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Coomassie Blue as a Near-infrared Fluorescent
Stain: A Systematic Comparison With Sypro
Ruby for In-gel Protein Detection*s

R. Hussain Butttt] and Jens R. Coorssent§||

Quantitative proteome analyses suggest that the well-
established stain colloidal Coomassie Blue, when used as
an infrared dye, may provide sensitive, post-electropho-
retic in-gel protein detection that can rival even Sypro
Ruby. Considering the central role of two-dimensional gel
electrophoresis in top-down proteomic analyses, a more
cost effective alternative such as Coomassie Blue could
prove an important tool in ongoing refinements of this
important analytical technique. To date, no systematic
characterization of Coomassie Blue infrared fluorescence
detection relative to detection with SR has been reported.
Here, seven commercial Coomassie stain reagents and
seven stain formulations described in the literature were
systematically compared. The selectivity, threshold sen-
sitivity, inter-protein variability, and linear-dynamic range
of Coomassie Blue infrared fluorescence detection were
assessed in parallel with Sypro Ruby. Notably, several of
the Coomassie stain formulations provided infrared fluo-
rescence detection sensitivity to <1 ng of protein in-gel,
slightly exceeding the performance of Sypro Ruby. The
linear dynamic range of Coomassie Blue infrared fluores-
cence detection was found to significantly exceed that of
Sypro Ruby. However, in two-dimensional gel analyses,
because of a blunted fluorescence response, Sypro Ruby
was able to detect a few additional protein spots, amount-
ing to 0.6% of the detected proteome. Thus, although
both detection methods have their advantages and disad-
vantages, differences between the two appear to be
small. Coomassie Blue infrared fluorescence detection is
thus a viable alternative for gel-based proteomics, offer-
ing detection comparable to Sypro Ruby, and more reli-
able quantitative assessments, but at a fraction of the
cost. Molecular & Cellular Proteomics 12: 10.1074/mcp.
M112.021881, 3834-3850, 2013.
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Gel electrophoresis is an accessible, widely applicable and
mature protein resolving technology. As the original top-down
approach to proteomic analyses, among its many attributes
the high resolution achievable by two dimensional gel-elec-
trophoresis (2DE)" ensures that it remains an effective analyt-
ical technology despite the appearance of alternatives. How-
ever, in-gel detection remains a limiting factor for gel-based
analyses; available technology generally permits the detection
and quantification of only relatively abundant proteins (35).
Many critical components in normal physiology and also dis-
ease may be several orders of magnitude less abundant and
thus below the detection threshold of in-gel stains, or indeed
most techniques. Pre- and post-fractionation technologies
have been developed to address this central issue in pro-
teomics but these are not without limitations (1-5). Thus im-
proved detection methods for gel-based proteomics continue
to be a high priority, and the literature is rich with different
in-gel detection methods and innovative improvements (6—
34). This history of iterative refinement presents a wealth of
choices when selecting a detection strategy for a gel-based
proteomic analysis (35).

Perhaps the best known in-gel detection method is the
ubiquitous Coomassie Blue (CB) stain; CB has served as a gel
stain and protein quantification reagent for over 40 years.
Though affordable, robust, easy to use, and compatible with
mass spectrometry (MS), CB staining is relatively insensitive.
In traditional organic solvent formulations, CB detects ~ 10
ng of protein in-gel, and some reports suggest poorer sensi-
tivity (27, 29, 36, 37). Sensitivity is hampered by relatively high
background staining because of nonspecific retention of dye
within the gel matrix (32, 36, 38, 39). The development of

' The abbreviations used are: 2DE, two dimensional gel electropho-
resis; 1DE, one dimensional gel electrophoresis; BCA, bovine car-
bonic anhydrase from erythrocytes; BSA, bovine serum albumin; CB,
Coomassie Blue; CCB, colloidal Coomassie Blue; CEA, chicken egg
albumin; CEL, chicken egg lysozyme; CV, coefficient of variation; FV,
fluorescent volume; IMPS, integrated measure of practical sensitivity;
IPG, immobilized pH gradient; IPV, inter-protein variability (of fluores-
cent signal intensity); IR, infrared; IRF, infrared fluorescence; IRFD,
infrared fluorescence detection; LDR, linear dynamic range; LLD,
lowest limit of detection; LPS, lowest practical sensitivity; S/BG,
signal/background ratio; S?/BG, signal squared/background ratio,
SR, sypro ruby; STI, soybean trypsin inhibitor.
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colloidal CB (CCB) formulations largely addressed these lim-
itations (12); the concentration of soluble CB was carefully
controlled by sequestering the majority of the dye into colloi-
dal particles, mediated by pH, solvent, and the ionic strength
of the solution. Minimizing soluble dye concentration and
penetration of the gel matrix mitigated background staining,
and the introduction of phosphoric acid into the staining rea-
gent enhanced dye-protein interactions (8, 12, 40), contribut-
ing to an in-gel staining sensitivity of 5-10 ng protein, with
some formulations reportedly yielding sensitivities of 0.1-1 ng
(8, 12, 22, 39, 41, 42). Thus CCB achieved higher sensitivity
than traditional CB staining, yet maintained all the advantages
of the latter, including low cost and compatibility with existing
densitometric detection instruments and MS. Although sur-
passed by newer methods, the practical advantages of CCB
ensure that it remains one of the most common gel stains in
use.

Fluorescent stains have become the routine and sensitive
alternative to visible dyes. Among these, the ruthenium-or-
ganometallic family of dyes have been widely applied and the
most commercially well-known is Sypro Ruby (SR), which is
purported to interact noncovalently with primary amines in
proteins (15, 18, 19, 43). Chief among the attributes of these
dyes is their high sensitivity. In-gel detection limits of < 1 ng
for some proteins have been reported for SR (6, 9, 14, 44, 45).
Moreover, SR staining has been reported to yield a greater
linear dynamic range (LDR), and reduced interprotein variabil-
ity (IPV) compared with CCB and silver stains (15, 19, 46-49).
SR is easy to use, fully MS compatible, and relatively forgiving
of variations in initial conditions (6, 15). The chief conse-
quence of these advances remains high cost; SR and related
stains are notoriously expensive, and beyond the budget of
many laboratories. Furthermore, despite some small cost ad-
vantage relative to SR, none of the available alternatives has
been consistently and quantitatively demonstrated to sub-
stantially improve on the performance of SR under practical
conditions (9, 50).

Notably, there is evidence to suggest that CCB staining is
not fundamentally insensitive, but rather that its sensitivity has
been limited by traditional densitometric detection (50, 51).
When excited in the near IR at ~650 nm, protein-bound CB
in-gel emits light in the range of 700-800 nm. Until recently,
the lack of low-cost, widely available and sufficiently sensitive
infrared (IR)-capable imaging instruments prevented main-
stream adoption of in-gel CB infrared fluorescence detection
(IRFD); advances in imaging technology are now making such
instruments far more accessible. Initial reports suggested that
IRFD of CB-stained gels provided greater sensitivity than
traditional densitometric detection (50, 51). Using CB R250,
in-gel IRFD was reported to detect as little as 2 ng of protein
in-gel, with a LDR of about an order of magnitude (2 to 20 ng,
or 10 to 100 ng in separate gels), beyond which the fluores-
cent response saturated into the ug range (51). Using the
G250 dye variant, it was determined that CB-IRFD of 2D gels

detected ~3 times as many proteins as densitometric imag-
ing, and a comparable number of proteins as seen by SR (50).
This study also concluded that CB-IRFD yielded a signifi-
cantly higher signal to background ratio (S/BG) than SR, pro-
viding initial evidence that CB-IRFD may be superior to SR in
some aspects of stain performance (50).

Despite this initial evidence of the viability of CB-IRF as an
in-gel protein detection method, a detailed characterization of
this technology has not yet been reported. Here a more thor-
ough, quantitative characterization of CB-IRFD is described,
establishing its lowest limit of detection (LLD), IPV, and LDR in
comparison to SR. Finally a wealth of modifications and en-
hancements of CCB formulations have been reported (8, 12,
21, 24, 26, 29, 40, 41, 52-54), and likewise there are many
commercially available CCB stain formulations. To date, none
of these formulations have been compared quantitatively in
terms of their relative performance when detected using IRF.
As a general detection method for gel-based proteomics,
CB-IRFD was found to provide comparable or even slightly
superior performance to SR according to most criteria, includ-
ing sensitivity and selectivity (50). Furthermore, in terms of
LDR, CB-IRFD showed distinct advantages over SR. How-
ever, assessing proteomes resolved by 2DE revealed critical
distinctions between CB-IRFD and SR in terms of protein
quantification versus threshold detection: neither stain could
be considered unequivocally superior to the other by all cri-
teria. Nonetheless, IRFD proved the most sensitive method of
detecting CB-stained protein in-gel, enabling high sensitivity
detection without the need for expensive reagents or even
commercial formulations. Overall, CB-IRFD is a viable alterna-
tive to SR and other mainstream fluorescent stains, mitigating
the high cost of large-scale gel-based proteomic analyses,
making high sensitivity gel-based proteomics accessible to all
labs. With improvements to CB formulations and/or image ac-
quisition instruments, the performance of this detection tech-
nology may be further enhanced.

