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Abstract—Multidimensional protein identification technology (MudPIT) is one of the most versatile methods for
separating and identifying highly complex peptides or proteins. However, there are still inherent problems resulting
from salt in eluent systems and instrumentation with MudPIT. We designed a novel and simple flow path using two-
valve system and successfully performed a fully automated peptide analysis using MudPIT coupled with nano-liquid
chromatography electrospray ionization mass spectrometry (nLC-ESI-MS). It enables to generate a remarkably stable
nanospray during the MudPIT analysis and realize the fully automated MudPIT system. This column arrangement could
be easily installed to avoid laborious loading steps and unstable ionization from discontinuous flow. Consequently,
the new flow path design for MudPIT system guarantees the detection of more peptides and higher protein coverage

in proteome analysis.
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INTRODUCTION

The main focus of proteomics is to completely understand pro-
tein expression, dynamics, and connections among proteins (pro-
teome) in cells under specific conditions [1]. The development of
mass spectrometry (MS) and protein purification/separation tech-
niques accelerated advances in the proteomic era and revolutionized
proteomics [2]. MS is a tool to analyze molecules through ioniza-
tion using electron energy and subsequent separation of ions [3]. It
has been used for small molecules, but recently developed soft-ioniza-
tion methods have spurred its application to biomolecules [4,5]. Two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) is the
most widely used method for protein resolution and identification,
although it is laborious, tedious, and time-consuming [1].

Robust and automated high throughput separation technologies
are needed, and multidimensional protein identification technology
(MudPIT) is the most versatile and distinguished method for rapid
and large-scale proteome analysis using multidimensional liquid
chromatography (LC) and tandem MS [6,7]. In the process of Mud-
PIT, the denatured and reduced proteome is enzymatically digested
to generate a peptide mixture, and this peptide mixture is applied to
multidimensional LC composed of a strong cation exchange (SCX)
and a reversed-phase (RP) chromatography column [8,9]. Whole
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peptide samples are loaded onto the SCX column, and eluted to the
RP column using a solution containing low concentration of salt.
Once the peptides are moved to the RP column, they are eluted with
an acetonitrile (ACN) gradient and then sprayed into the MS. This
process is repeated with a higher concentration salt solution until
all samples are completely eluted. The combination of these two
columns generates an alternative and efficient two-dimensional sep-
aration system like 2D-PAGE, and the two-stage separation increases
efficiency of the MS analysis [8,9].

Although there have been several modifications to improve Mud-
PIT by applying ultra-high-pressure, double vents and an autosam-
pler, the flow configurations are still very complicated [8,9]. Com-
pared with initial MudPIT experiments requiring a pressure vessel
to load peptides, the loading steps are clearly simplified using an
autosampler. However, the flow to the MS was not continuous in
most cases, because of the washing step and the use of a vent tee
for waste flow. Discontinuous flow stops ionization of the solution
in the MS during the washing step, which normally lasts 5-10 min.
As a result, when the sample is injected into the MS, the sample is
lost because of inefficient ionization. Considering that a pre-run is
applied before every MS analysis, it is easy to see that discontinuous
flow to the MS greatly decreases the efficiency of the MS analysis.

However, when MudPIT is applied to nanoL.C system, the high
salt solution passes through the nano tip, decreasing the buildup of
spray and bubbles produced in the process resulting in an unstable
spray condition. This decreases ionization efficiency and thus, the
analysis must be stopped to remove high salt around the nano tip
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[10-12]. In this study, we designed a flow path using a two-valve
nano LC system to avoid problems associated with salt formation
using nano tip in MudPIT. As a result, we successfully performed
the fully automated process of peptide analysis by MudPIT with
nLC-electrospray ionization (ESI)-MS.

MATERIALS AND METHODS

1. Materials

Bovine serum albumin (BSA), ammonium acetate, and ACN
were purchased from Sigma (St. Louis, MO, USA) and C18 beads
were obtained from Vydac (218TP51; Deerfield, IL, USA). The
SCX column (5 pum, 4.0x125 mm, Waters, Milford, MA, USA)
was cut with a lathe, and SCX beads were collected.
2. Peptide Preparation

The BSA sample (100 pg) was incubated in 10 mM dithiothrei-
tol for 30 minutes at 56 °C. After cooling to room temperature, the
BSA sample was treated with iodoacetamide (final, 20 mM) for
30 minutes in the dark at room temperature for carboxyamidome-
thylation. Sequencing grade trypsin (100 ng; Promega, Madison,
WL, USA) in 100 mM NH,HCO, was added for in-solution diges-
tion, and proteins were digested overnight at 37 °C. Tryptic pep-
tides were collected, dried in a vacuum drier, and stored at —20 °C
for further analysis [13].
3. Packing Method of Column

