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Abstract

One of the most effective methods for the direct identification of proteins from complex mixtures without first having to
resolve them by polyacrylamide gel electrophoresis is to separate proteolytically generated peptides by microcapillary HPL
and then collect data directly on the eluent using a tandem mass spectrometer. Multidimensional HPLC separation techniqg
provide access to even more complex mixtures of proteins. A set of techniques for multidimensional analysis was develop
in our lab; collectively they are known as multidimensional protein identification technology (MudPIT). These strategies
employ a biphasic column with a section of reversed phase (RP) material flanked by strong cation exchange (SCX) resin &
allow for multidimensional separation of peptides. A variation on MudPIT adds an additional section of RP material behinc
the SCX and RP. This 3-phase column can be used for “online” desalting of the sample. We compare the analysis of a comp
mixture of proteins purified by their association with bovine brain microtubules using a single-dimension LC-MS/MS column,
a 2-phase (standard) MudPIT column, and a 3-phase MudPIT column. We find that the 3-phase MudPIT column yields
greater number of protein identifications for this test sample and allows data to be collected on a set of hydrophilic peptid
not sampled using the 2-phase MudPIT column. (Int J Mass Spectrom 219 (2002) 245—-251)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [1-5]. To identify proteins in mixtures, the proteins
are first proteolytically digested. The resulting com-
The use of HPLC directly coupled to a tandem mass plex peptide mixture is separated by reversed phase
spectrometer can identify proteins in mixtures and (RP) chromatography, the eluting peptides directly
circumvent the use of gel electrophoresis to separateionized via electrospray, and then analyzed by tan-
proteins prior to identification by mass spectrometry dem mass spectrometry. LC-MS/MS can be applied
to peptides recovered from digested bands/spots re-
* Corresponding author. E-mail: jyates@scripps.edu solved by single-dimension (1D) and two-dimensional
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(2D) polyacrylamide gel electrophoresis, but the true the standard 2-phase MudPIT column. This desalting
power of the technique becomes evident for mixture step is usually performed “offline” using a solid phase
analysis. The tandem mass spectrometry data canextraction column; the peptides in the organic eluent
be correlated to the database sequences and pepare then vacuum concentrated down to near dryness

tides identified by their amino acid sequer{de6]. before being diluted back into aqueous buffer for load-
LC-MS/MS has proven successful for the analysis of ing onto the MudPIT column. In order to minimize
numerous proteins and protein complexX8s/—11} these extra steps, and thus manipulations of the sam-

however, more complicated protein mixtures produce ple, it is possible to place an additional phase of RP
much greater numbers of peptides which require material in the microcapillary upstream of the SCX.
added separation capacity and greater sampling timeSamples can then be loaded directly onto this third
to acquire data on these peptides. phase and desalted “online” during the first cycle of
The multidimensional protein identification tech- the MudPIT. While 1D, 2-phase MudPIT and 3-phase
nology (MudPIT) strategy was developed to address MudPIT columns are routinely used for different pur-
both of these problen{g]. For MudPIT, strong cation  poses in the lab, an actual head-to-head comparison
exchange (SCX) resin is placed upstream of the RP was needed. We present here a comparison of the rel-
portion of the column. Peptides at low pH are bound to ative efficacies of LC-MS/MS, 2-phase MudPIT, and
the SCX phase and subsequently “stepped” off using 3-phase MudPIT on a complex mixture of proteins
multiple salt pulses followed by reversed phase separa-associated with bovine brain microtubulésg. 1).
tion of each subset of peptides. The initial application
of this strategy was known as direct analysis of large
protein complexes (DALPC). DALPC was validated
on theS cerevisiaeribosome, a complex that was par-

ticularly difficult to resolve by 2D gel electrophore- 200 t;;é
sis due to both high pls of the proteins and their

small size. This analysis revealed two previously unde- 120
scribed ribosomal components and demonstrated that 100

the amount of starting material required for DALPC 80
was significantly less than the amounts necessary for
2D gel-based analysis. Others groups have also found
multidimensional separation coupled directly to a tan-
dem mass spectrometer to be an effective substitute 40
for gel-based protein analysis stratedi$,12]

For analysis of even more complex protein mix-
tures, such as whole cell extracts, greater separation
and data acquisition capacity is required. Further op-
timizations in HPLC materials, buffers, and general
strategy have resulted in the current form of MudPIT -
[13,19] This strategy coupled with sample prepara-
tion modifications demonstrated the most complete de-
scription of theS. cerevisiae proteome reported to date,
with the positive identification of 1498 proteifis3]. Fig. 1. Proteins associated with bovine brain microtubuleg.g0f