EXPERIMENTAL PROCEDURES

Materials—All consumables were of electrophoresis grade or
higher quality. CHAPS was purchased from Anatrace (Maumee, OH).
A range of commercially available, ready-made CB formulations were
purchased (Table I). A recombinant protein molecular weight marker
from Fermentas (Hanover, MD) was used extensively as a protein
standard. Electrophoresis consumables including immobilized pH
gradient (IPG) strips, acrylamide, bisacrylamide, low melting agarose,
all ampholyte solutions, tris-glycine SDS buffer, and Sypro Ruby total
protein stain were from BioRad Laboratories (Hercules, CA). All other
consumables, including a series of isolated protein standards, and
Coomassie Blue G250 and R250 dyes were purchased from Sigma
(St. Louis, MO). The purity of the isolated protein standards was
assessed by gel electrophoresis, essentially as previously described
(55). The proteins used and their respective purities were: bovine
serum albumin (BSA, 67 kDa), 80 = 1.4%; chicken egg albumin (CEA,
44 kDa), 74 = 0.71%, bovine erythrocyte carbonic anhydrase (BCA,
29 kDa), 80 * 2.6%, soybean trypsin inhibitor (STI, 20 kDa), 79 *+
2.4%, and chicken egg lysozyme (CEL, 15 kDa), 87 + 2.6%. The
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TABLE |
In-gel protein staining formulations examined in this study

Stain Name Source Formulation Cogs;lf er
i SYPRO RUBY BioRad (Hercules CA) Not Available $11.69
ii BioSafe Coomassie Stain BioRad (Hercules CA) Not Available $3.49
i Colloidal Blue Stain Invitrogen (Carlsbad, CA) Not Available $4.76
iv. EZ Blue Gel Staining Reagent Sigma (St. Louis, MO) Not Available $4.66
v GelCode Blue Stain Reagent  Pierce (Rockford, IL) Not Available $8.33
vi  Imperial Protein Stain Pierce (Rockford, IL) Not Available $5.03
vii  PAGE Blue Protein Stain Fermentas (Hanover, MD) Not Available $6.00
viii  Simply Blue Safe Stain Invitrogen (Carlsbad, CA) Not Available $5.49
xiv  Blue Silver 8) 0.12% G250, 10% (NH,),SO,, 10% H4;PO,, 20% CH;OH $0.96
x  Fast Coomassie (21, 53) 0.08% G250, 8% H,SO,, 88 mm NaOH, 11.5% TCA $1.17
xi  Modified Neuhoff G250 (40) 0.1% G250, 10% (NH,),SO,, 3% H4PO,, 20% CH;OH $0.90
xii  Neuhoff G250 (12, 32, 39) 0.08% G250, 8% (NH,),SO,, 2% H;PO,, 20% CH;OH $0.76
xiii  Neuhoff R250 (12, 32, 39) 0.08% R250, 6% (NH,),SO,, 2% H;PO,, 20% CH,OH $0.71
xiv  Sensitive Colloidal (52) 0.085% G250, 17% (NH,),SO, 3% H;PO,, 34% CH;OH $1.13
xv  Traditional Coomassie (41, 54) 0.1% G250, 10% CH5;COOH, 40% CH5OH $1.27

@ Cost in Canadian dollars of 50 ml of stain required for a single 9 cm mini-gel, based on list price of reagents without discounts.

concentrations of these standard proteins were adjusted according to
need.

Sample Preparation—Mouse tissue samples were collected, han-
dled, and prepared as previously described (56-58). Briefly, whole
mouse liver and brain were excised from the sacrificed animal as
rapidly as possible and washed in ice cold isotonic PBS solution
supplemented with broad spectrum protease, phosphatase, and ki-
nase inhibitors (5, 56, 59). Washed tissues were rapidly dissected into
1 mm cubes, and these were immediately flash frozen in liquid N, for
storage at —80 °C until needed. The frozen tissue samples were
homogenized by automated frozen disruption and physically sepa-
rated into gross soluble and membrane protein fractions as described
previously (5, 56, 58, 60).

1DE of Isolated Protein Standards and 1DE/2DE of Solubilized
Tissue Samples—1DE was carried out essentially according to Laem-
mli (61) with some minor modifications (62, 63). All 1DE gels were of
tris-glycine composition, and 1 mm thickness with 4 mm wide wells.
Prefractionated and solubilized mouse liver samples were resolved on
standard 12.5% T, 2.6% C gels, with 5% T, 2.6% C stacking gels. For
greater resolution of the range of isolated protein standards, these
were resolved using 15% T, 2.6% C gels. PAGEruler unstained mo-
lecular weight marker from Fermentas (Hanover, MD) was used as a
mixed-protein standard as it consisted of 13 recombinant proteins
covering a range of molecular weights (10-200 kDa) at a reasonable
per-application cost. The supplier graciously provided data regarding
the concentration of each protein component. The product was used
according to the manufacturer’s instructions; no reducing agent was
added and the sample was not warmed before gel electrophoresis.
Dilutions of the product were resolved in standard 1 mm thick SDS-
PAGE gels (composition as above) with 4 mm wide wells.

2DE of solubilized mouse brain soluble and membrane proteins
fractions was carried out essentially as previously described. A total
of 100 g protein was loaded per separation, and the second dimen-
sions were standard 9 cm format gels of 12.5% T, 2.6% C tris-glycine
composition and 1 mm in thickness (56, 57, 60).

Standardization of CB Staining Parameters—The literature is rich
with a variety of mass spectrometry-compatible fixation, washing and
staining parameters for CB staining. As it would have been unreason-
able and likely superfluous to test every possible combination of
these different parameters, the gel fixation, washing, staining, and
destaining steps were standardized; reagents and incubations spec-
ified for each CB stain formulation were replaced with a single unified

staining and destaining protocol. SR was the only exception, being
fixed and washed identically to CB-stained gels, but using previously
optimized conditions for staining and destaining (56, 57). Thus, in
the unified protocol, all gels were (1) fixed according to protocols
for SR staining, in 10% methanol : 7% acetic acid (v/v) solution for
4 h, with continuous rocking; (2) washed 10 times with water, for 20
min per wash; and (3) stained, destained, and imaged as described
below.

CB Staining— All commercial stains were single reagents requiring
no preparation time, except for the Colloidal Blue Stain kit (Invitrogen)
which contained two solutions and required some further preparation
steps; the stain was prepared according to the manufacturer’s in-
structions for staining tris-glycine polyacrylamide gels. Several stain
formulations were evolutions of the original CCB protocol described
by Neuhoff and colleagues (Table |) consisting of some combination
of methanol, ammonium sulfate, phosphoric acid, and CB dye in
aqueous solution (12, 39); here, ammonium sulfate was used through-
out rather than the aluminum sulfate originally used in one formulation
(40). These stain reagents were prepared by the same method and the
required amounts of water and methanol were combined before the
addition of ammonium sulfate and phosphoric acid, with the requisite
amount of the dye added last. The stain was allowed to mix well for
15 min before use. There were two exceptions. The Traditional Coo-
massie stain (formulation xv) was a soluble-dye CB formulation (i.e.
noncolloidal); this was prepared by combining the components in the
order listed in Table |. The Fast Coomassie stain (formulation x) used
a fundamentally different chemistry than the Neuhoff-derived stains
(21, 53). Briefly, an aqueous 0.1% Coomassie G250 solution was
acidified with H,SO, to a final concentration of 0.5 M, producing a
dark red-brown solution which was stirred continuously for 3 h. The
stirred solution was vacuum filtered through a regenerated cellulose
membrane (22 um pore size). The filtered solution was sequentially
combined with 10 M NaOH, then 100% trichloroacetic acid to achieve
the appropriate final concentrations (Table I) and pH, yielding the final
stain reagent, a dark green suspension.

Several of the published stain formulations were observed to form
precipitates over extended storage. Accordingly, all stains were pre-
pared immediately before use and none were stored for any length of
time.

Each fixed, washed gel was incubated in 50 ml of CB staining
solution for 4 h at room temperature with continuous rocking. The
stain was removed and the gels were destained with 10 washes of
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distilled water. Five initial rapid washes (5 min each) quickly removed
excess stain from the gel and container surfaces. Five additional
washes of 20 min each further removed excess dye yielding uniform,
clear backgrounds. The only exception was formulation xv, which was
a soluble-dye (i.e. non-colloidal) CB formulation; these gels were
destained three times for 60 min per wash in a 50% methanol, 10%
acetic acid solution, followed by three 60 min washes in water to
re-swell the gel.

