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Abstract
Bottom-up proteomics (analyzing peptides that result from protein digestion) has demonstrated
capability for broad proteome coverage and good throughput. However, due to incomplete sequence
coverage, this approach is not ideally suited to the study of modified proteins. The modification
complement of a protein can best be elucidated by analyzing the intact protein. Two-dimensional gel
electrophoresis, typically coupled with the analysis of peptides that result from in-gel digestion, is
the most frequently applied protein separation technique in MS-based proteomics. As an alternative,
numerous column-based liquid phase techniques, which are generally more amenable to automation,
are being investigated. In this work, the combination of size exclusion chromatography (SEC)
fractionation with reversed-phase liquid chromatography (RPLC)-Fourier-transform ion cyclotron
resonance (FTICR)-mass spectrometry (MS) is compared with the combination of RPLC
fractionation with capillary isoelectric focusing (CIEF)-FTICR-MS for the analysis of the
Shewanella oneidensis proteome. SEC-RPLC-FTICR-MS allowed the detection of 297 proteins, as
opposed to 166 using RPLC-CIEF-FTICR-MS, indicating that approaches based on LC-MS provide
better coverage. However, there were significant differences in the sets of proteins detected and both
approaches provide a basis for accurately quantifying changes in protein and modified protein
abundances.
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Introduction
Peptide mass fingerprinting [1–5] applied to proteins separated by two-dimensional gel
electrophoresis (2-DE) is still the most commonly used technique in mass spectrometry (MS)-
based proteomics [6]. 2-DE protein separation performance is impressive: the detection of over
10000 spots in a single gel has been demonstrated for large-gel 2-DE [7,8]. In a recent study
of the Arabidopsis thaliana proteome where samples from different tissues were fractionated
during the extraction process, protein identifications were obtained for 2943 out of a total of
6000 excised spots [9]. However, this work exemplified many of the disadvantages commonly
attributed to 2-DE: the majority of identified proteins were abundant, so-called, housekeeping
proteins; there was a bias against membrane proteins due to solubility, and there was a bias
against proteins with outlying masses and isoelectric points. Many methods exist to alleviate
these problems, such as more extensive protein fractionation before 2-DE [10], but additional
protein separation strategies are clearly necessary to extend proteome coverage.

One-dimensional protein separations cannot at present compete with the performance of 2-DE,
but numerous alternative 2-D approaches have been proposed. (Multidimensional peak
capacities are not directly equivalent to one-dimensional peak capacities [11], but additional
separation dimensions can significantly improve overall performance.) True 2-D separations
for MS, where the second dimension is fast enough to record a number of chromatograms over
the width of a first-dimension peak and where the mass spectrometer is fast enough to record
a number of mass spectra over the width of a second-dimension peak, are rare. For simple
peptide mixtures, a reversed-phase liquid chromatography (RPLC)-capillary zone
electrophoresis (CZE)-MS system that fulfills these criteria has been described by Lewis et
al. [12]. Most reported methods would better be described as fractionations (frequently
automated). For peptide mixtures, the combination of strong cation exchange (SCX)
chromatography (either on- or off-line) with RPLC-MS [13,14] has become standard, but no
such consensus yet exists for protein separations.

The most frequently employed protein separation technique for direct coupling to MS is RPLC.
The utility of common RPLC-MS operating parameters has recently been investigated by Wang
et al. [15]. Capillary isoelectric focusing (CIEF), an equilibrium technique that can provide
isoelectric point measurements useful for assigning identifications, is ideally suited to being
the first separation dimension; in combination with RPLC-MS, excellent results have been
reported for peptides [16–19] and proteins [20,21]. CIEF has also been elegantly combined
with transient capillary isotachophoresis-CZE; a peak capacity of 1600 was reported for
peptides [22], and the detection of 1174 proteins was reported when interfaced to Fourier-
transform ion cyclotron resonance (FTICR)-MS [23]. Chromatofocusing [24–27], a variant of
ion exchange chromatography that provides a separation based on local protein surface charge,
which approximates to a separation based on isoelectric point, provides an additional option
for the first separation dimension. This method, in conjunction with RPLC-MS, using non-
porous chromatographic support particles, has successfully been applied to the profiling of
proteins from human breast cancer cell lines [28–32].

