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In order to identify putative biomarkers from two-dimensional (2D) gel electrophoresis it is
necessary to use a visualization technique that is sensitive, has a large dynamic range and does
not interfere with the identification of the protein. As mass spectrometry increases in sensitivity more
pressure is placed on visualization techniques that facilitate proteomic workflows but do not
interfere with downstream processing. Two stains reported to meet these requirements are SYPRO
Ruby (Invitrogen) and Deep Purple (GE Healthcare). This study examined the compatibility of these
stains with protein identification by selecting spots from replicate 2D gels of human plasma and
subjecting these to protein identification using liquid chromatography/tandem mass spectrometry
(LC/MS/MS). Using a test of two populations of proportions it was found that proteins were
statistically more likely to be identified from gels stained with Deep Purple. Additionally, the
identifications from Deep Purple stained gels are of higher quality because they are based on

multiple peptides. Copyright © 2008 John Wiley & Sons, Ltd.

Two-dimensional polyacrylamide gel electrophoresis (2DE)
is one of the most widely used techniques in proteomics
today. The methodology is well understood, provides highly
visual, analog data with equipment available for automated
running, staining and analysis of multiple gels. Accordingly,
it is well suited to relatively high-throughput analysis of
samples and identification of putative biomarkers in research
and clinical settings. For example, 2DE has been applied
successfully for identification of tumor markers' and
identification of individuals susceptible to diabetes.” The
challenge in biomarker discovery is that complex biological
samples, such as plasma, may contain proteins in a wide
range of concentrations exceeding 10 orders of magnitude®
and the desired biomarker may be present in low abundance.
For this reason protein stains must be sensitive and have
sufficient dynamic range to allow determination of concen-
tration changes of potential biomarkers. In practice this can
best be achieved with radioisotope or fluorescence tech-
niques, because colorimetric stains, such as Coomassie or
silver, are either not sensitive enough for modern proteomics
or have too small a dynamic range.*® The safety concerns
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with use of radioisotopes have resulted in replacement of this
technique with fluorescence in recent years.

While a 2DE gel generates a large amount of high-
resolution analog data in a single experiment, proteins with
expression differences contributing to spot intensity changes
must be identified using techniques such as peptide mass
fingerprinting (PMF), peptide mapping (high-performance
liquid chromatography/tandem mass spectrometry (HPLC/
MS/MS)), Edman sequencing,” or immunochemical staining.
Mass spectrometric techniques are particularly useful for
protein identification from 2DE gels as they lend themselves
to automation and high-throughput methodologies.>” The
sensitivity of mass spectrometers has enabled proteins to be
detected at femtomole to attomole levels from pure samples
which means that, in theory, any protein visualized on a 2D
gel should be detectable by mass spectrometry.'® However,
in practice, interference from the gel matrix, sample handling
and stain interference conspire with protein sequence
specific issues to reduce realistic detection limits to the
mid-to-high femtomolar level."!

The ability of 2D gels to be used as a diagnostic tool
therefore relies on three characteristics: (1) that the detection
method is sensitive enough to detect proteins present in the
sample with sufficient dynamic range to allow quantification
of proteins over a broad range of concentrations; (2) that
the variability of the detection method is less than any
real change in expression levels of the protein of interest; and
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(3) that the spots of interest can be identified. Silver staining
is still one of the most sensitive methods for visualization but
because it is not an end-point method, timings are critical and
variability is high. In addition, silver staining has been
widely reported to interfere with protein identification by
mass spectrometry.'''? In contrast, fluorescent dyes offer
similar sensitivity to silver whilst having a larger linear
dynamic range and lower susceptibility to interference
with down-stream processes such as mass spectrometry.
SYPRO Ruby, a stain based on ruthenium tris-
bathophenanthroline,13 has dominated this field because it
is almost as sensitive as silver but has a linear dynamic range
of three to four orders of magnitude.14 However, as mass
spectrometric techniques have improved, it has recently been
reported to interfere with subsequent analysis by mass
spectrornetry.l“r”16

Deep Purple is a fluorescent stain based on the natural
product epicocconone'”'® that has a unique reversible
binding mechanism.'"” The stain has been shown to be
sensitive in the femtomole range for proteins in gel
electrophoresis and to exhibit linearity over four orders of
magnitude.?” The reversible nature of the stain suggests that
it should be removed under conditions used for tryptic
digestion of proteins prior to mass spectrometry by PMF or
LC/MS/MS.

