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ABSTRACT

Multiple fractionation or separation methods are often combined in
proteomics to improve signal-to-noise and proteome coverage and to reduce
interference between peptides in quantitative proteomics. Furthermore, a
given fractionation method provides additional information on the analytes,
such as molecular weight, hydrophobicity or isoelectric point that can be
used to improve identification, and to discover protein splice variants or
large post-translational modifications. Finally we describe a Taverna
scientific workflow for analysis and comparison between strong cation
exchange chromatography (SCX), peptide isoelectric focusing (pIEF) and
SDS-PAGE performed using robust capillary LC and ion trap tandem mass
spectrometry.
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INTRODUCTION

Even with the recent improvement in speed and sensitivity of tandem mass
spectrometry and performance of liquid chromatography systems, loading
capacity and ion suppression still limit the coverage of complex samples,
such as in proteomics. Thus, the prefractionation or reduction of complexity
of samples is still beneficial in most analyses, when sufficient amounts of
material are available. In general, each fraction contains a “simplified”
mixture of peptides/proteins enabling identification and possibly
quantitation of more peptides and proteins, including those of lower
abundance. At the same time, fractionation adds information about the
analytes without any additional analytical effort. This information can be
used together with the tandem mass spectrometry data in the validation of
peptide-spectrum matches.

A wide range of fractionation strategies for peptides and proteins are
generally available, often combined in multidimensional methods or
systems. Any type of chromatographic separation can be used at the protein
level, including ion exchange, ' reversed phase,” hydrophobic interaction® or
size exclusion,® ° prior to digestion. Ton exchange chromatography is
frequently combined with reversed-phase chromatography, also at the
peptide level, either off-line or on-line in the same column (MudPIT).°
Other popular methods include Gelfree® fractionation system and SDS-
PAGE.” The last involves protein fractionation according to molecular
weight, slicing the entire gel lane containing the proteins and then digesting
the proteins in the gel. Isoelectric focusing of peptides or proteins can be
done in capillaries,™ ° segmented tubes,'®'* gels' or liquid compartments
connected by a gel."*

In this work we have attempted to compare, with as little bias as possible,
three very different and commonly used fractionation methods for two very
different types of samples. We compared SDS-PAGE fractionation at the
protein level,” with Off-Gel™ isoelectric focusing, fractionating according
to their isoelectric point,” and strong cation exchange (SCX)
chromatography, separating based on size and charge at a fixed pH,' both at
the peptide level.
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Several previous studies have already been published for comparing these
and other fractionation methods.”"’ However, the choice of the best
method likely also depends on the sample. We therefore compared the same
three methods using exactly the same protocols for two different biological
samples — an Escherichia coli whole cell lysate and human plasma. The E.
coli cell lysates are easy to work with and not dominated by a few proteins.
Human plasma on the other hand, is dominated by a small number of
proteins, with albumin making up 45-50% of the total protein content,
immunoglobulin G and transferrin another 8-20% and 3-7% respectively.'®
The 20 most abundant proteins constitute more than 99% of the total protein
content in plasma.'® Both samples are easily obtained in large (even gram)
quantities, making it possible to use almost any method for fractionation,
from preparative scale chromatography to microfluidic methods coupled
directly to the mass spectrometer.

The three compared methods each contribute information about a different
peptide or protein property. This information can be used by some
algorithms and pipelines to validate peptide and/or protein identification and
remove erroneous identifications. In SDS-PAGE, the position of the protein
on the gel has direct relationship with its molecular weight. When the
measured protein molecular weight is compared with that predicted from the
genome and used for the peptide identification, splicing events or post-
translational processing could be detected. In IEF, the distribution of the
peptides corresponds to their pl, which can also be predicted, albeit not with
perfect accuracy. Finally, in SCX, the elution time (i.e. fraction number)
depends on the size and charge of the peptides at the system pH," which
may also be possible to predict from the peptide sequence. The Trans-
Proteomic Pipeline® (TPP) already provides a standard score (also known
as Z-score) for peptides based on their pl, and the same can in principle also
be used for SCX chromatography. Indeed, the use of pl information to
decrease the false discovery rate for IEF fractionated samples has been
already demonstrated by other groups.”" ** As part of the work presented
here we also developed a general data analysis method and implemented
this in a Taverna scientific workflow. The workflow compares multiple
fractionation methods with respect to peptide and protein coverage while
also extracting additional information on the peptides and proteins from
each fractionation method. This information can be used for validation of
peptide identifications and detection of splicing or post-translational events.
We used this workflow to perform and visualize the comparison between
the three different fractionation techniques for the two different types of
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samples, and briefly discuss the applicability of each method for each type
of sample.