Electrophoretic fractionation methods have recently been reviewed by Righetti et al. [33].
Methods that use immobilized pH gradient gels to fractionate samples between liquid-filled
chambers are of particular interest due to claimed ease of protein recovery and minimal fraction
overlap [34–38]. Other chromatographic methods applied to protein fractionation prior to
RPLC-MS include strong anion exchange chromatography [39,40] and size exclusion
chromatography (SEC) [41], but RPLC itself is an excellent fractionation method. Separations
compatible with direct MS-interfacing that are orthogonal to RPLC include CIEF and CZE.
CZE-MS protein separations are rare, but interesting CIEF-MS applications have been
reported. For example, Jensen et al. [42] reported the detection of > 400 Escherichia coli
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proteins in a single CIEF-FTICR-MS analysis. Naturally, fractions may also be collected from
the second dimension separation to allow off-line MS-analysis; for example, Meng et al. [43]
used continuous-elution gel electrophoresis in combination with RPLC, using an acid-labile
surfactant in the gel separation to simplify clean-up, to provide fractions for protein tandem
mass spectrometry (MS/MS) experiments (top-down proteomics).

This work is focused on comparing SEC-RPLC-MS with RPLC-CIEF-MS for protein analysis.
Fractionation methods were chosen for orthogonality with the on-line separation and to
minimize sample handling losses (both fractionation methods allow fraction concentration by
evaporation alone). Protein samples used in this work originated from Shewanella
oneidensis, an organism that is of interest because of metal ion reduction capabilities that give
it relevance to bioremediation efforts [44,45]. In addition to direct protein analysis, an aliquot
of each fraction was digested using trypsin and analyzed by RPLC-quadrupole ion trap (QIT)-
MS/MS to obtain peptide identifications (a schematic representation of the entire experiment
is given in Figure 1). Ideally, MS/MS spectra would also have been collected for the protein
separations, but protein MS/MS is currently too slow to be effective for on-line separations.
FTICR-MS was employed for protein mass measurements; good mass measurement accuracy
(MMA) allowed tentative identifications to be proposed for some proteins [40,46–48].

Methods
Sample Preparation

S. oneidensis MR-1 cells were cultured for high biomass in a defined medium using a BioFlo
model 3000 fermentor (New Brunswick Scientific, Edison, NJ, USA) that was operated in
continuous feed mode [49]; dissolved oxygen was maintained at 50%, while the carbon source,
sodium DL-lactate, was present in the medium at 90 mM. Cells were harvested in the steady
state growth phase by centrifugation and stored at −80°C until required. Cell disruption was
achieved by bead-beating: pelletized cells were thawed and suspended in a minimum volume
of 100 mM ammonium bicarbonate; bead-beating was performed using 0.1 mm zirconia/silica
beads (BioSpec Products; Bartlesville, OK, USA); lysate was drawn off the beads by
centrifugation. The bicinchoninic acid (BCA) assay [50], using a kit supplied by Pierce
(Rockford, IL, USA), was used to determine protein concentration in the cell lysate.

Protein Fractionation
SEC and RPLC fractionations of the lysate were performed using a Shimadzu (Kyoto, Japan)
HPLC system (DGU-14A degasser; 2 × LC-10AD pumps; FRC-10A fraction collector;
SCL-10A controller); absorbance detection at 280 nm was achieved using a Thermo Separation
Products (Rivera Beach, FL, USA) Spectra 100 absorbance detector. For SEC, a Phenomenex
(Torrance, CA, USA) BioSep-SEC-S2000, 600 × 21.2 mm column, preceded by a 75 × 21.2
mm guard column, was used; the mobile phase was 100 mM ammonium bicarbonate (adjusted
to pH 6.8) and the flow rate was 5 mL/min. For RPLC, a Phenomenex Jupiter (C4 stationary
phase; 10 μm particles; 300 Å pore size) 250 × 10 mm column, preceded by a 50 × 10 mm
guard column, was used; mobile phase A was 95/5 (% v/v) water/acetonitrile with 0.1%
trifluoroacetic acid (TFA), mobile phase B was 10/90 (% v/v) water/acetonitrile with 0.1%
TFA, and the flow rate was 4 mL/min. The gradient program was 100% A for 10 min, then a
linear gradient to 30% B over 5 min, and then a linear gradient to 100% B over 45 min. Fractions
were collected manually during the SEC run while fixed-duration (6 min) fractions were
collected during the RPLC run. Protein concentrations for each fraction were determined using
the BCA assay after evaporation to 100–200 μL; a comparison of these measurements with the
initial protein concentration determined for the cell lysate was used to calculate fractionation
recoveries; both chromatograms, with fraction boundaries indicated, are displayed as Figure
2. The amounts of protein injected were 22.5 mg for the SEC fractionation and 4 mg for the
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RPLC fractionation; the difference between the injected amounts reflects the sample
requirements of the second separation dimension.