In this study we have investigated the reproducibility and
compatibility with mass spectrometry of SYPRO Ruby and
Deep Purple gel stains using human plasma depleted of the
six most abundant proteins resulting in a better under-
standing of the optimal staining methodology for high-
throughput large-format gels with Deep Purple. Further-
more, following in situ trypsin digestion, mass spectrometric
analysis of a representative selection of protein spots
suggests that staining with Deep Purple has advantages
over SYPRO Ruby when downstream protein identification
is necessary.

EXPERIMENTAL

Materials

Boric acid, citric acid, and sodium hydroxide (50% (w/v)
solution) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Pre-mixed acrylamide solutions and MES buffer
were purchased from Invitrogen (Paisley, UK). TEMED and
ammonium persulfate were purchased from BioRad (Hemel
Hempstead, UK). Human plasma was obtained from healthy
human volunteers. Multiple affinity removal system parti-
tioning columns were purchased from Agilent (Stockport,
UK). Linear immobilized pH gradient strips (24 cm, pH 4-7)
were purchased from GE Healthcare (Amersham, UK).

Gel electrophoresis

Human EDTA-plasma was treated with Agilent Hu-6
depletion columns to remove albumin, IgG, IgA, transferrin,
antitrypsin, and haptoglobin. Total protein (140 pg) was
loaded onto 24cm pH 4-7 IEF strips by rehydration. The
strips were focused for 60000 Vh using Multiphor electro-
phoresis units (GE Healthcare, Amersham, UK) and stored at
—80°C until needed. Strips were reduced and alkylated in
sodium dodecyl sulfate (SDS) equilibration buffer as
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described by Gorg and coworkers” and overlaid onto
large-format (20 x 24 cm) 11% (w/v) acrylamide gels, poured
using the Invitrogen bis-tris buffer system (Paisley, UK). The
strips were embedded in 0.5% (w/v) agarose and the gels run
on Ettan 12 gel electrophoresis apparatus (GE Healthcare) at
15mA constant current for approximately 26 h. A total of
48 developed gels were randomized and placed into four
linked Dodeca gel-staining units (BioRad) for staining. Half
the gels were fixed in 10% (v/v) ethanol, 7% (v/v) acetic acid
(10L; 3 x60min) and the other half fixed in 15% (v/v)
ethanol, 1% (w/v) citric acid (10L; overnight).

Staining

The ethanol/acetic acid fixed gels were stained overnight,
8 gels per unit, in 3 x Dodeca gel stainers using 1 x SYPRO
Ruby then de-stained with 10% (v/v) ethanol, 7% (v/v)
acetic acid (10L; 3 x 60 min). Finally, the gels were washed in
water (10min) to remove excess de-staining solution. The
gels fixed in ethanol/citric acid were stained similarly in
3 x Dodeca staining units with a 1:200 dilution of Deep
Purple dissolved in 100mM sodium borate (pH 11.0;
90min.). They were then washed in 15% (v/v) ethanol
(60 min) and 15% (v/v) ethanol, 1% (w/v) citric acid (60 min),
and finally water (10 min).

Gels were imaged on an FLA-5000 imager (Raytek,
Sheffield, UK) using a 473nm laser in conjunction with a
575nm Long Pass Green filter for SYPRO Ruby stained gels
and a 532 nm laser with the same 575 nm emission filter for
gels stained with Deep Purple (Fig. 1). Protein spots were
detected using Progenesis software (Nonlinear Dynamics,
Newcastle-upon-Tyne, UK) and matched across all gels of
both stains.