CB in-gel was detected fluorescently in the IR spectrum using the
laser-based Odyssey imager (Licor, Lincoln NB). Gels were excited
simultaneously at 685 and 785 nm (default settings), and emission was
collected using the 700 channel (i.e. < 750 nm); 16-bit tiffs were
natively acquired at 84 um pixel resolution and medium quality. Image
intensities were normalized by adjusting the photomultiplier gain set-
tings to provide consistent sub-saturation maximum signal intensity.

SR Staining and Detection— SR staining was carried out essentially
according to the manufacturer’s specifications, with minor modifica-
tions as previously described (56, 57). Fixed, washed mini gels were
stained in 50 ml of new, undiluted SR reagent (BioRad, Hercules, CA)
with continuous rocking for 12 h (overnight), in the dark. The stain was
removed and the gel washed with fixative solution (2 X 15 min) and
then with distilled water (4 X 30 min). SR was detected in the visible
spectrum as previously described; excited at 480 nm and emission
acquired at 620 nm using the CCD-based ProXpress Proteomic Im-
aging System (PerkinElmer, Boston MA). All SR gel images were
acquired at 100 um pixel resolution. Image intensities were normal-
ized by altering image exposure time to achieve a consistent, sub-
saturation maximum peak height (signal intensity). Images were ex-
ported as 16-bit tiff files using Profinder Software (PerkinElmer,
Boston MA).

Image Analysis—All 16-bit tiff images were analyzed using Progen-
esis Workstation v2005. The fluorescent signal from bands in 1D gels
and spots in 2D gels were quantified as fluorescent volumes (FV) where:

FV = > (Pixel Height X Pixel Area) (Eq. 1)

That is, volume was taken as the sum of the volume of all pixels that
make up that band or spot. For all 1DE separations, the background
was assessed in empty gel areas between sample lanes, immediately
adjacent to the protein of interest. For all 2DE separations, back-
ground was calculated using the average-on-boundary method, in
which the average height of all pixels bordering the spot was used to
calculate the background volume for that protein. Only background-
subtracted fluorescent volumes are reported. The calculated back-
ground volume was additionally used to calculate S/BG and signal
squared to background (S?/BG) ratios where indicated.

Evaluation of In-gel Protein Detection Criteria—In addition to S/BG
and S?/BG, three additional criteria were quantitatively assessed to
provide a detailed analysis of CB-IRFD and SR as in-gel protein
detection methods.

1) Detection Sensitivity—A dilution series of the recombinant pro-
tein mixture was designed to provide data points above and below
~1 ng of protein, the accepted detection threshold for SR (6, 9, 15,
19, 44, 64). The lowest limit of detection (LLD) was defined as the
smallest quantity of protein that could be statistically distinguished
from background and thus consistently detected (t test, p < 0.05).
Although not the strictest definition of LLD, it was used here as a
practical tool for the routine quantitative comparison of a large num-
ber of different staining formulations. Indeed, this is essentially how
in-gel detection sensitivity has most commonly been assessed in the
literature (65); unfortunately, this is usually only assessed for an
arbitrary “standard” such as BSA. However, the possibility that a
staining method may be significantly less sensitive for other proteins
(see IPV, below) is often overlooked. To account for this, the lowest
practical sensitivity (LPS) was derived from the same dilution series

but was calculated as the highest quantity of protein in the series that
was statistically indistinguishable from background. To better char-
acterize a stain based on this full range of information, an integrated
measure of practical sensitivity (IMPS) was adopted that mathemat-
ically incorporated LLD and LPS (Fig. 3C). IMPS was defined as:

1
IMPS = 11D % LPS (Ea. 2)

Thus the IMPS mathematically placed equal weight on both the
LLD and the LPS for a given detection method, which was logical,
considering both are likely to impact the analysis of gel-based pro-
teomes, and the extent to which one is more important than the other
is unclear and likely a matter for debate. Moreover, the IMPS was
taken as the reciprocal of these terms to provide an intuitive single-
value measurement that could be used for rapid communication and
comparison of different stains; the larger the value, the more sensitive
the stain under practical conditions, taking both the LLD and LPS into
account.

2) Interprotein Variability— An inherent variation in signal strength
yielded by the same quantity of different proteins; detection sensitivity
is thus somewhat protein-dependent. Two different measures of IPV
were calculated. The IPV range was calculated as the maximum
extent of fluorescent signal intensities expected based on linear fits of
the empirical data for different proteins in the mixture of standards.
Because the magnitudes of fluorescent signals varied greatly from
stain to stain, the data were normalized as a percentage of the
maximum. That is:

Max. FV — Min. FV

o)
Viax. FV X 100%

IPV Range = (Eq. 3)

The IPV range was thus calculated for each stain at three points (5,
10, and 20 ng protein) in the mid-range of the dilution series. As a
second measure of IPV, the distribution of fluorescent responses for
the different proteins in the dilution series was assessed. Rather than
use any single protein as the basis for comparison, an overall fit of all
13 proteins in the mixture was taken as the basis for comparison. The
integral of the absolute difference between this overall fit of all the
data, and the linear fit for each individual protein was taken as a
physical measure of the divergence of that individual fit from the
overall data set.

Integral IPV = f |F/'ndividua/ - F overa//| (Eq. 4)

a—b

Where:

® F, iviquas Was the linear fit for an individual protein in the mixture
of recombinant standards, diluted in series

® F_ ..., Was the linear fit of all data points in the dilution series
data for a given stain

The limits of the definite integral were taken to be 10 and 20 ng. The
lower limit was chosen because none of the stains tested had an LLD
significantly worse than 10 ng; to assess the integral IPV below 10 ng
would require selective extrapolation for stains with LLD values in this
range. The upper limit was chosen to include as much empirical data
as possible, without placing undue weight on the small number of fits
available for larger quantities of protein (i.e. only two of the 13 proteins
in the mixture). Integral values were normalized to the magnitude of
the fluorescent signal to account for different signal intensities be-
tween stain formulations and summed for all 13 proteins in the mix-
ture, yielding a single numerical value representing the total observed
deviation of individual proteins from the dataset for a given stain. Thus
the IPV range and integral IPV represented the range and distribution,
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respectively, of the dilution series data for all 13 proteins in the
standard mixture.

3) Linear Dynamic Range—The overall detection capacity of a stain
in terms of the linear relationship between the absolute quantity of a
given protein and the fluorescent signal measured from bound stain.
A large linear range enables simultaneous detection, quantification
and meaningful comparison of higher and lower abundance proteins
in biological samples. Beyond the LDR, the relationship between
signal and the quantity of protein is uncertain, and it is unacceptable
to assume a simple correlation. Thus, because of the IPV of the stain
response, a given detection method may yield substantially different
LDRs for different proteins. Currently, all that can be done is to assess
the LDR for several standard proteins and take this as an indication of
how a given stain can handle the complexity of biological protein
mixtures. For thoroughness, it was anticipated that the actual LDR
might extend beyond the microgram range, and thus quantities of
protein well beyond this expected maximum had to be included on
the same gel. Accordingly, five commonly available isolated standard
proteins with a range of molecular weights were used. Dilution series
of the isolated protein standards were designed to extend below the
LLD and beyond the documented LDR of SR, and to fit within a limited
number of wells on a mini-gel for convenience. Images were acquired
so as to yield consistent sub-saturation signal intensity for the tallest
pixel in the band corresponding to the largest quantity of protein in
the dilution series. The fluorescent signal volumes for each band were
determined by quantitative image analysis enabling determination of
the LLD for these proteins as was done for the initial recombinant
standards. From the LLD, the range of linearity for each protein was
determined by successive regression analyses; LDR was defined as
the range of protein quantity for which linear fits of the data had R? =
0.995. Above the LDR, fluorescence characteristically plateaued and
R? values of linear fits incorporating these data points rapidly
declined.

Analysis of 2D-Gel Data—2D gels were used as a final point of
comparison between the different detection methods. Four replicates
of each gel, prepared in parallel, were subjected to either SR or CB
staining, and imaged accordingly as described above. All gels were
warped and matched using automated digital image analysis.

Several analytical criteria were used to compare the efficacy of the
different stains for detecting 2D-gel proteomic maps. The total num-
ber of spots detected in each gel was quantified as previously de-
scribed (50, 56). As means of spot filtering, spots that were detected
and positionally matched with 100% consistency between replicate
gels for a given stain were considered more valid and more reliable
than spots which were detected in some replicates, but not others.
Irreproducible spots could, in principal, be aberrations, or contami-
nation such as dust spots, stain crystals, etc. Thus, focusing on the
so-called ‘100%-reproducible’ spots seemed a rational course of
action for subsequent quantitative analysis and comparison. Corre-
spondingly, the number of 100%-reproducible spots, that is, spots
that were consistently detected and positionally matched in each
replicate gel for a given condition, was quantified.