Bottom-up Analyses
Aliquots of each fraction and of the cell lysate preparation, each containing 50 μg of protein,
were digested using trypsin [49]. Salts present in the cell lysate preparation degrade CIEF
separation performance, so a 50 μg aliquot of dialyzed cell lysate that was prepared for protein
CIEF-MS was also subjected to digestion. Peptide samples were prepared for MS-analysis
using Supelclean LC-18 (Supelco; Bellefonte, PA, USA) solid phase extraction cartridges
[51]. De-salted peptide samples were evaporated to dryness and then reconstituted at 1 μg/μL
in 25 mM ammonium bicarbonate for RPLC-QIT-MS/MS analysis (BCA assay used to guide
concentration adjustment); 10 μg of sample was loaded to the column. RPLC was conducted
on a 60 cm × 150 μm column packed in-house with Phenomenex Jupiter particles (C18
stationary phase; 5 μm particle diameter, 300 Å pore size). The separation was performed at
5000 psi using two ISCO (Lincoln, NE, USA) model 100 DM high-pressure syringe pumps.
Mobile phase A consisted of 0.2% acetic acid and 0.05% TFA in water, while mobile phase B
was 0.1% TFA, 9.9% water, and 90% acetonitrile; the initial (100% A) column flow rate was
2.0 μL/min. The gradient program began with a 20 min hold at 100% A, which was necessary
to allow analytes to be loaded onto the column, followed by a nonlinear gradient to ~ 70%
solvent B over 150 min. The gradient was produced using a stirred (2.5 mL) mixing chamber,
initially filled with mobile phase A, to which mobile phase B was added at a known rate; the
mixing chamber is located prior to a split, allowing a higher flow rate through the mixing
chamber than is found through the column. The performance and design of the chromatographic
system has been described by Shen et al. [52]. The capillary RPLC system was interfaced,
using a pulled fused-silica needle and electrospray ionization (ESI), to a QIT mass spectrometer
(Finnigan MAT LCQ; San Jose, CA, USA); the mass spectrometer cycled between single MS
scans and three consecutive MS/MS scans. The minimum amount of peptide required for a
good MS/MS spectrum, expressed as an amount of peptide loaded to the chromatographic
column, was approximately 1 femtomole. Peptide identifications were derived from QIT-MS/
MS data using SEQUEST (ThermoFinnigan; San Jose, CA, USA) [53]; no enzyme rules were
applied. The S. oneidensis MR-1 protein sequence database that SEQUEST used has previously
been described by Romine et al. [54]. SEQUEST peptide identifications were filtered using
the rules suggested by Washburn et al. [55]; two or more constituent peptides were required
to identify a protein.