Because of inefficiencies of peptide interaction proteins associ_at_ed with bovine brain_microtubules seetipn 2

. . . were TCA precipitated, resuspended in SDS—PAGE loading bulffer,
with the SCX caused by competing salts, peptide

] | ] resolved on a 6-20% SDS—PAGE gradient gel, and visualized via
solutions must first be desalted before loading onto Coomassie staining.
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2. Materials and methods

Bovine microtubule associated proteins (MAPS)

were produced using standard procedures as described

in [14,15] except that following phosphocellulose
chromatography to remove MAPs from the depoly-
merized tubulin, MAPs were eluted with three column
volumes (1200 mL) of column buffer (CB; 50 mM
K-Pipes, pH 6.8, 1 mM EGTA, 0.2 mM Mgg) con-
taining 1M KCIl. We collected 6 mL fractions; the

MAPs came out in one peak between fractions 38-70.

MAPs were concentrated about two-fold (from 0.5
to 1.2 g/L) using YM10 Centriprep centrifugal filtra-
tion devices and dialyzed overnight against 20 mM
Na-HEPES, pH 6.8, 5mM Mgg) 1 mM Na-EGTA,
150mM NacCl at #C. Prior to digestion, proteins
were precipitated using tricloroacetic acids (TCA)
[16].

Protein digestion was performed as described in
[7] with modifications. Briefly, 1 mg of precipitated
proteins were resuspended in 200 of 8.0 M urea,
100 mM tris pH 8.5, reduced and alkylated using 3 mM
TCEP (Sigma) for 20 min and 10 mM IAA (Sigma) for
30 min, and then digested for 4 h at 37 using 5u.9

247
(A) kV
6.5cm
; —() )
HPLC RP
Gradient Waste/ Heated
T Split capillary
(B)
30em 6.5cm
ﬂ )
SCX RP
-I-T'
(©)

3.0cm 3.0em 6.5cm
y —r— :,.
RP SCX RP
™

Fig. 2. General diagrams of 1D LC-MS/MS, 2-phase MudPIT, and
3-phase MudPIT. (A) 1D LC-MS/M$15]. An HPLC gradient is
delivered to a junction where the voltage is applied and a proportion
of the flow is split off to reduce the flow rate through column
to approximately 300 nL/min. 6.5cm ofin C-18 material (RP)
were packed into a 100m internal diameter fused silica cappilary
whose tip had been pulled down to approximateluns. (B)
2-Phase MudPIT columifill]. Configuration is identical to 1D
column except that 3.0 cm of strong cation exchange (SCX) was
placed upstream of the RP phase. (C) 3-Phase MudPIT column.

of endonuclease Lys-C (Roche). The mixture was then The column is identical to the 2-phase MudPIT column except

diluted to 2.0 M urea, 100 mM tris pH 8.5, 1pQ of

Porozyme trypsin beads (PE Biosystems) were added,
and the proteins were digested with shaking overnight

at 37°C. The peptide mixture was acidified by adding
formic acid to 5% final volume.
1D LC-MS/MS was performed as if3] with

that an additional 3.0 cm of RP material is placed upstream of the
SCX phase for the purpose of “online” desalting.

resolved with a linear gradient from 100% buffer
A (5% ACN, 0.05% HFBA) to 80% buffer B (80%
ACN, 0.05% HFBA) for 2h Fig. 3A). A flow rate

changes to buffers and RP material as previously at the tip of the column of approximately 200 nL/min

described for the MudPIT columngl3]. Using a
pressure cell, 6.5 cm of obm Zorbax-XDB C-18 (Ag-
ilent) was packed into a 1Q0m internal diameter
fused silica column whose tip had been pulled to ap-
proximately 5um internal diameterKig. 2A) using a

was accomplished by adjusting the restriction from
the flow splitter. MS/MS data were collected in a data
dependent manner using settings describgd 3ij
2-phase MudPIT analysis was performed as de-
scribed previously13] with slight modifications. The