Mass spectrometric analysis
Spots matched across all 48 gels were ranked in order by their
average volume. Spots were assigned to four intensity
groups: extra large, large, medium and small spots, each
group containing 25% of all spots. From group 1 containing
the most intense (extra large) spots, 10 spots were chosen,
from group 2 (large spots) 11 spots, from group 3 (medium
sized spots) 9 spots and from group 4 (small spots) 6 spots. A
fifth group of eight spots were chosen, four of which were
uniquely stained with Deep Purple and four with SYPRO
Ruby (Fig. 2, D1-4 and S1-4; see Supplementary Material).
Protein spots were excised from gels using a Kcore
automated spot cutter (Kbiosystems, Basildon, UK), placed
in 96-well plates, de-stained with 50% (v/v) acetonitrile and
50mM ammonium bicarbonate, reduced with 10mM
dithiothreitol (DTT), and alkylated with 55 mM iodoaceta-
mide. After alkylation, proteins in gel pieces were digested
in situ with 6 ng/uL trypsin overnight at 37°C on a MassPrep
automated liquid-handling system (Waters, Manchester,
UK) as previously described.'* The resulting peptides were
extracted in 1% (v/v) formic acid, 2% (v/v) acetonitrile and
analyzed by nano-scale capillary LC/MS/MS (Waters
nanoAcquity UPLC) to deliver a flow of approximately
300nL/min. A Waters p-Precolumn, C18 Symmetry 5 um,
180 pm x 20 mm (Waters, Manchester, UK) guard column
trapped the peptides prior to separation on a C18 BEH130
1.7 pm, 75 pm x 100 mm nanoAcquity UPLC column. Pep-
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Figure 1. Representative gels stained with either SYPRO
Ruby (A) or Deep Purple (B).

Figure 2. Average gel map (Progenesis) depicting spots
selected for analysis by LC/MS/MS. S1-S4 proteins found
only with SYPRO Ruby, D1-D4 proteins found only with Deep
Purple); 5-40 are the 36 spots that are spread across the four
intensity classes; small, medium, large and extra large.

Copyright © 2008 John Wiley & Sons, Ltd.
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tides were flushed from the guard column onto the analytical
column at 300nL/min and eluted with a gradient of
acetonitrile. The column outlet was directly coupled to the
manufacturer’s standard emitter. Mass spectrometric infor-
mation was obtained using an orthogonal acceleration
quadrupole time-of-flight (TOF) mass spectrometer in
data-dependent acquisition mode (Q-Tof ULTIMA, Waters,
Manchester, UK), equipped with a Z-spray source for
nanoflow analysis. Data-dependent analysis was carried
out where automatic MS/MS data were acquired on the
eight most intense, multiply charged precursor ions in
the m/z range 400-1500. MS/MS data were acquired over the
m/z range 50-1975. LC/MS/MS data were then searched
against a non-redundant protein database using the
Mascot search engine (Matrix Science, London, UK).** All
LC/MS/MS data were searched against an in-house
non-redundant protein database. Taxonomy was left open
to all species, trypsin was specified as the enzyme and up to
one missed cleavage was allowed. Variable modifications
allowed were: carbamidomethylation (C), deamidation
(NQ), Phospho (S/T), Phospho (Y) and propionamide
(O). The peptide precursor tolerance was +0.25Da and the
MS/MS fragment ion tolerance set to +0.1Da. Individual
fragment ion spectra were manually assessed for quality
and extent of y or b ion series. Characteristic features,
associated with the presence of a proline, in the spectra were
taken into account.

Statistical analysis

The number of proteins identified by LC/MS/MS for both
stains was determined as a percentage of the total spots
tested, and the success rates compared using a test of two
populations of proportions for differences. The process was
repeated for each of the spot groups 1-4. Group 5 was not
tested because they were composed of unique spots to each
stain. The test was repeated using only those proteins
identified with two peptides or more. Groups 3-4 did
not contain enough data for statistical analysis (see
Supplementary Material).