On-line RPLC Separation
The liquid chromatography used for intact protein work was identical to that used for peptide
RPLC-QIT-MS/MS. However, numerous operating parameters were altered. Protein RPLC
was conducted on a 80 cm × 150 μm column packed in-house with Phenomenex Jupiter
particles (C5 stationary phase; 5 μm particle diameter; 300 Å pore size); a guard column was
used to protect the main column from clogging. Mobile phase A was changed to 0.1% TFA,
25% acetonitrile, 74.9% water, while mobile phase B remained as 0.1% TFA, 9.9% water, 90%
acetonitrile; pump operating pressure was raised to 8000 psi, resulting in an initial (100% A)
column flow rate of 2.8 μL/min. The non-linear gradient was allowed to run for 110 min, again
resulting in a final mobile phase B concentration of ~ 70%. Prior to loading, protein samples
were adjusted to 1.5 μg/μL in mobile phase A with TFA, acetonitrile and water; centrifugation
was used after adjustment to remove precipitated proteins that could clog the chromatographic
column (extensive precipitation was not observed). Approximately 75 μg protein was loaded
to the column using a 50 μL sample loop. The detection limit for the RPLC-FTICR-MS system,
expressed as an amount of protein loaded to the chromatographic column, was approximately
100 femtomoles.
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On-line CIEF Separation
CIEF was performed using a Crystal model 300 capillary electrophoresis system (Prince
Technologies, Emmen, The Netherlands). CIEF columns were constructed by coating 100 cm
× 50 μm inside diameter (ID) × 190 μm outside diameter (OD) fused-silica capillaries
(Polymicro Technologies, Phoenix, AZ, USA) with hydroxypropyl cellulose (HPC; average
Mr = 88,000 Da) as described by Shen et al. [56]. Columns were trimmed to 80 cm in length
before use. Sample preparation for CIEF simply required the addition of carrier ampholytes
(CAs); Pharmalyte 3–10 (Amersham Pharmacia Biotech; Uppsala, Sweden) was added to the
sample to give a final CA concentration of ~ 0.5% [57,58]. Fractions originating from the
RPLC method used in this work were free of salt, so no processing in addition to evaporation
and adjustment to the desired CA and protein concentration was required. However, the lysate
sample was subjected to dialysis to reduce salt concentrations (a membrane designed to retain
molecules having molecular weight > 3500 Da was used to minimize protein loss). Column
loading was achieved by filling the entire length of the column with the sample mixture of
intact proteins and CAs. Samples were prepared at a protein concentration of ~ 0.3 mg/mL,
resulting in ~ 0.5 μg protein being loaded to the column (the column volume was ~ 1.5 μL).

CIEF-MS Interfacing
Hyphenation was achieved using an approach similar to that described by Clarke and Naylor
[59]. The catholyte was 1% aqueous ammonium hydroxide solution (pH ~ 10.7) while the
anolyte was 1% aqueous acetic acid solution (pH ~ 2.5); on mobilization, the sheath-liquid was
changed from catholyte to 2% acetic acid, 40% methanol, 58% water to generate an efficient
electrospray. Swapping sheath-liquids resulted in chemical mobilization, but a small pressure
of ~ 10 mbar was also applied to the inlet reservoir to reduce elution times and improve peak
shapes. Sheath-liquids were delivered using a Harvard Apparatus (South Natick, MA, USA)
model 22 syringe pump at a flow rate of 2 μL/min. A constant voltage of 25 kV was held across
the column throughout the focusing and mobilization stages; the duration of focusing was 30
min.

FTICR-MS
Analyses were performed using an in-house developed mass spectrometer equipped with a 7.0
Tesla superconducting magnet [60]. The mass spectrometer incorporates an ESI ion source
with an electrodynamic ion funnel [61], an octopole for collisional focusing, an ion pre-
selection and external accumulation quadrupole, an ion guide, and an orthorhombic ICR cell
operated at ~ 10−10 Torr. The ion accumulation time for protein analyses was 0.3 s, and one
mass spectrum was recorded every 3.0 s. Additionally, to reduce contributions from CAs in
CIEF-FTICR-MS experiments, peaks below m/z 600 were removed by tuning the radio
frequency applied to one of the quadrupole ion guides. Raw FTICR-MS data were processed
using an in-house software package, ICR-2LS. Subsequent to external calibration and mass
transform, the THRASH algorithm [62] was used to deconvolute and deisotope individual ESI
mass spectra. This resulted in lists of neutral, deisotoped masses that were then clustered across
consecutive mass spectra. Filtered clusters were, using measured mass, compared between
experiments to estimate overlap.

Results
The present study was not designed, primarily, to obtain the best possible proteome coverage.
The principal purpose of this work was to compare the proteome coverage provided by the
investigated analytical strategies. Filtered 2-D plots generated for the RPLC-FTICR-MS
analysis of cell lysate and for the CIEF-FTICR-MS analyses of dialyzed cell lysate are shown
as Figures 3A and 3C, respectively. As examples, Figure 3B shows the mass spectrum
responsible for the indicated spot in Figure 3A, while Figure 3D shows the mass spectrum
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responsible for the indicated spot in Figure 3C. RPLC-QIT-MS/MS of digested cell lysate
resulted in the identification of 150 proteins from 796 peptides; the number of proteins detected
directly by RPLC-FTICR-MS was 142. For the dialyzed cell lysate that was required for CIEF,
RPLC-QIT-MS/MS resulted in the identification of 84 proteins from 473 peptides; the number
of proteins detected directly by CIEF-FTICR-MS was 58. Counts of MS/MS-identified
peptides and proteins, and of proteins detected directly using RPLC- or CIEF-FTICR-MS, for
all experiments, are given in Table 1. In addition, Supporting Data Table 1 lists MS/MS-
identified proteins and the protein sequence coverage found for each experiment in which the
protein in question was identified.