The inter-replicate variability of the different detection methods
was assessed for 2D gel spots that were detected and positionally
matched in all four replicates for each condition. For such spots, the
coefficient of variation (CV) of the fluorescent volume was determined
as the ratio of the standard deviation/mean. The distributions of the
CV of FVs for all reproducibly detected spots with each detection
method were overlaid for comparison.

Comparative analysis of the 100%-reproducible spots between
stains was carried out to determine if there were spots that some
stains failed to detect. Additionally, a quantitative analysis was carried
out for proteins detected by both detection methods, to determine if
CB-IRFD reported different relative quantities of proteins, compared

with the benchmark, SR. The S%/BG ratio for 2D gels was additionally
determined, essentially as described for 1D gels (above).

Finally, the absolute quantity of protein in a given spot resolved in
2D gels was estimated with the following equation

Estimated Quantity of Spot Volume
an Individual Protein (ug) — Total Volume of All Spots

X Total Protein Load (ng) (EQ. 5)

There were necessarily a number of assumptions that must be
made to accept this estimation: (1) a linear correlation existed be-
tween fluorescence and protein quantity across the entire range of
protein quantities present in the gel; (2) a consistent correlation ex-
isted between fluorescence and protein quantity that did not vary
from protein to protein (i.e. zero IPV); (3) the quantity of total protein
loaded, based on a total protein assay, against a single protein
standard, had real meaning; (4) the 2D gel electrophoresis processes
were 100% efficient, and all the protein loaded entered both 1st and
2nd dimension gels and then was fully resolved; and (5) proteins
below detection threshold collectively amounted to an insignificantly
small proportion of the total protein load, and thus their overall con-
tribution was not significant compared with the contributions of de-
tectable proteins in the resolved proteome. These were not insignif-
icant assumptions. The first two assumptions were clearly invalid and
the final three assumptions were also likely problematic. However,
momentarily accepting these assumptions for the sake of estimation,
the quantity of protein resolved in a given spot could thus be derived
according to Equation 5 (above).

Statistics—In quantitative and differential image analyses of 2D
gels, only 100% reproducible spots (spots that were detected and
positionally matched) across the entire dataset (n = 4 gels) were
considered. Protein spots that were inconsistently detected in repli-
cate gels were eliminated from all calculations. Quantitative compar-
isons of resolved proteomes were tested for statistical significance
using the integrated statistics package of Progenesis Work station. All
comparisons of 2D gels involved two groups (i.e. experimental versus
control) and thus t-tests were employed to determine the significance
of individual differences. Only differences that were significant (p <
0.05) are reported. For experiments involving a large number of
groups, such as screening the different CB stains, a one-way ANOVA
(p < 0.05) with Tukey’s HSD post-hoc analyses was used to test for
differences between groups.

RESULTS AND DISCUSSION

Here the characteristics of in-gel protein detection using
CB-IRF were explored in comparison with SR. The goal was
to determine which CB formulations were most effective with
IRFD and if this might be an effective alternative to SR for
proteomic analyses. Several CB formulations outperformed
SR in certain detection parameters, but important practical
limitations were identified that must be considered when us-
ing either stain for gel-based proteomics.

Normalization Of Gel Staining Parameters—Only a few CB
formulations have been characterized in terms of their IRF
properties (50, 51). To meaningfully compare the efficacies of
the different CB stains in a timely and efficient manner, only
the stain formulation per se was assessed and a single, uni-
fied fixation, washing, staining, and destaining protocol was
adopted (see Methods). Although this might mean that some
stains may not have performed optimally, according to their
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Fic. 1. Assessing selectivity of SR and CB staining. A, Mouse
liver membrane samples were separated by 1DE (10 ug of total
protein per lane). B, A commercially available mixture of 13 recombi-
nant protein standards was separated by 1DE (total protein load was
2.5 pg per lane, and the quantity of individual protein species ranged
from 80 to 480 ng). Gels were stained with SR (Stain i; imaged using
standard fluorescence settings) or with one of 14 different CB stain
formulations and imaged using IRF (formulations ii and xii shown here;
all other CB formulations shown in supplemental Fig. S1). Data from
quantitative image analysis of mouse liver membrane proteins (C) and
resolved protein standards (D) was used to calculate S%/BG of de-
tected proteins. * Indicate significant differences from SR (i.e. stain i).
1 Indicate significant differences from best performing commercial
CB formulation in this experiment (i.e. stain v). T Indicate significant
differences from best performing published CB formulation in this
experiment (i.e. stain x). § Indicate no significant difference between
the commercial and published stain formulations with the highest
S?/N. (One-way ANOVA, F = 68.9 and 65.7 for parts C and D,
respectively, p < 0.001, Post-hoc Tukey Analysis, p < 0.05, n = 3).
Error bars indicate S.D. Refer to supplemental Fig. S1 in Supplemen-
tary Data for the complete series of gel images.

original design, the unified protocol was rationally designed to
minimize this possibility.

Assessing the Selectivity of Detection Methods—The S/BG
ratio was taken as a straightforward measure of the selectivity
of a stain for protein relative to the gel matrix. All 14 CB
formulations were compared with SR for staining of two dif-
ferent protein mixtures resolved by 1DE: (1) a commercially
available mixture of recombinant protein standards; and (2)
membrane proteins extracted from mouse liver (Fig. 1 and
supplemental Fig. S1). S/BG ratios for all bands in a given lane
of the 1D gels were aggregated; essentially, selectivity was
initially assessed as previously described (50). However, by
this criterion, certain CB stains were unable to detect more
than a handful of proteins, while yielding S/BG ratios as high
as those stains that detected many more proteins and visibly
performed much more comparably to SR (data not shown).

For example, staining with CB formulations vi, xiii and xv
yielded very weak IRFD signal intensity (Fig. 2 and supple-
mental Fig. S2); low signal intensity was accompanied by
correspondingly low background, yielding S/BG ratios indis-
tinguishable from SR (data not shown). Thus, the S/BG ratio
was not an effective indicator of stain performance (Fig. 2 and
supplemental Fig. S2). In practice, stains that produce unten-
ably low signal intensity (i.e. below the optimal parameters of
the detection instrument) will ultimately compromise sensitiv-
ity; no amount of signal integration or photomultiplier gain
manipulation can reasonably be expected to rescue data from
such low intensity signals.

As an alternative measure of selectivity, the S?/BG ratio
better emphasized signal intensity as an important criterion
while still accounting for background. All assessments of
detection selectivity reported henceforth are thus given as the
S?2/BG ratio, and these two terms are used interchangeably.
Considering the mouse liver membrane proteins, several CB
formulations showed significantly better selectivity than SR
(Fig. 1A and supplemental Fig. S1A); this was consistent with
previous work indicating potential performance advantages of
CB over SR (50). The selectivity of all 14 CB formulations was
additionally assessed using recombinant protein standards
and SR yielded among the highest S?/BG ratios; several CB
formulations matched the performance of SR, but none ex-
ceeded it (Fig. 1B and supplemental Fig. S1B).

Assessing Detection Sensitivity—Detection sensitivity has
been the primary driving force behind the development of
fluorescent stains such as SR, and no alternative will gain
traction in the field unless it performs comparably. As such,
the threshold sensitivity of each of the 14 CB stains was
assessed (Fig. 2 and supplemental Fig. S2). In the resolved
dilution series, the background subtracted fluorescent volume
contributed by each band was individually determined; thus,
as the quantity of protein decreased in a dilution series, the
fluorescent volumes approached zero (Fig. 2 and supplemen-
tal Fig. S2). To simplify presentation, data points that were
statistically indistinguishable from background were omitted.
Several different mathematical representations of the thresh-
old sensitivity were explored. Linear plots of the empirical
data could have been used to extrapolate a theoretical max-
imum sensitivity for each stain as the point at which the plots
of protein quantity intercept background; by such analyses,
SR and several CB formulations were theoretically capable of
detecting sub-nanogram protein levels (data not shown). Al-
ternatively, the LLD is a robust, established and widely ac-
cepted criterion of sensitivity. Several CB stains performed
indistinguishably from SR, achieving detection of nanogram
to sub-nanogram quantities of protein (Fig. 3A). These data
were consistent with indications that CB-IRFD was as sensi-
tive or more so than SR (Fig. 1) (50).