RESULTS

Gel staining

In general, both stains produced high-quality images that
were consistent across all 24 gels in each stain group (Fig. 1).
Spots were selected for in situ trypsin digestion and mass
spectrometric analysis representing a broad pl/size and
intensity range. SYPRO Ruby stained gels were fixed and
de-stained in 10% ethanol/7% acetic acid rather than 50%
methanol/7% acetic acid as recommended in the Invitrogen
protocol. This was done for two reasons; firstly the large
volumes of buffers used for the study meant that the
amounts of methanol required were considered hazardous;
and secondly our previous work has shown that the method
used improved image quality by reducing speckling. It is
possible that the reduced alcohol concentration in the fix may
have negatively impacted on protein identification; however,
this is unlikely as it has been reported that the fixation system
used is fully compatible with protein identification by mass
spectrometry.13
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Table 1. Summary of the analysis of gel spots by LC/MS/MS when stained with Deep Purple (DP) or SYPRO Ruby (SR)

Group 5 Group 4 Group 3 Group 2 Group 1 Total for all spots
MS results DP SR DP SR DP SR DP SR DP SR DP SR
No. Spots identified 4/4 1/4 3/6 2/6 6/8 5/8 11/12 3/12 10/10 4/10  33/40  15/40
% spots with proteins identified 100.0 25.0 50.0 33.0 75.0 62.5 91.7 250 1000  40.0 825 375
Number of spots with multiple 3 0 0 1 1 0 4 0 4 1 12 2
proteins identifed
Total # of proteins identified 8 1 3 4 7 5 15 3 16 7 49 20
No. proteins > 1 peptide (%) 2 (50) 125 0@ 1017 6(63) 1(13) 10(58) 3 (25 12(100) 4 (30) 30 (68) 10 (23)
Average Mowse score 69.3 223" 80.7 1167 111.0 776 160.7 633 2305  96.0 130.4 88.4
Statistical significance Not Tested p>0.05 p>0.05 p<0.01 p<0.01 p <0.0001

“Only one protein was identified in SYPRO group 5 and was assigned from multiple peptides.

Protein identification

Protein identifications are summarized in Table 1. Overall
more proteins were identified from gels stained with Deep
Purple as compared to SYPRO Ruby (49 proteins were
identified from 33 of the spots using Deep Purple compared
to 20 proteins from 15 spots using SYPRO Ruby). Using a
two populations of proportions test this difference was found
to be significant with a confidence level of p < 0.0001.
Surprisingly, even in the darkest stained proteins (group 1),
less than half the proteins from the SYPRO Ruby stained
gels were positively identified while all of the proteins
stained with Deep Purple in this group were identified
(significance of p < 0.01 in a test of proportions). Similarly,
Deep Purple identified significantly more proteins in
groups 2 (p<0.01), 3 and 4, though the small number of
matches in groups 3 and 4 precluded statistical analysis
(n < 5). Of the proteins identified, Deep Purple also gave a
better average MOWSE score across all gels (130 vs. 88 for
SYPRO).

Current HUPO reporting requirements for protein identi-
fication suggest more than one peptide should be identified
or additional de novo data reported to substantiate the
identification.”® As these processes (e.g. Western blotting or
MS sequencing) are labor intensive compared to automated
LC/MS/MS, it is worth noting that protein identifications
from spots stained with Deep Purple were more often
identified with more than one peptide (30/49 for Deep
Purple compared to 10/20 for SYPRO Ruby). Therefore,
proteins were not only more likely to be identified using
Deep Purple as a stain, they were also less likely to require
additional sequence confirmation in studies requiring
positive identifications.