Figure 4A gives the RPLC-FTICR-MS total ion chromatogram (TIC) and Figure 4B gives the
filtered 2-D plot obtained for SEC Fraction 5. Figure 4C gives the mass spectrum for the
indicated spot in Figure 4B. Analysis of the tryptic digest of SEC Fraction 2 yielded 136
bottom-up protein identifications from 801 peptides, while FTICR-MS analysis of the
undigested sample resulted in the detection of only 27 proteins. In contrast, SEC Fraction 5
gave 78 bottom-up protein identifications from 480 peptides, while FTICR-MS analysis
resulted in the detection of 164 proteins. SEC Fraction 2 represents the highest molecular mass
cell lysate components (based on bottom-up protein identifications, the average protein mass
for SEC Fraction 2 is > 50 kDa while that for SEC Fraction 5 is ~ 23 kDa), so it is probable
that the particularly wide discrepancy between the number of bottom-up identifications and
the number of detected proteins was due simply to the prevalence of high molecular mass
proteins in this sample. SEC Fraction 5 exemplifies a set of proteins more accessible to FTICR-
MS, as evidenced by the fact that the number of directly detected proteins is greater than the
number of bottom-up identifications (from a single analysis). For the RPLC-FTICR-MS intact
protein analyses, of the 297 proteins detected in the SEC fractions, 67 were also detected in
the cell lysate sample. Considering the bottom-up peptide analyses, of the 321 proteins
identified from the SEC fractions, 134 were also identified in the cell lysate sample.

Figure 5A gives the CIEF-FTICR-MS TIC and Figure 5B gives the filtered 2-D plot obtained
for RPLC Fraction 4. Figure 5C gives the mass spectrum for the indicated spot in Figure 5B,
while Figure 5D illustrates the isotopic resolution available even for a relatively low signal-
to-noise peak. RPLC Fraction 4 yielded 62 bottom-up protein identifications from 390 peptides,
while CIEF-FTICR-MS direct protein analysis resulted in the detection of 75 proteins. For the
RPLC fractions that were subjected to CIEF-FTICR-MS intact protein analysis a total of 166
proteins were detected; 38 of these were also detected in the dialyzed cell lysate sample.
Similarly, considering only bottom-up peptide analyses, of the 149 proteins identified from
the RPLC fractions, 51 were also identified in the dialyzed cell lysate sample.

Discussion
For the fractions where data was recorded at both the peptide and the protein levels, counts of
proteins identified from RPLC-QIT-MS/MS data are comparable to the number of proteins
detected directly using FTICR-MS. This reflects the generally better coverage for the bottom-
up approach in combination with the ability of the FTICR-MS method to detect proteins in
more than one modification state. In addition to allowing the comparison of the described 2-
D protein separation approaches, this data provides information about the extent of
modification in the S. oneidensis proteome.

Protein recovery for SEC fractionation was 25% while that for RPLC fractionation was 13%
(initial measurements were made on freshly prepared lysate; final measurements were made
after evaporation to reduce fraction volume); the bottom-up (peptide-level) measurements also
support the superiority of the SEC fractionation. Lower RPLC fractionation recovery was
probably due to precipitation losses in acidic RPLC mobile phases; in contrast, the SEC mobile
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phase was very similar to the cell disruption buffer in which the initial measurements were
made. TFA is present in the RPLC mobile phases to improve separation quality, but it may
have been better to accept wider peaks in exchange for improved proteome coverage. Wider
peaks would, however, result in greater overlap between fractions, in opposition to the chief
purpose of fractionation, namely, to reduce signal overlap by splitting a complicated sample
into simpler parts. Overall performance for the 2-D approaches could have been similar because
SEC fractions were acidified for RPLC-FTICR-MS analysis subsequent to the BCA protein
concentration assay. RPLC fractions are prepared for CIEF-FTICR-MS simply by the addition
of CAs, a procedure that would not be expected to significantly impact protein solubility. Short
guard column lifetimes for the fractionations indicate that the centrifugation used to clarify
cell lysate was not sufficient. Therefore, much of the reported losses, for both fractionation
methods, could be due to aggregated proteins and proteins bound to cellular debris being caught
at the top of the guard column. Such proteins are probably at least partly available to trypsin,
indicating that (unsurprisingly) proteome coverage will be maximized by performing the
digestion as early as possible in the sample preparation process. Finally, for the SEC
fractionation, over half of recovered protein mass was found in Fraction 2, while for the RPLC
fractionation, over 80% of recovered protein mass was found in Fractions 4–8. Naturally, a
more equal distribution between the fractions would have been desirable.