MATERIALS AND METHODS

For this study we compared three different separation approaches for two
types of samples (human plasma and Escherichia coli). Both groups of
samples were treated similarly to enable comparison between methods to
determine their suitability for different kinds of samples.

Sample preparation

Human plasma from healthy volunteers was collected into BD Vacutainer®
tubes with 18.0 mg K,:EDTA (K2E, REF 367525, BD Vacutainer Systems,
Plymouth, UK) and immediately spun down at 1,300xg for 10 minutes at
21°C then aliquoted and stored at -80°C until use.

Escherichia coli K12 strain MG1655 (ATCC® Number 47076, ATCC,
Manassas, VA); was grown overnight in 4x25 mL Luria-Bertani (LB)
medium in 50 mL Falcon tubes. The optical density at 600 nm (OD600) was
2.1. Then all cells were spun down and the supernatant removed. The pellets
were resuspended in 10 mL warm (37°C) PBS to pool all cells and gently
spun down at 194xg at 37°C for 5 min. After the supernatant was removed,
all pellets were rinsed with Iml PBS, transferred to a 1.5-mL Eppendorf
tube and spun down again for 10 min at maximum speed (16,100xg) at 4°C.
The wet pellet was weighed and 5 mL of the BugBuster® Master Mix
(Novagen, Merck KGaA, Darmstadt, Germany) was added per gram cell
paste. Cells were incubated at room temperature on a shaking platform at
low speed for 20 min. After the insoluble cell debris was removed by

centrifugation at 16,100xg for 20 min at 4°C, the supernatant was stored at -
80°C until used.

Fractionation methods comparison
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In-solution digestion

Two mg of each sample were digested using trypsin. To each sample DTT
in 25 mM ammonium bicarbonate (ABC) was added to its final
concentration 10 mM and incubated for 45 min at 56°C to reduce cystines.
After alkylation for 1h at room temperature with 25 mM iodoacetomide also
in 25 mM ABC trypsin (sequencing grade, Promega, Madison, WI) was
added in the ratio 1:100 (trypsin:sample) and kept for 10 h at 37°C.
Digestion was quenched with 10% TFA with the final concentration of
TFA 0.1-1.0%. Resulting samples were desalted using Oasis HLB

cartridges and aliquoted in 100 and 200 pg for IEF and SCX respectively.

Desalting and solid phase extraction

Prior to fractionation both samples were desalted using Oasis HLB
cartridges (Waters, Milford, MA). Cartridges were first activated with
methanol and equilibrated with 50% acetonitrile (ACN) in water according
to the manufacturer’s protocol. The sample was applied and washed 4 times
with 500 pL water. The peptides were eluted into a fresh Eppendorf tube
with 800 puL 50% ACN.

Fractions collected after the separation were desalted with solid-phase
extraction (SPE) using C18 OMIX tips (Agilent Technologies, Waldbronn,
Germany). Tips were first wetted with 50% ACN in water, washed and
equilibrated with water containing 0.1% TFA. Samples were acidified with
TFA, washed again and eluted with 50 uL 50% aqueous ACN containing
0.1% TFA.Acetonitrile was evaporated after each cleaning step.

Strong cation exchange

SCX was performed on a Dionex UltiMate 3000 (Thermo Fischer
Scientific, Waltham, MA) at a flow rate of 200 puL/min. Tryptic peptides
(200 pg) were loaded onto a 100x2.1 mm PolySULFOETHYL A™
(PolyLC, Columbia, MD) column with 3 pm packing material and eluted
with a linear gradient using ACN/potassim phosphate buffers (buffer A —
20% ACN /80% 10 mM potassium phosphate, pH 2.9; buffer B —20% ACN
/80% 10 mM potassium phosphate, 500 mM potassium chloride, pH 2.9).
The elution program was 100% buffer A for 10 min, continued by a short (1
min) gradient of 0 to 3% of buffer B, followed by a gradient of 3%-15% for
19 min, a 15%-45% gradient for 15 min and a 45%-100% gradient for 2
min. At the end of the gradient the column was kept at 100% buffer B for 7
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min and then for 10 min in buffer A. Flow-through fractions (48 in total)
were collected into a 96-well plate from 5 to 55 min. Adjacent fractions
were combined pairwise to obtain 24 fractions and then desalted with SPE
(described above).