Sutter P-2000 (Sutter Manufacturing). Peptides from column was identical to the 1D column except that
15ug of MAPs were loaded directly onto the column 3cm of SCX resin (Paritsphere SCX, Waters) was
using a pressure cell. For analysis the column was placed upstream of the RP sectidfig. 2B). Before

placed in front of the heated capillary opening of an loading, 15.g of peptides were desalted using a C-18
LCQ ion trap mass spectrometer (Thermo-finnigan) solid phase extraction cartridge (C-18 SPEC, Ansys)
and voltage was applied using a liquid junction to [13]. For the 3-phase MudPIT column an additional
facilitate electrosprayHig. 2) [17]. Peptides were  3cm of RP material was placed upstream of the SCX
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Fig. 3. Peptide chromatograms and diagrams of chromatographic conditions. (A) 1D LC-MS/MS. Shows a base-peak peptide chromatogram
and the gradient profile with the percentage of buffer3dtion 2 indicated by grey shading. (B) 2-Phase MudPIT. As in A except that
profiles for three out of the six steps are included. The darker grey box indicated percentage of buffer C (thirdSegtier—} and

black shaded box indicated percentage of buffer D (sixth cy8eetion 3. Elution cycles for second, fourth, and fifth steps were as for

the third cycle except with differing percentages of buffer C. (C) 3-Phase MudPIT. As in B except for 3-phase MudPIT analysis.
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(Fig. 2Q. Both MudPIT experiments used six elu-

tion steps Fig. 3B and §. The first was a gradient

from 0 to 70% buffer B (see above) which served as
a “desalting” step. The next four cycles were as de-
scribed in[13] with 2 min salt steps of 10, 25, 50, and

80% buffer C (250 mM ammonium acetate, 5% ACN,
0.05% HFBA) prior to each cycle of RP separation.
The final cycle includes a longer (20 min) salt bump
of 100% buffer D (500 mM ammonium acetate, 5%
ACN, 0.5% HFBA). Electrospray setup and data col-
lection settings were as in the 1D LC-MS/MS analysis.
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imately 12h Fig. 2B and . For the purpose of
comparison, MS/MS data were searched against the
human subset database from NCBI using SEQUEST,
and these results filtered and compared using a uni-
form set of criteria with the DTASelect prograi20].

The most important comparison among the three
techniques was the total number of proteins that each
returns. For this purpose it was necessary to generate
a list of proteins that represents the minimum number
of proteins consistent with the data. Depending on the
database being searched additional numbers of pro-

MS/MS data were searched against a human subseteins may be returned for a variety of reasons such as

database from NCBI using SEQUE{6]. Search re-

multiple entries for that protein in the database, partial

sults were filtered, combined by locus, and redundant coding sequences that are subsets of larger proteins,
locus information removed using the DTASelect pro- and closely related proteins for which the peptide data
gram[20]. A PERL script, HPLCpH34, was written is inadequate for differentiation. Thus, even though
to calculate predicted hydrophobic retention of pep- there could be many sets of protein paralogs present
tides from the various experiments based on values for within the sample, they were not counted separately

individual amino acids fronf16]. Statistical compar-
ison was performed using the two-taitest function
in Excel (Microsoft).

3. Results and discussion

To test the relative performance of 1D LC-MS/MS,

for our analysis if there were not peptides specific for
that particular protein. After the minimization filter-
ing, the results were 26, 55, and 62 proteins for the
1D, 2-phase, and 3-phase experiments, respectively
(Table 1.

Dramatic differences were observed between the 1D
separation and the MudPIT runs, where over twice as
many proteins are identified. These results were to be

2- and 3-phase MudPIT we needed a sample that wasexpected because of the greater resolving power of the

sufficiently complex and had enough of a range of
relative protein amounts to “challenge” each of the
systems without unduly biasing towards a specific

MudPIT columns and the fact that data were collected
over a six-fold greater time period. More differences
were seen in the total number of peptides matching to

technique (see discussion below). For this we chose tothese proteins. For 1D LC-MS/MS 147 individual pep-
use a set of proteins that were purified based on their tides were found and for 2-phase and 3-phase Mud-

association with bovine brain microtubul§s4,15]

PITs 341 and 431 peptides were fourf@lfle 7). The

Extensive analysis of this sample has shown that more analyses did not vary dramatically in the percentages
than 200 proteins are present at various concentrationsof “true-tryptic” (both cleavages specific for trypsin)

in the mixture Fig. 1 and data not shown).