However, because of IPV of the stain response (discussed
in the following section) the threshold detection sensitivity
was somewhat protein-dependent. Here it was observed that
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A

Fic. 2. Assessing sensitivity of SR
and CB. A dilution series of a commer-
cially available mixture of 13 recombi-
nant protein standards was resolved by
1DE and detected with either SR (A) or
stained with one of 14 different CB for-
mulations and detected using IRF. Only
CB formulations ii (B) and xii (C) are
shown here; all other formulations are
shown in supplemental Fig. S2. The fluo-
rescent volume in each band detected in
images A-C are plotted in the corre-
sponding right hand panels D-F, respec-
tively. Trend lines indicate overall linear
fits of the entire dataset. Error bars rep-
resent S.D., n = 3. Refer to supplemen-
tal Fig. S2 in Supplementary Data for the
complete series of gel images.
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as little as 500 pg of some proteins in the mixture of recom-
binant standards provided sufficient signal intensity to be
distinguished from background, whereas others were only
detected at several nanograms (Fig. 2 and supplemental Fig.
S2). Thus, LPS was considered as an additional tool for as-
sessing stains. Whereas the LLD identified those proteins in a
mixture with the highest stain affinity and thus the greatest
fluorescent signal, the LPS was defined by those proteins in
the mixture that had the poorest stain affinity, yielding the
weakest fluorescent signals. In practical terms, the LPS es-
tablished the quantity of protein below which some proteins in
a mixture would be undetectable (Fig. 3B). Notably, CB for-
mulations with the poorest LLD also had among the poorest
LPS (formulations vi, xiii and xv, Fig. 3). These stains addi-
tionally had the poorest selectivity of all the formulations
tested (see previous section; Figs. 1 and 3). Thus by multiple
measures, these particular formulations appeared to be less
effective choices for in-gel IRFD of proteins. However, it
should be noted that formulation vi in particular was easily the
equal of the other CCB formulations when scanned densito-
metrically (data not shown).

Although the LPS of several CB stains were comparable to
that of SR, several performed significantly worse, being un-
able to detect relatively large amounts of some proteins (Fig.
3B). Moreover, of the stains that had LLD values very close to
SR, several had significantly poorer LPS values. Thus, several
CB formulations were as sensitive as SR for certain proteins,
but markedly less sensitive for others (Figs. 3A, 3B). Taking
both LLD and LPS into consideration seemed the most rea-
sonable practice given that the problem of IPV of the stain
response seems unlikely to be solved. Thus, the IMPS (Equa-
tion 2) was derived to provide a convenient and intuitive
means for comparing the threshold sensitivity of different
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detection methods for a range of different proteins; the higher
the IMPS, the better the overall sensitivity of the stain. Al-
though several CB stains had an IMPS that matched that of
SR, two formulations, ii and xii, had significantly higher values
(Fig. 3C).

Assessing Inter-Protein Variability of Detection Methods—
For every staining formulation tested, different proteins
yielded different linear correlations between quantity and fluo-
rescent signal volume (Fig. 2 and supplemental Fig. S2). This
IPV of the stain response appeared to be an inherent limitation
in all protein detection technologies. To characterize in-gel
CB-IRFD as fully as possible, IPV was assessed for each stain
formulation in parallel with SR (Fig. 2 and supplemental Fig.
S2, summarized in Fig. 4).

SR provided among the lowest IPV of all stains tested, by
both IPV measures; in terms of both IPV range (Equation 3)
and integral IPV (Equation 4), several CB formulations were
indistinguishable from SR, but none were superior. (Fig. 4)
Relative to SR, there were only a few CB formulations for
which the trend in IPV range dramatically differed from that of
the integral IPV. In particular, CB formulation v yielded an IPV
range that was not significantly better than SR, yet the integral
IPV was significantly worse. Notably, the difference between
poorly performing CB stains and SR was much greater in
terms of IPV range than integral IPV. That is, if the IPV range
were the only available assessment, one might conclude that
SR had about 20% less IPV than the worst performing CB
stains; although not an insubstantial difference, the integral
IPV revealed a somewhat different picture, indicating that the
distribution of data within the IPV range is roughly two- to
threefold smaller with SR and the leading CB formulations
relative to the poorest performing CB formulations (Fig. 4).
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Fic. 3. The sensitivity of fluorescent staining formulations. De-
rived from Fig. 2. A, Lowest limit of detection (LLD) was taken as the
minimal amount of protein that could be discriminated from back-
ground. B, Lowest Practical Sensitivity (LPS) was taken as the max-
imum amount of protein that was indistinguishable from background.
C, Integrated Measure of Practical Sensitivity (IMPS) was taken as the
inverse product of LLD x LPS. * Indicate significant differences from
SR (stain i). T Indicate significant differences from best performing
commercial CB formulation by each measure of sensitivity (formula-
tions xiv, xii and xii, in panels A, B, and C, respectively). } Indicate
significant differences from the best performing published CB formu-
lation in each experiment (formulations xiv, xii and xii, in panels A, B,
and C, respectively). § Indicates no significant differences between
the commercial and published CB formulations providing the lowest
LLD and LPS (formulations ii and xii in both parts A and B). £ Indicates
a significant difference between commercial and published CB for-
mulations providing the highest IMPS. (One-way ANOVA, F = 11.8,
22.7, 24.9 for parts A, B and C, respectively, p < 0.001, Post-hoc
Tukey analysis, p < 0.05, n = 3). Error bars indicate S.D.

Overall, it was clear that IPV was a concern for all of the
stains tested. Detection methods with excessively large IPV
were considered less than ideal. However, the extent to which
IPV of the stain response is actually a problem for quantitative
proteomics is not certain. Most proteomic analyses compare
the in-gel signal intensities of the same protein spots between
experimental groups, IPV is less of a concern than in attempts
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Fic. 4. The interprotein variability (IPV) of fluorescent staining
formulations. Derived from Fig. 2. Two parameters of IPV are re-
ported: A, The IPV range was calculated as the maximum range of IPV
for 13 protein standards at 3 points in the mid-range of the dilution
series. B, The integrated IPV was calculated as the integral sum of the
deviation of each individual linear fit, from an average fit of all
13 proteins. * Indicate significant differences from SR (i.e. stain i).
T Indicate significant differences from best performing commercial
CB formulation in each experiment (formulation ix in panel A, formu-
lation xii in panel B). f Indicate significant differences from best
performing published CB formulation in each experiment: formulation
ix in panel A, formulation xii in panel B. § Indicate no significant
difference between the commercial and published formulations pro-
viding the lowest IPV. (One-way ANOVA, F = 13.9, 28.5 for parts A
and B, respectively, p < 0.001, Post-hoc Tukey analysis, p < 0.05,
n = 3). Error bars indicate S.D.

at absolute quantification, for which IPV of the stain response
might lead to substantial errors. Although IPV is an informative
characteristic of in-gel staining, the sensitivity and selectivity
are likely more critical. High IPV could be accepted if a stain
was sufficiently sensitive, and would be preferable to a stain
with low IPV but poor sensitivity. Thus, high IPV may not be a
sufficient reason to abandon an otherwise highly sensitive CB
stain. In contrast, IPV provided an additional criterion with which
to discriminate between otherwise similarly performing stain
formulations. For instance, whereas CB formulations iv and vii
were among the most sensitive (Fig. 3), there were several other
formulations with comparable sensitivity, but simultaneously
significantly lower IPV (Fig. 4). Although likely inherent to all
proteomic detection methods, eliminating IPV seems unlikely
given the diversity of the proteome. Nonetheless, in terms of
being aware of limitations and thus practical effects on protein
assessments, quantitative evaluation of the IPV characteristics
of a chosen detection method is prudent.

Selecting the Optimal CB Formulations for Infrared Fluores-
cence Detection—Having quantitatively compared 14 CB for-
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TABLE Il
Summary of the relative performances of the 14 different CB formulations, imaged with IRF, compared with SR. (+) Indicate performance
significantly superior to SR. (—) Indicate performance significantly inferior to SR. (e) Indicate performance indistinguishable from SR

Selectivity-Mouse

Selectivity-Recombinant

Liver Sample Sample LLD IMPS IPV Range Integral IPV

Stain Formulation Fig. 1C Fig. 1D Fig. 3A Fig. 3C Fig. 4A Fig. 4B
i + € e + e e

iii + e e e e

iv + — e e _

\ + e e e e —

Vi - - — e - —
vii + _ e e _ B
viii + _ e o o B

ix e € e e e e

X e e e e e e

Xi e - e e e e
xii + e e + e e
xiii - — — e e _
Xiv e e e e e e
xv e - e e - e

mulations to determine their relative efficacy as reagents for
IRFD of proteins, additional analyses of all of these formula-
tions was deemed unnecessary. Selectivity, sensitivity, and
IPV were thus collectively considered as criteria for the iden-
tification of the most suitable CB formulations for further
comparisons with SR. Individually, none of the criteria were
especially convincing support for adopting one stain formu-
lation over others; stains that demonstrated superior perform-
ance across criteria were of the most interest. Several CB
stain formulations performed strongly in all the criteria as-
sessed. In particular, commercial formulations ii and iii, and
published formulations ix, X, xii, and xiv all provided results
comparable to SR, and slightly better in some respects (Table
). Notably, formulations ii and xii had the highest IMPS values
of any of the stains tested, and were significantly more sen-
sitive than SR by this criterion, although their LLDs were
indistinguishable from SR (Fig. 3). Conversely, formulations vi,
xiii and xv consistently yielded among the poorest perfor-
mances. The traditional, non-colloidal CB formulation xv was
less selective and sensitive than the CCB formulations tested.