Isoelectric focusing

For peptide IEF separations, the Off-Gel Agilent 3100 fractionator (Agilent
Technologies) was used. A modified method was applied by addition of 1
M urea to the buffer sample and rehydration buffer, instead of 5% glycerol
only. Tryptically digested and desalted peptides (100 pg in total) were
resuspended in a modified IPG buffer that contained 1M urea in addition to
the 3—10 pH linear IPG buffer (GE Healthcare, Uppsala, Sweden). Sample
volumes of 150 pL/well were loaded onto a commercially available 24-cm
IPG strips with a linear 3-10 pH gradient (GE Healthcare) after rehydration
of the gel for 20 min in 40 pL/well rehydration solution. Cover fluid
(mineral oil, Agilent Technologies) was applied to both ends of the gel strip.
The focusing method OG24PEO1, as supplied by the manufacturer, was
used for 24-well fractionations. Fractions were recovered in separate
Eppendorf tubes, cleaned by SPE as described above and store at -80°C till
use.

SDS-PAGE and in-gel digestion

Protein concentration was measured by the bicinchoninic acid (BCA)
protein assay kit (Thermo Fischer Scientific) and 30 pg of proteins per
sample was loaded on a 1-mm 10-well 4-12% NuPAGE® Bis-Tris gel
(Invitrogen, Carlsbad, CA). Proteins were separated in the gel for 1 h at 180
V, after which the gel was stained in NuPAGE® Colloidal Blue (Invitrogen)
overnight at room temperature and destained with milli-Q water until the
background was transparent.

The gel lane with separated proteins was cut into 48 identical 1.5x5-mm
slices using a MEE1.5-5-48 disposable gel cutter (Gel Company Inc., San
Francisco, CA). Each gel piece was placed into one well in a 96-well
polypropylene PCR plate (Greiner Bio-One, Frickenhausen Germany).
Destaining of the gel pieces, DTT reduction and TAA alkylation were
performed according the previously published protocol.”® In-gel tryptic
digestion was performed in 30 pL of 25 mM ABC containing 5 ng/uL
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trypsin (sequencing grade, Promega, Madison, WI) for 6 h at 37°C. The
resulting peptides were TFA-extracted according to the previously
described protocol.”® The extracts were pooled pairwise to obtain 24 total
fractions as for SCX.

LC-MS/MS analysis

Prior to LC-MS/MS analysis all samples were dried down and reconstituted
in 25 pL 0.1% TFA. The analysis was performed using a splitless NanoLC-
Ultra 2D plus (Eksigent, Dublin, CA) for parallel ultra-high pressure liquid
chromatography (UHPLC) with an additional loading pump for fast sample
loading and desalting. The UHPLC system was configured with 300 pm-i.d.
5-mm PepMap C18 trap columns (Thermo Fischer Scientific) and 15-cm
300 pm-i.d. ChromXP C18 columns (Eksigent). Peptides were separated by
a 45-minute linear gradient from 4 to 33% acetonitrile in 0.05% formic acid
with 4 pL/min flow rate. The UHPLC system was coupled on-line to an
amaZon ETD speed high-capacity 3D ion trap with CaptiveSpray source
(Bruker Daltonics, Bremen, Germany). After each MS scan, up to ten
abundant multiply charged species in the m/z 300-1300 range were
automatically selected for MS/MS but excluded for one minute after having
been selected twice. The UHPLC system was controlled using HyStar 3.4
with a plug-in from Eksigent and the amaZon ion trap by trapControl 7.0,
all from Bruker.