PSORTb [63,64] was used to examine protein localization for proteins identified using the
bottom-up approach (i.e., proteins identified using SEQUEST peptide identifications).
Predictably, since no special efforts were made, an over-representation of cytoplasmic and
periplasmic, and an under-representation of inner and outer membrane proteins was found.
Surfactants and chaotropic reagents are not usually suitable for use on-line with MS, but organic
solvents can safely be used to expand proteome coverage to hydrophobic proteins [65]. A bias
towards proteins with acidic isoelectric points was observed for the bottom-up identifications,
but not against proteins with outlying isoelectric points. As membrane proteins are expected
to have predominantly basic isoelectric points [66], this bias is not surprising. No significant
protein mass bias was observed for the bottom-up approach, but, as has been mentioned above,
there was significant bias against high mass proteins for the intact protein mass measurements.

When attempting to compare the performance of RPLC-FTICR-MS with CIEF-FTICR-MS,
which would appear possible using the cell lysate samples, it should be remembered that the
cell lysate for CIEF-FTICR-MS analysis was subjected to dialysis with a protein recovery of
only ~ 30%. In contrast, dialysis was not required for the RPLC fractions that were subsequently
analyzed by CIEF-FTICR-MS, allowing the combination of SEC fractionation with RPLC-
FTICR-MS to be compared with the combination of RPLC fractionation with CIEF-FTICR-
MS. Since SEC and MS cannot be regarded as highly orthogonal separations, it might be
expected that the combination of RPLC fractionation with CIEF-FTICR-MS would provide
more detections. However, the combination of SEC fractionation with RPLC-FTICR-MS
seems to be the better of the two, although the difference may not be significant. The relatively
poorer performance of RPLC fractionation followed by CIEF-FTICR-MS might be attributable
to protein precipitation as proteins are brought to their isoelectric point, to low sample loading
amounts that reduce protein concentrations below detection limits, and also to proteins binding
to the capillary wall during the CIEF process. However, the lower recovery found for the RPLC
fractionation is just as likely to be responsible for the overall difference in performance (if this
lower recovery is not misleading as suggested above). Nevertheless, the fact that the system
based on RPLC fractionation and CIEF-FTICR-MS produces comparable results from a much
smaller amount of protein (i.e., ~ 0.5 μg versus ~ 75 μg, when considering the amount of protein
loaded to the on-line separation) is certainly of note in the sample-limited situations that are
often encountered in multidimensional separations.
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While protein modifications in prokaryotes are generally considered to be much less common
than in eukaryotes, numerous modifications were expected to be found in a study of the S.
oneidensis proteome. N-terminal modifications are perhaps most common, with many proteins
suffering the loss of N-terminal methionines [67] or signal peptides [68,69]; N-terminal
acetylation and N-terminal formylmethionine are also common. Other common modifications
include oxidation [70], acetylation (at points other than the N-terminus), and histidine
phosphorylation (instability in acidic solutions means that this modification is not accessible
by the methods described here) [71].