A fused silica capillary column (360 um OD, 100 um ID) was
cut to 10 cm and washed with 100% methanol. Potassium silicate
solution (KASIL) (150 pul) was placed in an Eppendorf tube and
50 pl of formamide was added, vortexed for 1 min, and centrifuged
briefly. One end of the capillary column was dipped into mixture
and wiped with a paper towel. The column was baked at 90-100 °C
for at least 3 hr and then washed with methanol for 3 min using a
pressure vessel. The C18 beads were packed using a home-made
pressure bomb to a 7 cm length for ACN gradient analysis, and the
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SCX and C18 beads were packed to 3 cm and 4 cm for MudPIT
analysis, respectively.
4. Analytical Methods

A fused silica capillary column (360 um OD, 100 um ID) was
pulled with a P-2000 laser puller (Sutter Instrument) to make nano
spray tips [14]. Peptides were eluted with a 0-90% ACN (0.5% formic
acid) gradient solution for 60 min at 200 nl/min and analyzed by
nLC-MS/MS (Ultimate 3000, Dionex) using an LTQ-orbitrap MS
(Thermo Finnigan; Thermo Fisher, Waltham, MA, USA). The pep-
tides were eluted by MudPIT using ammonium acetate and an ACN
gradient by 2 pl of double distilled water (DDW) (0 mM of ammo-
nium acetate) from SCX to RP. Peptides were eluted with a 0-90%
ACN (0.5% formic acid) gradient solution for 60 min at 200 nl/min
and analyzed by MS. Then, 100, 200, and 500 mM ammonium acet-
ate solution was injected in order instead of DDW (0 mM of am-
monium acetate). Different concentrations of ammonium acetate
were located in separate vials in the autosampler, and 2 pl was in-
jected. Peptide ions were detected in full scan mode from 400-
1,700 m/z followed by three data-dependent MS/MS scans (isola-
tion width: 1.5 m/z, 35% normalized collision energy, dynamic exclu-
sion for 5 min) in a completely automated fashion. Proteins were
identified by searching MS/MS spectra against a nonredundant (NR)
protein database using SEQUEST Sorcerer (Thermo Scientific) along
with the following criteria to sort out proteins from the MS spectra:
First, the cross-correlation score (Xcorr) should be >1.7 for +1 charged
tryptic peptides, >2.5 for +2 charged peptides, or >3.0 for +3 charged
peptides. Second, the delta correlation value (Cn) should be at least
0.15, regardless of the charge state [14].

RESULTS AND DISCUSSION
1. Peptide Analysis by Designing a nLC-ESI-MS Flow Path

In MudPIT analysis, the flow to the MS is not continuous due
to washing step and usage of vent tee for waste flow. This kind of
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Fig. 1. Instrumental setup for fully automated multidimensional protein identification technology (MudPIT). The column part will be
replaced by either C19 or SCX-C18 depending on analytical methods. The arrows represented the flow of buffer from micro pump
and loading pump. Flow path for loading mode (a) and analytical mode (b) were changed from 1-2 position to 1-10 position for

analysis.
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discontinuous flow stops ionization of the solution in the MS during
the washing step. This discontinuous flow to the MS greatly de-
creases the efficiency of the MS analysis. To solve the flow discon-
tinuity, we designed a novel flow path with a nano LC. The column
configuration is shown in Fig. 1. While the MS spray is continued
through the whole analysis and loading process using a micro pump,
the washing and separating steps are performed by a loading pump.
Sample (2 pl) was loaded onto the C18 or SCX-C18 column from
the autosampler at ports 1 or 2 connecting 3-4, 5-6, 7-8 and 9-10
(Fig. 1(a)). Then, the sample was washed by continuous flow from
the loading pump (200 pl/min) for at least 3 min. After the valve
was changed to the 1-10 position, connecting 2-3, 4-5, 6-7, and 8-9
(Fig. 1(b)), the column was connected to the MS without stopping
flow. The ACN gradient could be applied with the micro pump,
and peptides eluted as the ACN concentration increased.