Data analysis

All acquired tandem mass spectrometry data were processed in one batch
using the Taverna workbench.** Taverna can invoke a number of services,
including local Java Beanshell scripts, R (using an R server) and a wide
range of Web services, enabling combination of sequence database search,
analysis and visualization in a single workflow. Built-in tools for parsing
XML- files simplify information retrieval andlarge datasets can be remotely
processed on a grid or cloud using the Taverna Engine.”> The workflow
used here converts raw data to mzXML?® using compassXport 3.0 (Bruker)
and passes this, along with the sequence database and search parameters to
X!Tandem®” *" in the TPP.** The X!Tandem scores are converted to
pepXML,*® modelled and converted to probabilities for each peptide-
spectrum match by PeptideProphet.”® The X!Tandem search was here done
against the UniProt human reference proteome set (2012 02, canonical
sequences only) and the UniProt Escherichia coli reference set (2010 01)
with the monoisotopic mass error (£0.5 Da), carbamidomethylation as fixed
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modification, the k-score plug-in® and allowing for isotope error. After
PeptideProphet analysis, the resulting lists of peptide/protein identifications
with 0.95 probability cut-off (<1% FDR) were analyzed and compared in
the Rshell script in the same workflow. For each peptide within one IEF
fraction, pl values predicted by attached function in TPP (based on pK
values from Bijellqvist et al.”’) were extracted and the pl Z-scores were
calculated as a distance in standard deviation from the mean. To compare
the pl of true and false matches, a search was also done against a decoy
database generated by randomizing the E. coli database with make random
(http://www.ms-utils.org/make random.html). For SDS-PAGE, the protein
molecular weight was calculated from the sequences downloaded from the
UniProt website directly in Taverna workflow as these are not kept in the
pepXML results. The entire processing workflow is available in
myExperiment (http://www.myexperiment.org/workflows/3486.html).

RESULTS

In this work we compared SDS-PAGE, SCX and IEF separation strategies
for two different types of samples. For both samples the highest proteome
coverage we observed with SCX (Figure 1.1) identifying 1,645 peptides in
plasma and 6,731 peptides in E. coli. While the number of protein
identifications for the E. coli sample, was approximately the same with the
three methods, the number of identified peptides varied from 4,221 for IEF
to 6,231 and 6,731 for SDS-PAGE and SCX respectively. For the plasma
sample, SCX was clearly better compared to 1,015 peptides identified with
SDS-PAGE and 831 with IEF. In the recent work of Hassan ez al. *° SCX
was also demonstrated to be better than IEF, as measured by the number of
identified peptides. When comparing the number of identified proteins,
SDS-PAGE gave the lowest coverage for plasma, similarly to a previous
comparison using HeLa cells.”'

To define the quality of the separation we looked on the distribution of the
number of peptides identified per fraction (Figure 1.2). When separated with
SCX, most peptides were found in one fraction. For IEF, the majority of
peptides is still determined only in one fraction, however the number of
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SDS-PAGE

Figure 1.1. Comparison of the number of unique peptide identifications from SDS-PAGE,
SCX and IEF datasets for human plasma (a) and E. coli (b).

a b 24

Figure 1.2.Pie charts illustrating the percentage of peptides identified in one or more
fractions after separation of human plasma by IEF (a) or SCX (b). During the SCX
chromatography 48 fractions from 65 min gradient were collected and every two
consecutive ones pooled together.

peptides found in two and more fractions is much higher compared to those for
SCX. Presented in Figure 1.2 pie charts illurate the peptide distribution for human
plasma sample. For E. coli the observation is consistent (data not presented).
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Figure 1.3. Fractionation of human
plasma and E. coli peptides by isoelectric
focusing. The photograph shows the pH
indicator from pH ~3 to pH ~10 in the
fractions of plasma (top) and E. coli
(bottom). The pH gradient appears
reproducible and independent from the
i sample. The fraction yielding the largest

12345678 91011121314151617 181920212223 24 number of spectrum matches for a

fraction number peptide can be plotted against the
b predicted pl for the peptide (here
showing only the IEF fractions in E.
fractions|  + - - — S - - 4 coli). The mean pl of the peptides in
19-21 Fo-m o - - - - each fraction is marked with red bars.
ractions e —— - . | The pl information can be used to weed
1113 bem P ——— - = - A out false identifications. The box plot (b)
. illustrates the distribution of pl Z-scores
frazt_'g e L P [Emm— -1 with putatively correct matches in white

and decoy matches in grey.