DISCUSSION

Gel staining

SYPRO Ruby and Deep Purple are the two oldest and
best-accepted post-electrophoresis fluorescent proteomics
stains on the market. Both stains produced high-quality
images suitable for image analysis and spot selection for
protein identification. Despite some qualitative differences in
staining patterns and intensity, both stains were found to be
suitable for high-throughput analysis using the Dodeca
staining units. Deep Purple does however exhibit some
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protocol advantages over SYPRO Ruby when high-
throughput analysis is considered. Firstly, SYPRO Ruby is
supplied as a 1x solution. While this is convenient for
researchers staining low numbers of gels at a time, and
removes any potential errors caused by diluting a concen-
trate, storage space for 80 L of stain per 100 large-format gels
is required for SYPRO Ruby. Deep Purple, being supplied as
a200x concentrate, required storage for only 0.4 L. Secondly,
SYPRO Ruby staining typically uses high concentrations of
methanol and acetic acid that must be disposed of as
hazardous waste (MSDS information); however, Deep
Purple is non-toxic and readily biodegradable®* and the
ethanol and citric acid concentrations used for staining are
able to be disposed of without special requirements (MSDS
information). Finally, the methanol and acetic acid used in
SYPRO Ruby fixing solutions produce fumes when large
volumes are required for continuous running of multiple
Dodeca staining units. The protocol used at GSK replaces
the high percentage of methanol with lower percentages of
ethanol to minimize any health risks.

Protein identification

Being able to produce a sharp image with a large number of
spots on a 2D gel is a necessary prerequisite for biomarker
discovery. However, protein identification is heavily reliant
on mass spectrometry, which can be viewed as the last but
critical step in the long trail of sample preparation,
separation, visualization and identification. Moreover, mass
spectrometry in proteomics requires significant expert input
if quality data is to be obtained. For these reasons, the highest
possible yield is required for this final phase.”” In particular,
the time involved in LC/MS/MS techniques makes identi-
fication of all of the proteins present in a sample as complex
as plasma extremely daunting. This study was designed to
directly compare the MS compatibility of the two stains, and
as such the majority of the spots selected for analysis were
taken from the region of the gels where both stains
performed well (Fig. 2). This was done to limit the influence
of gel staining variability on the results. Selecting spots in this
way resulted in the majority of proteins being selected from
the mid-range regions (both Mr and pl) of the gel, as
differences in staining efficiency were most noticeable at the
extreme corners of the gels.
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As it has been previously reported that SYPRO Ruby
staining can impact negatively on protein identification,'>'
we decided to examine the relationship between protein
characteristics such as size, pl, and concentration and
successful protein identification. Thus protein spots, widely
distributed throughout the gels, were selected for analysis
and included isoforms from post-translationally modified
protein trains as well as individual, well-resolved spots
(Fig. 2). Overall it was found that protein spots stained with
Deep Purple were more than twice as likely to be positively
identified than proteins from gels stained with SYPRO Ruby
(Table 1). This trend was reflected in all the groups, though
only groups 1 and 2 were found to be statistically significant
(p<0.01). Of the identical spots selected for comparison
(groups 1-4), Deep Purple stained spots were identified over
a broad molecular weight and charge range. Whilst some
proteins were identified exclusively in spots stained with
either Deep Purple or SYPRO Ruby, only two proteins (in
one spot) were identified in the SYPRO Ruby stained gels
that was not identified by Deep Purple. In contrast, 29
proteins, originating from 17 spots, were identified in the
Deep Purple stained gels only. Whilst it is generally
accepted that SYPRO Ruby staining has better MS compat-
ibility than silver,'426 reports differ when compared to other
stains, with success rates of 50-75%. These esti-
mates'>'** are almost exclusively based on matrix-
assisted laser desorption/ionization (MALDI)-TOF PMF
and often on small sample sizes that may not be statistically
significant. The generally poorer performance of SYPRO
Ruby in this study compared to published data may be
based on the analytical method (LC/MS/MS), staining
method (optimized for image quality), or that human
plasma was used as a sample. Regardless of success rates
reported in the literature, it is commonly reported that
sequence coverage and peptide recoveries are reduced with
SYPRO Ruby compared to other stains.'>"'>'*?72% It has been
suggested that the reason SYPRO Ruby interferes with
protein identification by MALDI-TOF PMF is due to a
chemical modification of cysteine-containing peptides.'
Due to the generally low number of peptides identified in
high-throughput LC/MS/MS techniques it is difficult to
draw conclusions on the few peptides positively identified.
There was no discernible correlation with molecular weight
for example. However, all of the proteins identified from
Deep Purple gels that were not identified from SYPRO
Ruby gels originated in the most basic half of the gel and
exhibited staining patterns suggestive of significant post-
translational modification. A comparison of the compo-
sitions of proteins that were identified using Deep Purple
that were not identified using SYPRO Ruby indicated no
strong trends, though proteins unsuccessfully identified
from gels stained with SYPRO Ruby tended to have higher
amounts of serine and threonine, two amino acids associated
with O-linked glycosylation. In contrast, the proteins that
were identified by SYPRO Ruby were either apparently
unmodified or lightly post-translationally modified. In
general proteins identified from Deep Purple stained gels
had a higher number of peptides recovered (see Table S-1,
Supplementary Material). In the case of compliment factor H
(spot 39), 17 peptides were recovered from the Deep Purple
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stained spot, and no identification was made from the
SYPRO Ruby stained spot. Theoretical digestion of this
protein (Table S-4, Supplementary Material) indicated that
75% of the peptides (allowing for one missed cleavage)
would contain at least one cysteine residue. None of the
spots from isoform trains were identified correctly from
SYPRO Ruby stained gels even though the majority of
these spots were in the top 50% of protein intensity (groups 1
and 2). In contrast, Deep Purple identified all of these
proteins.