Peptides were analyzed by two consecutive ACN gradient cycles
within 80 min to examine the feasibility of this design. As seen from
the total ion current chromatogram in Supplementary Fig. 1(a), pep-
tides were well resolved and eluted using this new flow path design.
Most peptides were eluted at the first gradient cycle and 42% of all
peptide sequence coverage was achieved. Among the matched pep-
tide peaks, b and y ions from peptide fragmentation were unam-
biguously detected by the collision induced dissociation method as
shown for the “LVTDLTK” (Supplementary Fig. 1(b)) or “YLYE-
IAR” (Supplementary Fig. 1(c)) peptides. As a result, we analyzed
the BSA tryptic peptides using this new flow path design, which
simplified the whole peptide analytical process.

2. Peptide Analysis by ACN Gradient

Several analyses were examined with the C18 column before
we applied MudPIT. We installed the home-made C18 column and
performed four cycles of peptide analysis with the ACN gradient.
The first cycle showed 39.0% coverage with 14 matched peptides,
and this process was repeated with the same ACN gradient method
(Table 1). The shapes of the total ion current chromatograms were
similar (Supplementary Fig. 2(a)-(d)); however, most peptides were
analyzed during the first cycle, suggesting that many peptides were
eluted by ACN and that there was no other interaction between pep-
tides with C18 except hydrophobic interactions. The overall cover-
age of peptides was 46.1% with 25 peptides (Table 1, Supplementary
Fig. 2(e)).

3. Peptide Analysis by MudPIT

Sample (2 pl) was loaded onto the C18 or SCX-C18 column and

injected from the autosampler at the ports 1 and 2 positions (Fig.

1(A)). Then, the valve was diverted to the 1-10 position so the ACN
gradient could be applied by micro pump to elute the peptides (Fig.
1(B)). After one cycle was completed, the valve was reverted to the
1-2 position, and 2 pl of ammonium acetate (100 mM) was loaded
to move the peptides bound to the SCX part to the C18 part of the
column, and the sample was washed for 3 min with the loading pump.
Once the valve was changed to the 1-10 position, the analysis was
initiated, ACN was applied to the column, and more peptides were
eluted. Similarly, 200 and 500 mM ammonium acetate was sequen-
tially applied. Samples were eluted well following four cycles of
the ACN and ammonium acetate gradient, showing a similar total
ion current chromatogram (Supplementary Fig. 3(a)«(d)). As a result,
60.5% sequence coverage with 35 matched peptides was obtained
(Table 1, Supplementary Fig. 3(e)). Compared with the C18 only
method, the interaction of the peptide with SCX retained many pep-
tides; thus, the second cycle also eluted many peptides like the first
cycle of analysis (Table 1). The number of detected peptides is de-
creased dramatically from the third cycle, suggesting that 100 mM
ammonium acetate eluted many of the peptides from the SCX col-
umn. A more detailed gradient condition such as 0, 20, 40, 60, 80,
and 100 will be very useful to obtain higher peptide coverage.

4. Application of Simple MudPIT to Targeted Proteomics of
Streptomyces

To examine whether simple MudPIT method works with a real
system like complex proteome sample, we applied it to the screen-
ing of proteins interacting with RNA polymerase in Streptomyces.
Streptomyces coelicolor J1980 whose carboxy terminus of the S.
coelicolor 8 subunit of RNA polymerase (RpoC) was modified to
contain six histidine residues [15], was chosen to reveal what other
subunit proteins interact with RpoC to make the whole RNA poly-
merase. Streptomyces coelicolor J1980 culture was harvested at 72 hrs
of growth and the cells were disrupted by sonication [15]. Acquired
proteome was subjected to nickel-NTA agarose affinity chroma-
tography; then histidine tagged RpoC and possible proteins inter-
acting with it were successfully captured. The proteins were digested
with trypsin and the peptides were divided into halves to be ana-
lyzed by ACN gradient method or by MudPIT method.

MudPIT method gave a greater number of different peptides (289
hits) compared to ACN gradient method (281 hits) and MudPIT
detected 12 proteins, whereas ACN gradient method detected only
8 proteins, which have more than two different peptides detected
indicating that peptide mixture was separated evenly by the con-
secutive SCX and C18 chromatography (Table 2(b)).