G s o s w15
pl Z-score

A further motivation behind this study was to produce, from the same
samples, similar datasets using the three different peptide and protein
fractionation techniques to illustrate the value of the additional information
on the analytes that can be automatically obtained from a particular method.
Using a pH indicator, we observed that the peptides in IEF separate more or
less linearly in the pH gradient independent of the nature of the sample
(Figure 1.3a, top). Thus the calculated pl can be plotted against the actual
fraction number and eventual outliers would most likely be false
identifications (Figure 1.3a, bottom). Predicted pl appear to change in more
discrete steps compared to the smooth transitions of the pl indicator.
Another way to represent this information is to calculate pl Z-score and
visualize their distribution for each fraction separately using histogram or
box-plot (Figure 1.3b). The decoys have a wide distribution in Z-score (the
unit determined by the standard deviation in predicted pl of the matches
from the correct database) and as expected with bias towards higher pl for
fractions of low pl and towards lower pl for fractions of high pl, whereas
the correct identifications are focused near the average pl of all peptides
identified in the fraction.

SDS-PAGE, on the other hand, provides direct information about the
proteins rather than the peptides. Predicted, based on the sequence, protein
molecular weight plotted against its location on gel (fraction number) shows

Fractionation methods comparison
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1 kba Figure 1.4. Protein molecular weight
34 ' 191 distribution against fraction number in
5 ?: R . . o, the E. coli sample (left). Median
£ o St L = molecular weight per fraction is marked
2 11 e == 6 in red. SDS-PAGE of 30 pg of E. coli
S 12: N _‘-_q-"" i 51 sample (a) and molecular weight marker
® 47 * - . = .. 39 (b) on the right. Alkyl hydroperoxide
" 1o *-7-" ~ 2 reductase subunit C (UniProt accession
E;: . :'1-'.'- - TS number POAEOS) is marked with an
¢ arrow.
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0 25 50 75 100 125 150 a b
calculated molecular weight (kDa)

a clear correlation (Figure 1.4). However, a number of outliers can still be
identified for closer examination or discarding as false discoveries. As an
example, the 20 kDa Alkyl hydroperoxide reductase subunit C (UniProt
accession number POAEO0S), in native conditions disulfide-linked
homodimer, was observed at ~40 kDa (Figure 1.4, arrow).

DISCUSSION

The wide range of available fractionation techniques makes it challenging to
choose the one best suited for a particular sample or biological research
question. We performed in this work comparison of the described above
techniques at the level of proteins (SDS-PAGE) and peptides (IEF and
SCX). The major challenge in setting up such a study is to make the
comparison “fair”, given the differences in scale and practical
implementation of the techniques, i.e. sensitivity levels, system
volumes/flow rates and fraction collection. It is especially difficult to use
the same amount of starting material for each method without diluting the
sample or overloading one or more of the systems. In the case of SDS-
PAGE, the maximum amount of protein that can be applied on the standard,
commercially available, gel without overloading is around 30 pg. For the
IEF and SCX methods, the equivalent amount of peptides would be too low
due to the minimal volumes involved. The work of Hubner er al. *'
demonstrated that the best separation with IEF could be achieved with 50
png material, while the maximum number of protein identifications was
achieved with 250 pg. From our experience, the optimal condition for Off-
Gel IEF (balance between good separation and wide proteome coverage)
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has been obtained when loading 100 pg. Even though SCX gave reasonable
separation when loaded 100 pg of material, the system was far from its
maximum loading capacity, leading us to increase the amount of proteins
injected to limit sample dilution. For this reason we compromised and
loaded different amounts to allow each fractionation technique to operate
near its maximum capacity, taking into account the significant dilution in
the IEF and SCX as compared to SDS-PAGE. Robustness and stability of
the liquid-chromatography-mass spectrometry analysis is also important for
the method comparisons in absence of internal standards or labels. To
balance sensitivity and robustness, the choice was made to use the new
CaptiveSpray (Bruker) source, accommodating higher flow rates and
therefore more robust chromatography than the more sensitive but less
stable nanoelectrospray.