Of all the CB formulations, only two used the R250 dye
variant (.e. vi and xiii) and both were among the poorest
performing IRFD reagents (Table I). Acquiring images using
the alternative 800 channel of the Odyssey scanner did not
improve the detection of R250-based CB stains (data not
shown). Nonetheless, it should be noted that R250-based CB
stain reagents in general, and formulation vi in particular qual-
itatively appeared to be excellent visible dyes (data not
shown). Thus it appeared to be the differing spectral proper-
ties of the G250 and R250 variants of CB, and not the protein
binding properties of these dyes, that was responsible for
their differing performance as IRFD reagents.

Among commercial CB reagents tested, formulations ii and
iii performed competitively throughout the battery of tests,

proving comparable to SR in terms of selectivity, sensitivity,
and IPV (Table Il). Commercial formulations iv, v and vii were
as sensitive and selective (or nearly so) as SR but yielded
significantly higher IPV. The relatively poor overall perfor-
mance of commercial CB formulations relative to the pub-
lished formulations (Table Il) may be related to their long term
stability. Unlike published formulations, no precipitates were
observed in the commercial formulations despite their pro-
longed storage. The commercial formulations may have al-
tered dye concentrations, or contain agents to mitigate the
formation of dye precipitates, enhancing shelf life, that may
have contributed to some quantitative differences in stain
performance with IRFD. Nonetheless, the convenience of
commercial stains cannot be overlooked; for maximum repro-
ducibility and quality control, the advantages afforded by a
commercial product are considerable, despite the higher cost
(Table I). Ultimately the decision of the user will be based on
a number of practical factors, not only stain performance.
Thus, to focus subsequent analyses on the “optimal” CCB
formulations in comparison with SR, it was fitting to include
both ii and xii in further tests, thus providing additional detail
for one commercial and one published CB stain formulation.

Assessing the Linear Dynamic Range of Staining Methods —
Simultaneously generating quantitative data from both large
and small quantities of a variety of different proteins in a given
sample is one of the substantive remaining challenges in
proteomics and a major driving force for the continuing
development of pre- and postfractionation techniques. A
large linear range enables simultaneous detection, quantifi-
cation and meaningful comparison of higher and lower abun-
dance proteins in biological samples. Thus as an additional
parameter with which to characterize CB-IRFD, and for com-
parison between CB and SR, the LDRs for these detection
methods were compared.
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Fic. 5. Assessing the linear dynamic range of SR and CB. A dilution series of isolated protein standards was resolved by 1DE and stained
with either SR, or one of the two most sensitive CB formulations, ii and xii, and imaged with IRF. Pictured here in the left hand panels, are
images of parallel BSA (A) and STI (B) dilution series. Quantitative image analysis was used to determine the LLD and the LDR for each
stain/protein. Data near threshold are expanded in the center panels (C and D), and the full range of data are plotted in the right hand panels
(E and F). The LDR was determined by regression analysis. Solid lines indicate the LDR for each stain and standard. Dotted lines indicate
projection of the linear fit beyond the LDR. Gel images and quantitative LLD/LDR determinations for CEA, BCA, and CEL are shown in
supplemental Fig. S3. ** Indicate CB IRF volumes that were significantly greater than SR. (One-way ANOVA. p < 0.001, Post-hoc Tukey
analysis, p < 0.05, n = 3). Error bars indicate S.D. Refer to supplemental Fig. S3 in Supplementary Data for the complete series of gel images.
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Fic. 6. Summary of the LDR from the LLD of SR (stain i) and the
two most sensitive CB formulations, ii and xii, imaged with IRF,
for five different isolated protein standards. Derived from Fig. 5
and supplemental Fig. S5. * Indicate significant differences from SR
(One-way ANOVA, F = 12.2, p < 0.001, Post-hoc Tukey analysis, p <
0.05, n = 3).

Based on detailed assessments across a wide range of
protein concentrations, SR yielded a LDR of 2-3 orders of
magnitude for four of the five proteins tested (Figs. 5, 6 and
supplemental Fig. S3), consistent with previous observations
(6, 15, 45). Notably, both CB formulations ii and xii provided
significantly greater LDR than SR for four of the five proteins
tested (CEA, BCA, STI, and CEL), and for the fifth (BSA) the

LDR for CB and SR were indistinguishable (Figs. 5, 6 and
supplemental Fig. S3). Notably SR had a greater LDR for BSA
than for any of the other standards tested, and this was the
only standard for which its LDR approached that of the two
CB formulations (Figs. 5, 6 and supplemental Fig. S3). More-
over, SR exhibited significantly greater signal attenuation than
CB for the highest quantities of proteins in these determina-
tions (Fig. 5 and supplemental Fig. S3). That is, SR consis-
tently diverged from the linear relationship between fluores-
cent signal and protein quantity both earlier and more
profoundly than did CB (Fig. 5 and supplemental Fig. S3).

In contrast to earlier LLD determinations in which CB was
determined to perform essentially equally to (or marginally
better than) SR, in these assessments of isolated proteins the
CB formulations showed a trend toward poorer threshold
sensitivity (Figs. 3 and 6). In assessments of recombinant
standards, CB formulations ii and xii were able to detect
slightly less than 1 ng of protein (Figs. 2 and 3), but with the
isolated proteins used for LDR assessment, neither CB for-
mulation was capable of detecting the 1.5 ng band for 3 out of
5 proteins tested (Figs. 5 and 6); SR detected the 1.5 ng band
for all five proteins (Fig. 6). Thus, in assessments of LDR, in
which a greater range of protein loads was detected in the
same gel, SR was slightly more sensitive than CB (Figs. 5 and
6). This discrepancy may be attributed to IPV of the stain
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response: by necessity, different samples were used in LDR
and LLD determinations. There may additionally have been
some fundamental differences between the samples used: in
experiments designed to determine the LLD with the greatest
possible precision, recombinant protein standards were used,
whereas in those designed to determine the LDR, isolated
proteins were used. The amino acid sequences and make-up
of the recombinant standards were proprietary; these might
be substantially modified and thus have different dye binding
properties than proteins from a biological source, to maximize
resolution, band clarity/sharpness, shelf life, and so forth.
Nonetheless, it seemed somewhat unlikely that this alone
could fully explain the discrepancy between CB and SR in
LDR and LLD assessments.

The most plausible explanation for the observed lower sen-
sitivity of CB relative to SR in the LDR determinations con-
cerns the greater fluorescent signal attenuation seen with SR
relative to CB at increasing protein concentrations (Fig. 5 and
supplemental Fig. S3). For each protein tested, SR exhibited
significantly more pronounced flattening of the fluorescent
signal for increasing quantities of protein than did CB (Fig. 5
and supplemental Fig. S3). It might be that the greater degree
of fluorescent signal attenuation inherent to SR detection
allowed for greater signal integration without saturating the
detector. Conversely, CB had a larger LDR for most proteins
and less pronounced signal attenuation at increasing protein
quantities. It is plausible that this greater linearity of the fluo-
rescent signal limited the degree of signal integration possible
below detector saturation. Thus, CB appeared to saturate the
detector before SR. If this were the case, SR would have
some practical advantages over CB in the detection of low
abundance proteins in gels that simultaneously contain very
high abundance proteins. This would have to be weighed
against the fact that CB-IRFD had a greater LDR than SR, and
thus would provide for more comprehensively accurate quan-
titative proteomic analyses. Thus, LDR assessments yielded
the first indication of a critical difference between CB-IRFD
and SR.

Assessing the Efficacy of CB for Analyzing Gel-resolved
Proteomes—As a final assessment CB and SR were directly
compared in the detection of proteomes resolved by 2DE.
Total mouse brain soluble and membrane protein fractions
were resolved using a refined 2DE protocol (56-58, 60). Rep-
licate gels were stained with either SR or with CB formulation
ii or xii and comparative image analysis was used to assess
the efficacy of the detection methods for the documentation
and quantitative assessment of these proteome maps.