Table 1. Analysis of bovine serum albumin trypsin-digested peptides using an acetonitrile gradient with C18 and multidimensional pro-

tein identification technology (MudPIT) with SCX-C18

Peptide analysis by ACN gradient with C18

Peptide analysis by MudPIT with SCX-C18

Sequence coverage (%)

Analysi 1 .
natysts eycle (number of matched peptides)

Sequence coverage (%)

Analysi 1 .
natysis eyele (number of matched peptides)

* 39.0 (14)
2™ 16.1 (6)
3¢ 12.2 (5)
4n 10.1 (4)
Overall 46.1 (25)

1*(0 mM)* 41.7 (11)
2"(100 mM) 443 (12)
3(200 mM) 15.7 (7)
4™(500 mM) 15.1 (6)
Overall 60.5 (35)

“Concentration of ammonium acetate
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Table 2. Comparison of detected peptides with His-tagged RpoC from Streptomyces coelicolor J1980 using an acetonitrile gradient with
C18 (a) and multidimensional protein identification technology (MudPIT) with SCX-C18 (b)

(a) Proteins detected using an acetonitrile gradient with C18

Protein” Score (Xc) SCO# Gene Peptide (Hits)
1 DNA-directed RNA polymerase beta chain 70.20 SCO4654 rpoB 61
2 Putative cell division trigger factor 50.19 SC02620 - 71
3 Putative transferase 40.27 SCO2592 - 26
4 Putative carboxyl transferase 40.23 SCOS5535 accB 36
5 DNA-directed RNA polymerase beta’ chain (fragment) 30.26 SCO4655 rpoC 44
6 Glutamine synthetase | 30.14 SCO02198 ginA 19
7 Glucosamine-fructose-6-phosphate aminotransferase 20.15 SCO2789 glmS2 17
8 60 kD chaperonin cpn60 20.13 SCO4762 groEL] 7
(b) Proteins detected using multidimensional protein identification technology (MudPIT) with SCX-C18
Protein Score (Xc) SCO # Gene Peptide (Hits)
1 60 kD chaperonin cpn60 90.23 SCO4762 groEL] 66
2 RNA polymerase alpha subunit 40.20 SC04729 rpoA 30
3 50S ribosomal protein L2 30.28 SCO4705 rplB 29
4 DNA-directed RNA polymerase beta’ chain (fragment) 30.24 SCO4655 rpoC 22
5 Glucosamine-fructose-6-phosphate aminotransferase 30.24 SC02789 2lmS2 18
6 Elongation factor TU-1 30.23 SCO4662 tuf1 54
7 DNA-directed RNA polymerase beta chain 30.18 SCO4654 rpoB 7
8 Putative cell division trigger factor 30.18 SC02620 - 7
9 Hypothetical protein SC6D7.18c. 20.20 SCO1421 - 37
10 30S ribosomal protein S2 20.20 SCO5624 rpsB 4
11 Hypothetical protein 20.20 SCO2077 - 13
12 50S ribosomal protein L4 20.13 SC0O4703 rplD 2

“Only proteins with two or more different peptides detected are listed in the table
"The preliminary scores obtained during the database search using SEQUEST Sorcerer. The score is calculated based on the number of ions

from the MS/MS spectrum that matched the candidate peptide

It was reported that RNA polymerase is composed of multi-sub-
units such as a (rpod), B(rpoB), 3 (rpoC), win E. coli [16]; however,
there are few reports on possible proteins that interact with RNA
polymerases in prokaryotes, except subunits. In this study, both meth-
ods detected RpoC and RpoB (Table 2(a)«(b)). The o subunit (RpoA)
unit was well detected with two different peptides by MudPIT, al-
though o unit was also detected by one peptide (seven hits) with
ACN gradient method (data not shown). Subunit @ was also detected
by one peptide (seven hits) with MudPIT, not with ACN gradient
method (data not shown). Other proteins such as 50S ribosomal
protein L2 (SCO4705), 30S ribosomal protein S2 (SCO5624), 50S
ribosomal protein L4 (SCO4703) were detected by MudPIT only
and are highly expected to interact with RNA polymerase consid-
ering their roles with DNA at transcription and translation processes.
Among detected proteins, 60 kD chaperonin Cpn60 (SCO4762)
and putative cell division trigger factor (SCO2620) seem to be the
newly found candidates to interact with RNA polymerase and will be
interesting targets for further study. Overall, this simplified MudPIT
method gives better peptide resolution and more peptides detected
in both the model and the real system.

CONCLUSION

This study showed a simple application of MudPIT by design-
February, 2013

ing an nLC-MS flow path and achieved continuous ionization into
MS. This arrangement of columns avoids laborious loading steps
and unstable ionization from discontinuous flow due to the venting
splitter. This system is also easily installed and fully automated. As
a result, we detected more peptides with greater protein coverage.
This method will be easily adapted for peptide identification con-
sidering the high speed and high resolution of MS.
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