One would expect SDS-PAGE to be a good choice for samples dominated
by a small number of abundant proteins, such as plasma, as these abundant
proteins can be confined to a few bands or fractions. In contrast, when
performing the fractionation at the peptide level, peptides from the abundant
proteins will be present in most if not all fractions. However, in this
comparison, we demonstrated that SCX was clearly better in both peptide
and protein yield. This proves that the loading capacity can be more
important than the separation method or whether the fractionation is done at
the protein or peptide level. The IEF approach gave the smallest number of
identifications and showed the largest overlap with the other two techniques
for both samples. Even though the work of Hubner ez al. *' showed that Off-
Gel IEF gives higher number of protein identifications compared to SDS-
PAGE in human cell lines, other recent work comparing SDS-PAGE, SCX,
IEF and organelle fractionation have showed the opposite.’> For the IEF
system it is known that near the edges of the gel (at pH 3 and pH 10) it is
common to see diffuse bands if the gel is stained, indicating less sharp
separation. Consequently, peptides can be found in more than one fraction
near the edges, increasing the redundancy of the data and reducing the
number of different peptides that can be identified. During the SCX
chromatography, fractions were collected every 60 seconds and subsequent
fractions were pooled for the analysis to keep the number of fractions
similar to those obtained with IEF and mass spectrometry analysis time
constant throughout the whole experiment. The number of collected
fractions with SCX is determined by the fraction collection method, which
can easily be adjusted to any number, as long as the vials or wells can hold
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the volume and there are enough physical vials or wells in the fraction
collector. Similarly for SDS-PAGE, any reasonable number of pieces can be
cut, as long as the slices are not too thin to handle in a practical manner.
Generally, more fractions lead to wider proteome coverage if the mass
spectrometry time per fraction is constant. As the numbers of SCX fractions
and gel slices are easy to vary, the defining factor for the number of
collected fractions was the IEF system. For SDS-PAGE, we used an already
existing and commercially available cutter enabling slicing the gel into 48
equal slices at once. Similarly, we used an existing method for collecting 48
SCX fraction and then pool the adjacent ones to obtain 24 total fractions for
each separation method. Most peptides identified with SCX were found in a
single fraction, showing that peptides elute in narrow peaks (maximum 2
minutes in a 65-minute gradient). Compared to the studies conducted by
Slebos et al. ' and Elschenbroich ef al. > demonstrating that IEF is superior
to SCX in resolution, we used longer and better analytical column for SCX,
with smaller bead size. Not surprisingly, in our experimental set-up, SCX
had better resolution than IEF, defined as peptide overlap between fractions.
The fractionation settings and the design of the comparison have more
influence on the result than the nature of the sample.

For any scheme that uses information from the fractionation prior to the
chromatographic separation on-line with the tandem mass spectrometer it is
crucial that this information is preserved throughout the data analysis. This
is easily accomplished by a systematic naming of files or by loading
fractions in sequence into a microtiter plate. From each dataset, specific
protein or peptide information could be extracted and used for filtering out
spurious identifications. The theoretical model used for pl calculation is
based on the peptide sequence and does not take influences of nearby
residues into account, leading to a discrete rather than smooth distribution of
pl in the IEF-separated samples. However, this information is used in the
calculation of pl Z-scores for each peptide-spectrum match, assuming they
derive from a fraction with a narrow pl distribution, and is already
implemented in the TPP. Random, false (decoy) peptide-spectrum-matches
can derive from peptides of any pl therefore having a wide span, whereas
the correct identifications are concentrated around 0. For a perfect Gaussian
distribution, the lower and upper quartiles, i.e. the “box”, would be between
Z-score -0.68 and 0.68. In the pl box plots in Figure 1.3b, the lower and
upper quartiles of the putatively correct peptide identifications span a
slightly smaller interval. This is likely due to a number of outliers caused by
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very abundant peptides being identified in many fractions and differences
between calculated and real (experimental) pl.

Although some success has been reported in the prediction of peptide
retention times in SCX’* *°, this has so far only been achieved with
machine-learning techniques such as artificial neural networks, requiring
tens or hundreds of thousands of peptide identifications to train the model.
This makes the approach feasible only when very large collections of
datasets are available. A simpler model could be plugged into the workflow
as available on myExperiment. Since both SCX and IEF are primarily based
on charge (SCX on the charge at a particular pH) it may be tempting to use
a similar model for SCX prediction as for pl prediction in IEF. However, for
the datasets used in this work, this did not produce a useful model.