Images of the proteomes detected by CB and SR were
comparable on visual inspection, with both staining and de-
tection methods vyielding gel images of acceptable quality
(Fig. 7). This qualitative assessment was further explored by
examining the variability between replicate 2D gel images
acquired with each detection method (Fig. 8). Distributions of
the CVs of fluorescent volumes of the 100% reproducibly

el 10

1
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Soluble Membrane

Fic. 7. Quantitative differential comparison of mouse brain pro-
teomes resolved by 2DE and detected with either SR (stain i) or
one of the two most sensitive CB formulations, ii and xii, imaged
with IRF. RED Arrows indicate proteins that were detected with SR,
but not by either CB formulation. BLUE and GREEN arrows indicate
1.5-fold (or larger) increases and decreases in relative abundance,
respectively, in specific proteins detected with CB-IRF relative to SR
(t test, p < 0.05, n = 4). All differences, including those of less than
1.5-fold are summarized in supplemental Tables S1 and S2.

detected and matched spots imaged with each detection
method were overlaid and compared (Fig. 8). Qualitatively, the
distributions yielded by SR and CB formulations ii and xii were
grossly similar and there were no dramatic shifts in the distri-
butions as would be expected if one detection method had
significantly more inherent variability relative to another.
Moreover, this suggests that most proteins responded rela-
tively consistently to the different staining techniques: given
that SR is considered one of the most reproducible fluores-
cent stains currently available, there appeared not to be a
large number of proteins in this diverse biological sample that
were inherently irreproducibly stained with CB. On the whole,
the variability of CB-IRFD of 2D gels seemed to be compara-
ble to SR. There was a trend for slightly more spots with the
smallest CV (< 0.05) when staining with SR relative to CB, and
correspondingly, CB had a few more spots with higher CV
than SR (Figure 8). This difference amounted to 1.2-1.5% of
the 100% reproducible spots detected. Consequently, the
mean CV for the two CB stains tested were slightly higher than
the mean CV for SR, and this effect was reasonably consistent
between the two different samples tested (Fig. 8). However, it
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Fic. 8. Inter-replicate variability of fluorescently imaged 2D gel
proteomes stained with SR or CB. Mouse brain protein fractions; A,
soluble fraction; B, membrane fraction, were resolved in a series of 2D
gels (Fig. 7) and stained with either SR (stain i), or one of two CB
formulations (stains ii and xii). Quantitative image analysis eliminated
spots that were not detected in all four replicate gels in each condi-
tion, and only spots that were reproducibly detected and positionally
matched in all replicates were considered (n = 4). The inter-replicate
variability was then assessed as the coefficient of variation (ratio of
standard deviation/mean) of the fluorescent volume for each spot. A
distribution of the coefficients of variation for all of the reproducible
spots detected by each stain tested were overlaid for comparison
between stains, indicated with solid lines. Vertical dotted lines indi-
cate the mean value in each distribution. (n = 4).

should be noted that this comparative assessment of inter-
replicate variability simultaneously incorporated all aspects of
inter-gel variation typical of 2DE separations, in addition to the
variation that occurred during staining, thus making discreet
conclusions about staining variability difficult. Nonetheless,
although SR may possibly have somewhat less inter-replicate
variability for a few spots in 2D gels, and thus ostensibly some
quantitative advantage over CB, the difference between SR
and CB appeared to be quite small overall, given the consid-
erable overall similarity of the distributions (Fig. 8). This was
consistent with quantitative assessments of the selectivity,
sensitivity and LDR of SR and CB in 1D gels reported in
previous sections: within each experiment conducted and
presented here, SR and CB yielded comparable CV, suggest-
ing that the variability between the staining methods was
roughly consistent (Figs. 1, 3, 4, and 6, supplemental Figs. S2
and S3).

When overlaid and compared by automated image analy-
sis, CB and SR images were found to be > 99% consistent
based on positional matches of protein spots. Differential
image analysis indicated a few mouse brain proteins (four
soluble and seven membrane) detected with SR but not with
either CB formulation (Red Arrows, Fig. 7). Neither CB formu-
lation detected any proteins that were undetectable using SR.
Thus, although all three staining methods were capable of
detecting comparable numbers of proteins in a given 2DE
analysis, SR detected more spots, amounting to 0.6% of the
proteome (Figs. 7 and 9). Quantitative image analysis also
identified several specific differences between the CB and SR
detection methods (Fig. 7). A total of 200 proteins that were
successfully detected using both CB and SR, nonetheless

>

1400+ t

- =
N W
e o
AP

+
+
+

Total No. of
-
-
©
°

Detected Spots

1000+—

Reproducible Spots
o

950 € ¢ ¢
930!
910/
890/ € e
870!
8501

No. of 100%

o p
\e

R\
oo

we!
Stain . o
Formulation: O i W ii W Xii
Fic. 9. Summary of quantitative image analysis of resolved
mouse brain membrane and soluble proteomes detected with
either SR (stain i) or one of the two most sensitive CB formula-
tions (ii and xii), imaged using IRF, and derived from Fig. 7. A, The
total number of proteins in 2D gels, detected by each staining
method. Error bars indicate S.D. of the mean. f Indicates no signifi-
cant difference from SR (One-way ANOVA: p = 0.533, F = 0.698,n =
4 for soluble proteins; p = 0.693, F = 0.382, n = 4 for membrane
proteins). B, The number of proteins that were 100% reproducibly
detected and positionally matched in each set of replicate 2D gels
(n = 4 for each condition). € Indicates data that are invariant by
definition. C, The S?/BG ratio of proteins detected in 2D gels. Error
bars indicate S.D. of the mean. * Indicates significant differences from
SR (One-way ANOVA: p < 0.001, F = 19.3; Post-hoc Tukey Analysis:
p < 0.05,n=4).

2*°

differed significantly in their apparent relative abundance be-
tween the staining methods (Fig. 7 and supplemental Table
S1); that is, the CB and SR signal intensities differed signifi-
cantly for these specific proteins, despite identical protein
loads. Most of these quantitative differences were diminished
signals in CB relative to SR; in mouse brain proteomes stained
with ii, 48 soluble and 58 membrane proteins, yielded signif-
icantly less fluorescent signal with CB than with SR; with xii,
30 soluble and 34 membrane proteins yielded significantly
less signal with CB (Fig. 7, supplemental Tables S1 and S2).
Many of these apparently lower signals appeared in the low
molecular weight range of the gels. There were fewer in-
stances of the opposite effect, wherein certain proteins
yielded greater fluorescent signal when detected with CB
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TaBLE Il
Summary of estimated absolute quantities of individual proteins resolved in 2D gels of mouse brain soluble and membrane samples, followed
by staining with SR (stain i) or the two most sensitive CB stains (formulations ii and xii). Values were derived from gel images presented in Fig.
7, using Equation 5

Soluble Membrane
Stain Formulation i ii Xii i ii Xii
No. of proteins with estimated
abundance:
>1000 ng 6 11 8 6 10 6
750-1000 ng 6 7 5 1 6 3
500-750 ng 18 16 14 16 6 10
Average estimated quantity of the most 2.4 +0.78 5.7 = 0.37 4.0+ 0.13 2.5+ 0.58 7.7 =0.48 4.0 = 0.89

abundant protein detected (ug = S.D.)

rather than SR: for ii this amounted to nine soluble and two
membrane proteins, and for xii, 14 soluble and 5 membrane
proteins (Fig. 7, supplemental Tables S1 and S2). Notably,
many of these proteins appeared to be of mid- to high-
molecular weight and -abundance (Fig. 7). Overall, it seemed
that in these particular assessments, CB was slightly less
sensitive than SR, a result inconsistent with the independent
assessments of selectivity and sensitivity in which the per-
formance of CB-IRFD was indistinguishable from, and in
some cases exceeded that of SR (see above). Other than the
fact that samples separated by 1D gel electrophoresis were
heated before they were resolved, it was unlikely that there
was anything fundamentally different about protein detection
in the 1D and 2D gels as the second dimension was compo-
sitionally identical, as were staining conditions, and resolved
mouse brain proteins were from parallel aliquots of the same
homogenized tissue sample. In an effort to connect data
derived by 1DE and 2DE assessments, the selectivity for
protein in the 2D gels was calculated; notably CB gave sig-
nificantly higher S?/BG ratios than SR (Fig. 9C), consistent
with the 1D gel data on mouse liver membrane proteins (Fig.
1B) and with an initial comparison of SR and CB (50).

The simplest remaining explanation for this apparent per-
formance discrepancy originates with the differing LDR per-
formance of CB relative to SR. The detection of electropho-
retically resolved tissue proteomes in 2D gels was more like
assessing LDR (Figs. 5, 6 and supplemental Fig. S3) than
threshold sensitivity (Fig. 2 and supplemental Fig. S2); biolog-
ical extracts simultaneously contain proteins with an enor-
mous range of relative abundances. Thus the differing LDRs
of CB and SR did not influence the quantification of relatively
small amounts of proteins, as in determinations of maximal
dye sensitivity, as even the highest quantities of protein in
these gels were well within the LDR of the two detection
methods (Figs. 2, 3, and 6). However, when imaging gels that
simultaneously contained very large and very small quantities
of protein, as did the mouse brain proteomes resolved by 2DE
(Fig. 7), and 1D gels used for LDR assessments (Fig. 5 and
supplemental Fig. S3), many resolved proteins were beyond
the LDR of the detection method. To assess this possibility
the quantities of individual proteins resolved by 2DE were

estimated (Table Ill). Notably, these estimates were likely to be
conservative considering the degree of fluorescent signal at-
tenuation observed with SR for large protein quantities (Fig. 5
and supplemental Fig. S3). Although crude, these estimates
illustrate an important point: in proteomes resolved by 2DE,
without depletion of highly abundant proteins, some proteins
are present in quantities in excess of the LDR for standard
proteins assessed in isolation (Fig. 6).

