashion. In addition, they
utilized a biphasic column approach where the SCX and RP
materials were contained in a single piece of fused silica. This
did not allow for the use of detergents such as SDS or cholate
in the lysis buffer. Our lysis buffer contained detergents that
were removed by the SCX chromatography step and allowed
for the detection of numerous membrane proteins (see the
Supporting Information). A total of 858 proteins (about 60%)
were identified by both approaches overall, while approxi-
mately 40% of proteins in the two datasets were different
(Figure 5C). Furthermore, if we consider proteins identified by
1, 2, and greater than 2 peptides from our dataset with the
previously published set, the proteins identified in common
were 34%, 52%, and 75%, respectively. The reason for the
relatively poor correlation between the two studies may come
from several sources. (i) The previous dataset was based on
the aforementioned pooling of samples. (ii) Because the
sequencing technique is truly “shotgun”, different peptide ions
may have been selected. (iii) Manual interpretation was
performed in each case that is also subject to some error. (iv)
Finally, the strains of yeast were different and may have had
different patterns of gene expression. In any case, more large-
scale studies are needed for further comparisons.

We made use of a vented-column?® for the automated
analysis of the 80 SCX fractions. This technique allowed for
nano-column (75—100 4m i.d.) loading at high flow rates (~5
uL/min) with subsequent peptide elution after closing the vent
at low flow rates (~200 nL/min). Chromatography is greatly
improved because the vented-column acts as a single column.
The vented-column was especially useful in the analysis of SCX
fractions because of the need for high flow washes to remove
salts prior to analysis.

Manual interpretation of MS/MS spectra is often important
to verify protein identifications derived from 2 peptides or less.
With very large datasets such as the one in this study, manual
interpretation of many thousands of peptide matches may be
necessary. We therefore sought to evaluate the rate of false-
positives after filtering database search results. We created a
chimeric or composite database that contained protein se-
quences for all yeast ORFs in the forward direction followed
by the same ORFs in a reverse-orientation from C terminus to
N terminus. After performing a Sequest search of the 162 000
MS/MS spectra from this experiment against the composite
database, we estimated the false-positive rate by determining
number of peptides from the reverse-database (false sequence)
that were identified. Because the number of peptides identified
from the reverse-database was often small, it required a very
large number of right-answer peptides to provide an accurate
estimate. For example, 21 156 peptides were identified (85 from
the reverse-database and 21 071 from the true database) when
Sequest results were required to be fully tryptic, have an Xcorr
of >1.5, and display a AC,, of >0.08. The false-positive estimate
was 0.8% [2 x 85/(21071 + 85)]. The previously utilized Xcorr
cutoff for partially tryptic, doubly charged peptides with a AC,,
> 0.1 was 2.2. This cutoff resulted in an estimated false-positive
rate of nearly 10% (Figure 5A). In fact, this category let in nearly
600 peptides that would need to be removed by manual
interpretation. By using an Xcorr cutoff of 3.0, this number was
reduced to only 24. We generated new filtering criteria with
the goal of an overall false-positive rate of <1%. The AC, should
be 0.08 or greater. In the case of peptides with fully tryptic ends,
Xeorr cutoff values of 2.0, 1.5, and 3.3 should be utilized for
peptides with a charge state of +1, +2, and +3, respectively.
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In the case of partially tryptic peptides, Xcorr cutoff values of
3.0 and 4.0 for 2+ and 3+ peptides, respectively, are used.
Partially tryptic peptides with a charge state of +1 and
nontryptic peptides of any charge state are not accepted. If this
dataset were filtered with the previously established criteria we
would need to remove ~630 peptides compared to only ~180
by using the new criteria (Figure 5A). Furthermore, the new
criteria resulted in identification of more proteins (1538 vs 1419)
that were calculated by subtracting the estimated false-positives
from the total proteins shown (Figure 5A).

We have evaluated an offline multidimensional chromatog-
raphy peptide separation approach for the large-scale analysis
of expressed yeast proteins. We identified 7537 peptides (1504
proteins) during a completely automated analysis. Our data
suggest that additional protein or peptide separations would
still be required to maximize the separation capacity to meet
the challenge of the complexity of a higher eukaryotic pro-
teome. For instance, enriching for cysteine-containing peptides
before two-dimensional LC—MS/MS would decrease the pep-
tide complexity, reduce the number of peptides identified for
the same proteins and therefore improve throughput for
protein identification.3! Alternatively, removing the time factor
could be accomplished by the deposition of RP-LC elutions
directly onto plates for analysis by MALDI ionization.
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