In general, protein spot intensity did not seem to be related
to identification efficiency. In fact, the difference in the two
stains was most marked in the most abundant proteins
(groups 1 and 2) where Deep Purple stained gels allowed the
identification of proteins from 20/21 excised spots compared
to only 7/21 for SYPRO Ruby (Table 1). Neither stain
performed particularly well with the least intense spots
(group 4) suggesting that the amounts of protein in the gel
were close to the limit of detection of the LC/MS/MS method
used.

New reporting standards for proteomic analysis of human
samples®' require two or more peptides for an identification
to be considered valid. Following implementation of these
standards Deep Purple stained gels yielded proteins from
over 75% of the excised spots compared to 25% for SYPRO
Ruby stained gels suggesting that SYPRO Ruby does impact
peptide identification by LC/MS/MS.

Similarly, the MASCOT Mowse algorithm score, a
quantitative indication of the confidence of each protein
identification, was better overall for Deep Purple (Table 1)
and markedly better for groups 1-3. In the faintest spots
(group 4) SYPRO Ruby had a better score although this result
could not be tested for statistical significance.

Of the spots unique to each stain (group 5), Deep Purple
was able to identify proteins within all of the excised spots,
albeit not always with two or more peptides. SYPRO Ruby
was able to identify only one protein from this group,
apolipoprotein AIV, assigning four peptides resulting in a
high Mowse score. This protein is not glycosylated and
notably contains no cysteine residues.

CONCLUSIONS

SYPRO Ruby and Deep Purple are two fluorescent stains
that have been shown to be easy to use and meet the image
quality requirements of biomarker discovery in terms of
sensitivity. This study, focusing on the mass spectrometric
compatibility of two post-electrophoresis stains, has
shown that protein spots excised from gels stained with
Deep Purple are more likely to result in protein identification
by LC/MS/MS than those taken from gels stained with
SYPRO Ruby. Furthermore, identifications originating from
gels stained with Deep Purple are also more likely to be of
higher quality, resulting from assignment of multiple
peptides. These results, coupled with significant environ-
mental and safety benefits associated with the use of Deep
Purple, have implications in the efficiency and cost of
large-scale, high-throughput proteomics for biomarker
discovery.
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SUPPLEMENTARY MATERIAL

The supplementary electronic material for this paper is
available in Wiley InterScience at: http: //www.interscience.
wiley.com/jpages/0951-4198 /suppmat/.
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