Considering only SEQUEST output for the bottom-up data obtained from digested samples
(no enzyme rules were applied), evidence of N-terminal methionine loss (in the form of
partially-tryptic peptides) was found for 53 of the 367 identified proteins (14%). Signal peptide
deletions were predicted by the SignalP version 3.0 neural network method [68,69] for 78 of
the 367 identified proteins (21%), but only 25 were supported both by the presence of partially-
tryptic peptides beginning at the predicted break and by no sequence coverage being found for
the signal peptide region. Coverage was found within the signal peptide region for 8 of the
remaining predictions, while no evidence, either for or against the deletion, was found for the
remaining 45 predictions. Protein oxidation was also investigated, but this required an
additional SEQUEST search for singly and doubly oxidized methionines (the most likely site
of protein oxidation [70]). 6% of peptides and 45% of proteins showed evidence of oxidation
in the form of at least one modified constituent peptide. From this information, collected for a
limited set of modifications, most proteins must be expected to be modified in some manner.

Additional investigation would no doubt find evidence of further modifications. However,
without complete sequence coverage, determining whether the complete modification
complement had been discovered would not be possible. In such cases, and in cases where
numerous protein forms with different modification complements were suspected to be present,
intact protein mass measurements might be expected to settle the matter.

The concept of matching measured intact protein masses to hypothetical protein masses to
which a number of possible modifications have been applied [40,46–48] was investigated for
the proteins detected in this work. Proteins identified from digested samples using the bottom-
up approach were used to provide lists of expected masses for each fraction; to these masses
were added or subtracted masses for each protein having undergone mass changes equivalent
to formylation of the N-terminal methionine, loss of the N-terminal methionine, up to three
oxidations, and acetylation. Proteins for which a signal peptide deletion was predicted [68,
69] were included in both the nascent and processed state. All combinations of the listed
modifications were permitted (except for the combination of loss and formylation of the N-
terminal methionine). The maximum accepted difference between a hypothetical and a
measured mass was 50 ppm and tentative identifications were only assigned if there was one
single hypothetical mass within 50 ppm of the measured mass (these are listed in Supporting
Data Table 2). A total of 117 out of 472 detected proteins (~ 25%) could be assigned tentative
identifications; of these proteins, 20 were unmodified, 15 had just lost the N-terminal
methionine, and 12 had just been singly oxidized; the remaining 70 were spread between many
combinations of the permitted modifications. Evidence of signal peptide deletion was found
for 27 detected proteins, which, due to the detection of protein isoforms, represented 18 open
reading frames; 9 out of 18 were supported by the bottom-up data. From this and from the
bottom-up approach, it seems clear that the S. oneidensis proteome is extensively modified.

The MMA achieved for higher mass proteins is inferior to that routinely achieved for short
peptides. Therefore, identifications made on the basis of measured mass alone must be viewed
as tentative (for example, measurements of quite exceptional accuracy would be required to
distinguish between acetylation and tri-methylation of a high-mass protein). However, even
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incremental improvements in MMA would be expected to result in significantly enhanced
utility; higher field magnets and the use of automatic gain control [72] would be expected to
be beneficial. The application of high-throughput proteomics to direct protein measurements
could be very useful in comparative proteomics; that is, in quantifying changes in the
abundance of particular protein isoforms. Such techniques could rapidly be applied to
investigations where either isotopic labeling [73,74] or direct ion abundance comparisons are
used to determine abundance changes in response to a perturbation. Species of interest (e.g.,
differentially abundant proteins) could then be characterized using targeted MS/MS [75],
employing a variety of ion dissociation schemes including electron capture dissociation (ECD)
[76], which has proved to be advantageous for the characterization of post-translational
modifications.