For the comparison approximately {L§ of di-
gested protein were loaded directly onto a 1D
LC-MS/MS column, offline desalted and loaded
onto a 2-phase MudPIT column, or loaded directly
onto a 3-phase MudPIT column (s&ection 2and
Fig. 2). For the 1D run, peptides were resolved and
data collected for 120 minF{g. 2A). Both MudPIT
experiments were identical six cycle runs of approx-

and “at least half-tryptic” (at least one cleavage spe-
cific for trypsin and the other potentially non-specific)
peptides(able ). These data are consistent with other
results from the lab showing that while approximately
80-90% of matched peptides contain at least one tryp-
tic cleavage site, only 55-70% of matched peptides
are fully tryptic peptides (data not shown) and illus-
trate the risk that one could throw away over one-third
of the data from an experiment by limiting the search
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Table 1
Proteins, peptides, and total spectra returned after filtering
Number of proteins Number of peptides Total spectra matched
1D 26 147 (82%, 649%) 186
2-Phase MudPIT 55 341 (9FP%649%) 634
3-Phase MudPIT 62 431 (85%579%) 996

aPercent of “at least half-tryptic” peptides (one or both of the cleavages specific for trypsin).
b percent of “true-tryptic” peptides (both cleavages specific for trypsin).

strategy to only peptides specific for the enzyme used. Table 2

The “unexpected” proteolytic specificity could come Average predicted hydrophobic retention index for the peptides at
. H 3.4[16

from a variety of sources such as endogenous pro—p [l

teases that were active during the cell lysis/purification Average

n

e . hydrophobicit
procedure or even from specific processing of these yerop Y
proteins as part of their functional context in the cell. 1P 311 147
. . . Unique to 1D 1.45 13
One possible reason for the differences in results 5 ppase MudPIT 2.94 341
between the two types of MudPIT columns was that Unique to 2-phase MudPIT 3.01 128
a subset of peptides was lost from the mixture during 3-Phase MudPIT 1.92 431
Unique to 3-phase MudPIT 0.82 188

the offline cleanup step. The peptides most likely to
be lost were those not sufficiently hydrophobic to
be retained on the C-18 SPEC cartridge. To test this 2.94, or those peptides only found in the 2-phase col-
possibility we compared the predicted reverse phase umn, 3.01 Table 3. Consistent with the hypothesis,
retention indices at pH 3.418] for both the total the peptides that were only observed in the 3-phase ex-
peptides returned from each run and for the peptides periment (possibly representing those peptides which
that were found only in the 2-phase analysis. If more were lost in the offline desalting) showed an even
hydrophilic peptides were lost during the offline de- lower average hydrophobicity of 0.8Zgble 3. All of
salting, then the average hydrophobicity would be these differences were significant with < 0.01 for
higher for peptides matched in the 2-phase experi- two-tail t-tests between the data setslfle 3.
ment than for 3-phase experiment. If there were no  None of these analyses was sufficient to return more
bias for peptide loss during the offline cleanup then than 200 proteins that previously have been shown to
one would not expect a statistically significant differ- be present in the sample by analyses using more sam-
ence between the groups of peptides from the various ple, a longer analysis time, and more comprehensive
experiments. database searches (data not shown). We purposely did
The average hydrophobicity for peptides from the not load additional sample because for this compari-
3-phase run of 1.92 was markedly lower than either son we did not wish to “stack the deck” in favor of one
the average of the total peptides from the 2-phase run, strategy. For this particular sample and amount, the

Table 3
P-values from two-tailt-test comparisons of predicted peptide hydrophobicity
2-Phase MudPIT Unique to 2-phase 3-Phase MudPIT
2-Phase MudPIT - - -
Unigue to 2-phase 0.868 - -
3-Phase MudPIT 0.001 0.009 -

Unique to 3-phase <0.001 <0.001 0.003
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3-phase MudPIT column was superior both in number

of proteins and number of peptides that were sampled.
However, the choice of strategy depends on the com-

plexity of the sample, the amount of starting material
available, and the level of analysis needed. If it were

only necessary to identify the most abundant proteins

within this sample or the sample was significantly
less complex, then 1D LC-MS/MS would be pre-

ferred because it is faster and more easily automated.
The amount of sample, which can be loaded onto a

3-phase MudPIT column without offline desalting, is
limited to around 10Q.g without substantial risk of
clogging the column (Yates lab, unpublished data). In
many cases, especially when dealing with extremely
complex mixtures, such as cell lysates, it is desirable
to load more protein onto the column following the
offline cleanup and extend the analysis for 12—-18 cy-
cles[13]. In this case the additional total protein and

analysis time can more than make up for any subset of
peptides that might be lost during the cleanup step. The

opposite is true when sample quantity is limiting.

Based on results from this study and our experience

with a wide variety of protein mixtures, fewer peptide
manipulation steps afford less chance for both gen-

eral and specific peptide loss and makes the 3-phase

MudPIT an excellent choice when a robust analy-
sis is required on very small quantities of a protein
mixture.
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