Protein information derived from SDS-PAGE can indirectly indicate
whether peptide identifications correspond to a protein that is likely to be
present in the fraction from which the spectrum was acquired. However, as
there are many reasons why the calculated and measured protein molecular
weights may differ significantly, it is probably more sensible to use the
protein level information to learn something about the proteins. Proteins
located far above a curve fitted to the predicted molecular weights are larger
than predicted (Figure 1.4), which might be due to an incomplete sequence
in the database, a large post-translational modification or a covalent protein
complex. Hits below the curve indicate that the observed protein is only part
of the predicted (database) protein sequence. If both explanations are
implausible and the number of confident peptide-spectrum matches for a
protein is small (given the total number of spectra acquired), the protein
identification is likely incorrect. This assumption is supported by the
relatively low probabilities for the peptide-spectrum matches for these
proteins. In prokaryotic organisms, there is little post-transcriptional
activity, such as splicing, that leads to multiple protein isoforms from the
same gene or entry in the searched FASTA file. There are also fewer post-
translational events decorating proteins with adducts large enough to be
noticeable by SDS-PAGE. Therefore, the outliers are most likely false
identifications, and their number is very small compared to those in
eukaryotic samples. A few exceptions, such as covalent complexes, can still
be identified though, as shown in Figure 1.4. Using the SDS-PAGE
information, false positives can be weeded out at the protein- rather than the
peptide level, without influencing the probabilities assigned to the peptide-
spectrum matches.
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CONCLUSIONS

In shotgun proteomics, good coverage of complex samples still requires
more than one dimension of fractionation or separation. However, not all
separation methods are equally suitable for all types of samples and research
questions. Here we compared three of the most commonly used techniques,
SDS-PAGE, SCX and IEF, for two different and “typical” samples. The
fractionation methods are based on different physicochemical properties and
were performed at different levels — at the protein level with SDS-PAGE
and at the peptide level with SCX and IEF. When comparing such different
separation techniques, it is difficult to make a “fair” comparison. We kept
the final number of fractions collected equal and the total mass spectrometry
analysis time constant, but decided to compromise on the amount of protein
used, performing the fractionation near the optimal conditions/highest
capacity of each method. The number of collected fractions and MS
instrument time were kept the same for the comparisons, even though the
SDS-PAGE and SCX would likely have performed better if more fractions
had been collected. Under the studied conditions, IEF showed the lowest
coverage for both samples, which may be partly due to the dilution
occurring during the run but also to suboptimal number of fractions in IEF.
The extracted pl information gives an easily implemented method to filter
out false peptide-spectrum matches. The SDS-PAGE approach resulted in
better coverage of the proteome, while also providing molecular weight
information on the proteins. We compromised the resolving power of the
gel by pooling consecutive pairs of gel slices to keep the total number of
fractions the same as for the IEF. There is no strict reason to believe that
combining adjacent fractions is the most optimal way to reduce the number
of fractions. By pooling two neighbouring fractions where most likely
similar proteins are dominant, there will be suppression of the less
represented ones. It is possible that it would be better to combine gel slices
containing large and small proteins, even though the results would be more
difficult to interpret manually.

Strong cation exchange provided the best coverage of both peptides
(especially for E. coli) and proteins (particularly for plasma). The
information of SCX retention times which could be used to improve
sensitivity and lower the false discovery rate was not implemented.
Although SCX is a very efficient separation technique for peptides and
orthogonal to reversed-phase, it is most likely that it was the larger amount
of sample that could be loaded on the SCX column, compared to the SDS-
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PAGE and IEF that contributed the most to the higher number of
identifications.

The data analysis, from raw data to the graphs as they appear in the paper,
could be performed entirely within one Taverna workflow, facilitating
sharing not only raw data but also executable workflows. This allows other
researchers to reproduce the analysis while varying input parameters or
apply the same analysis workflow on their own data. Additionally, separate
components of the workflow could be reused in different analyses or
adopted for other tasks. The workflow executed local commands and took
the data through the Trans-Proteomic Pipeline interfacing data analysis of
three separate datasets in parallel using one parameter and one FASTA files
piped to different processes assuring exactly the same conditions for each
search. This workflow also fetched information from on-line databases,
performed statistical analyses in R and plotted the results.
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