With the exception of BSA, for every standard protein
tested the LDR of CB was superior to that of SR (Fig. 6).
Moreover, for every standard tested in LDR assessments, the
highest quantities of protein loaded yielded significantly lower
fluorescent volumes when detected by SR (Fig. 5 and sup-
plemental Fig. S3); the depression of fluorescent signal for
high quantities of protein was greater for SR than CB for most
proteins tested (Fig. 5 and supplemental Fig. S3), and thus
presumably many other proteins as well. Accepting this to
also be true in the analysis of biological samples by 2DE, then
if the fluorescent signals for the highest abundance proteins
resolved were more attenuated when detected by SR, it
would be expected that these gels could be integrated slightly
longer during imaging before saturation of these signals. Thus
it appeared SR had some practical advantage over CB in the
detection of low abundance proteins (i.e. amounting to 0.6%
of the total detected proteome).

To elaborate, it is standard practice to adjust the parame-
ters of the detector to produce consistent signal intensity
between multiple images. Unless thus normalized, small vari-
ations in staining could compromise comparative analyses.
For the CCD-based instrument this normalization was
achieved by adjusting signal integration time to achieve a
consistent maximum peak height; for the scanner-based in-
strument the photomultiplier gain was adjusted. In each case
the goal was to ensure normalization of a series of gels
processed in parallel to provide images of consistent pixel
intensity; minimally this ensures that the most intense peak
does not saturate the detector.

Thus it appears in so normalizing images detected by SR
and CB, SR was advantaged. Because large quantities of SR
stained-protein have been demonstrated to give a particularly
“flattened” or attenuated fluorescent signal response (Fig. 5
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and supplemental Fig. S3), SR-stained gels can be integrated
slightly longer without saturating these signals. Thus, signals
from low abundance proteins at or slightly below detection
threshold are enhanced by virtue of this increased integration.
Conversely, CB-IRFD was demonstrated to have a higher
LDR and less pronounced attenuation of fluorescent signals
with increasing protein abundance (Fig. 5 and supplemental
Fig. S3). Under these circumstances, signal integration of
CB-IRF to the same extent as for SR gels was impossible: the
gain of the detector could not be increased to a comparable
extent without saturation of the most abundant spots. Thus in
CB stained gels, the most highly abundant signals saturated
the detector earlier than in parallel SR stained gels, limiting the
detection of faint signals from a few lower abundance pro-
teins. This confirms the previous observation that with in-
creasing quantities of protein, SR experienced greater signal
attenuation than did CB (Fig. 5 and supplemental Fig. S3); the
same effects observed in direct assessments of LDR using
isolated proteins were also at work in assessments of pro-
teomes resolved in 2D gels.

A central objective of proteomics is to provide an accurate
representation of the native biological complexity of a sample.
In this regard, with greater LDR, CB would appear to have
provided the more accurate quantitative data over a larger
range of protein quantities in-gel; the quantitative range of SR
was comparatively limited, thus presenting a relatively skewed
representation of the abundances of proteins in 2D gels. In other
words, the difference in signal intensity between lowest and
highest abundance proteins was artificially narrowed to some
degree by SR staining. This apparent property of SR presents a
compromise of sorts: relative to CB, SR detects a few more
proteins in 2D gels but with a more limited LDR.

Thus, from a strictly quantitative standpoint, it might be
considered beneficial to limit the total protein load in an
analysis such that even the most highly abundant proteins are
within the LDR of the detection method. Given some assump-
tions, even with a reasonable amount of total protein (i.e. 100
ng), proteomes resolved by 2DE likely contain many proteins
in quantities beyond the LDR of current detection methods
(Table Ill); substantially larger total protein loads are possible,
and commonplace in the literature. Most efforts to resolve
extracts that are not fractionated are therefore apparently
“overloaded” with many proteins present in amounts substan-
tially exceeding the LDR of current detection methods. For
such proteins, quantitative data derived under false assump-
tion of a linear relationship between protein quantity and
fluorescent signal, are thus suspect. One approach to ad-
dress this might be to load less total protein on 2D gels, and
take steps to ensure that the quantities of proteins in the
analyte do not exceed the LDR of the detection method.
However, barring exhaustive assessment of the LDRs of all
known proteins in a given sample, this optimal total protein
load could at best only be estimated based on the LDR of one
or a few standard proteins, and for a given stain. Moreover, it

seems highly unlikely that such a practice would be accepted
with much enthusiasm as one of the explicit goals of proteom-
ics is the simultaneous detection and analysis of as much of
the proteome as possible. Thus it is common practice to apply
as much sample as is possible without detriment to resolution,
for the purpose of achieving improved detection of relatively low
abundance proteins, and thus increased overall coverage of the
proteome. Here the indications are that by overloading gels, the
accuracy of subsequent quantitative assessments is placed in
question. If quantitative assessments are to be made as part of
credible comparative analyses, these potential sources of error
must be better addressed.

Spot Picking from Coomassie-Stained Gels—With a sub-
stantially more sensitive method of documenting Coomassie-
stained gels, it has become possible to detect some Coo-
massie-stained protein spots in-gel that are invisible to the
naked eye. Generally speaking, it would not be possible to
accurately or reliably excise such proteins from the gel man-
ually. Moreover, current automated spot picking systems are
not equipped with sensors capable of IRFD of CB-stained
gels. Nonetheless, very faint CB-stained spots can be excised
from gels routinely by a triangulation method. That is, given
three fixed landmarks around the spot of interest (either higher
abundance protein spots, or small holes cut in the gel matrix)
the absolute position of the spot of interest can be calculated
in two-dimensional space by triangulation with sufficient ac-
curacy to excise that spot with confidence. Once picked, the
gel can be re-imaged using a high sensitivity imaging instru-
ment (restaining the gel, if necessary), and compared with the
original image to ensure that the spot of interest has been
excised. Automated spot-picking instruments with appropri-
ate triangulation software are widely available, and greatly
streamline this method. Thus it is expected that accurately
excising low abundance CB-stained proteins for downstream
mass spectrometry or other analyses would not be materially
different from excising SR- or other fluorescently labeled pro-
teins that happen to fall below the detection limit of the spot
picking instrument.

Concluding Remarks—Here the use of CB as a reagent for
IRFD of gel-resolved proteomes was characterized systemat-
ically, and compared with SR as a potential alternative for
gel-based proteomic analysis. Of a selection of CB formula-
tions, those providing the greatest IRFD performance were
identified based on four critical detection parameters: selec-
tivity, sensitivity, IPV, and LDR; within these parameters, CB is
capable of matching or exceeding the performance of SR.
Taking into consideration that staining protocols for specific
CB formulations may not have been optimal, even more sub-
stantial differences between CB and SR are possible. It is
expected that further optimization of CB-IRFD, either by re-
fining CB staining formulations or protocols, or improvements
in IR gel imaging instruments, could well contribute to even
greater CB-IRFD performance.
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However, based only on these data, it cannot be unequiv-
ocally determined if CB-IRFD is superior to SR for in-gel
proteomic analysis. Each method has practical advantages
and disadvantages. One advantage of SR may be its relatively
limited LDR, and consequently slightly better sensitivity for
lower abundance proteins. To keep this in perspective, the
enhanced detection with SR here amounted to 0.6% of all the
spots detected in the mouse brain proteome (Fig. 9). Should
a potentially important protein alteration be found within this
small subset of the proteome, this narrow advantage would
nonetheless prove critical, but may simultaneously place the
quantitative relevance of the findings in question. CB appears
to provide the more accurate representation of protein quan-
tities in a given proteome, as a result of its wider LDR. CB and
SR were shown to have comparable inter-replicate variability:
it could be argued that SR had some advantage in terms of
the numbers of proteins detected in 2D gels with very low CV,
but this difference was small compared with the overall sim-
ilarity of distributions of variation in 2D gels. Although the
relative merits SR and CB could be endlessly debated, it
should be noted that fluorescence detection of CB met or
exceeded the performance of SR in some encouraging as-
pects: any gap between these methods appeared to be quite
narrow and could potentially be reduced as additional opti-
mizations to CB-IRFD are implemented. Overall, though fur-
ther comparisons may prove necessary for specific applica-
tions and with specific imaging equipment, here it has been
quantitatively shown that CB-IRFD is a competitive in-gel
fluorescence detection technology for top-down proteomics.
A variety of imagers capable of IRFD are currently available:
those dedicated to IR, such as the Licor Odyssey family of
imagers are cost-effective, and alternatives such as the FLA
family of laser-based imagers developed by Fuji serve a range
of imaging demands as might be expected of any modern
research facility. The initial investment in such instruments is,
to some extent, offset by savings in reagents: certainly in
terms of consumable expenses, CB is superior to SR and
related stains. Moreover, to be fair, it should be noted that for
the best possible SR performance, a specialized imager is
likewise required. Thus in terms of quantitative performance,
accessibility, and breadth of potential users, CB staining has
clear advantages, and will likely continue to have a place in
the field for years to come.
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