The reported SEC-RPLC method has been shown to be more effective than the reported RPLC-
CIEF method for 2-D protein separations; nearly twice as many proteins were detected using
the former in comparison with the latter. Bottom-up measurements, which reflect fractionation
performance, indicate bias against hydrophobic proteins, but no bias against proteins with
outlying masses or isoelectric points; it would probably be easier to modify the SEC-RPLC
method for improved compatibility with hydrophobic proteins. Both methods, however,
without alteration, would be expected to be valuable in extending proteome coverage. Given
the large difference in sample consumption, CIEF-FTICR-MS intact protein analysis was
shown to be remarkably effective when compared with RPLC-FTICR-MS intact protein
analysis. Improvements in mass spectrometer sensitivity would be expected to result in a more
significant improvement to the CIEF- than to the RPLC-based technique because of the lower
sample loading amounts found in the former. The careful choice of separation techniques to
simplify the transfer of sample from the first to the second dimension successfully minimized
losses at this stage, but significant protein loss still occurred at entry to the first dimension.
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Figure 1.
Schematic representation of the experimental pathway from S. oneidensis cell lysate to MS-
analysis.
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Figure 2.
Chromatograms for (A) SEC fractionation and (B) RPLC fractionation of S. oneidensis cell
lysate; absorbance detection was performed at 280 nm; vertical lines indicate boundaries
between fractions.
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Figure 3.
Comparison of (A) RPLC-FTICR-MS with (C) CIEF-FTICR-MS data, displayed as 2-D plots,
for S. oneidensis cell lysate; CIEF sample preparation, in addition, required dialysis to reduce
salt concentrations. 142 proteins were detected in the RPLC run, while 58 were detected in the
CIEF run. (B) is the mass spectrum for the indicated spot in (A); the measured mass (average
isotopic composition) for this spot was 29832.40 Da, which matches the mass of ribosomal
protein L2 (SO0234) minus methionine at 9.6 ppm error. (D) is the mass spectrum for the
indicated spot in (C); the measured mass (average isotopic composition) for this spot was
15127.80 Da, which matches the mass of hypothetical protein SO0691 at 0.3 ppm error.
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Figure 4.
(A) TIC and (B) 2-D plot for SEC Fraction 5. (C) is the mass spectrum for the indicated spot
in (B); the measured mass (average isotopic composition) for this spot was 26445.11 Da, which
matches the mass of conserved hypothetical protein SO4719 minus a predicted signal peptide
at 6.6 ppm error.
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Figure 5.
(A) TIC and (B) 2-D plot for RPLC Fraction 4. (C) is the mass spectrum for the indicated spot
in (B); arrows highlight the peaks that constitute the indicated spot; the measured mass (average
isotopic composition) for this spot was 10648.27 Da, which matches the mass of integration
host factor beta subunit (SO2401) at 4.6 ppm error. (D) is an expansion of the 13+ peak that
exemplifies the isotopic resolution achievable even for less intense peaks.
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Table 1
S. oneidensis cell lysate was fractionated by SEC and by RPLC. Each fraction, along with cell lysate and dialyzed
cell lysate, was split into aliquots: one aliquot was digested using trypsin, the resulting peptides being subjected
to RPLC-QIT-MS/MS, while another was analyzed at the intact protein level (for the SEC fractions and cell
lysate, RPLC-FTICR-MS was used; for the RPLC fractions and dialyzed cell lysate, CIEF-FTICR-MS was used).
The first data column gives the number of peptides found by applying SEQUEST [53] to the RPLC-QIT-MS/
MS data, using the rules given in Washburn et al. [55]; the second data column gives the number of proteins that
were identified by the presence of two or more distinct constituent peptides; the third and fourth data columns
contain the number of proteins that were detected at the intact protein level (the third column is for RPLC-FTICR-
MS analyses while the fourth is for CIEF-FTICR-MS analyses).

Experiment Peptide Measurements Protein Measurements

Number Peptides
Identified by RPLC-
QIT-MS/MS

Number Proteins
Identified by RPLC-

QIT-MS/MS

Number Proteins
Detected by RPLC-

FTICR-MS

Number Proteins
Detected by CIEF-

FTICR-MS

Lysate 796 150 142 -
Dialyzed Lysate 473 84 - 58
SEC Fraction 01 64 17 - -
SEC Fraction 02 801 136 27 -
SEC Fraction 03 552 83 62 -
SEC Fraction 04 697 104 15 -
SEC Fraction 05 480 78 164 -
SEC Fraction 06 383 66 92 -
SEC Fraction 07 49 9 - -
SEC Fraction 08 71 16 - -
SEC Fraction 09 3 0 - -
SEC Fraction 10 54 9 - -
SEC Fraction 11 43 7 - -
SEC Fraction 12 136 24 - -
All SEC Fractions 2429 321 297 -
RPLC Fraction 01 39 5 - -
RPLC Fraction 02 8 1 - -
RPLC Fraction 03 31 5 - -
RPLC Fraction 04 390 62 - 75
RPLC Fraction 05 449 85 - 62
RPLC Fraction 06 246 40 - 72
RPLC Fraction 07 138 29 - 78
RPLC Fraction 08 259 43 - 29
RPLC Fraction 09 18 3 - 2
RPLC Fraction 10 3 1 - -
All RPLC Fractions 1135 149 - 166
All Experiments 3336 367 372 186
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