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Abstract: The method for comparing bacterial proteomes has traditionally been two-dimensional gel electrophoresis (2-D
GE); however, in recent years, new procedures for protein separation have been introduced. One of these new procedures
utilizes column-based liquid chromatography (2-D LC) separation. The techniques by which these two methods separate
proteins differ significantly; however, it is currently unclear to what degree the sets of proteins identified by these
different methods will diverge. To address this question we compared the proteomes of Escherichia coli O157:H7 strain
EDL933 against a naturally occurring variant using both 2-D GE and 2-D LC. Whole protein samples were prepared from
the wild type and variant and split in half, with one half analyzed by 2-D GE and the other with the 2-D LC. Differentially
regulated proteins were observed in each system and identified by MALD/I-TOF/TOF analysis. The differences in
the protein detection sensitivities of Coomassie-blue stain used in 2-D GE and UV detectors used for 2-D LC resulted in
different numbers of total proteins visualized in each system and therefore different numbers of matched protein pairs
visualized during comparative assays. Despite the differences in visualization the numbers, but not the identities, of the
differentially regulated proteins that could be identified by MALD/I analyses were similar for both 2-D GE and 2-D LC.
However, a lack of significant redundancy between the sets of proteins identified suggests that these two methods are

complimentary and not strictly corroborative.
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INTRODUCTION

The ability to determine the protein complement ex-
pressed by an organism at specific times and under specific
conditions provides insights into the proteins the organism
needs to selectively express to survive and thrive. Likewise,
comparing the protein complements expressed by an
isogenic mutant and its parent can provide vital clues to the
function and importance of the genetic portion, which differs
between the two strains. In the study of bacteria relevant to
food safety, the practice of comparative proteomics holds
great promise for helping to determine the way in which
food pathogens are able to exist and persist within the food
supply resulting in food-borne illness. To compare the pro-
tein complements of an organism, it is first necessary to
separate, visualize, and measure the relative amounts of the
various individual proteins. The techniques, two-dimensional
gel electrophoresis (2-D GE) and two-dimensional liquid
chromatography (2-D LC) accomplish these tasks by sepa-
rating the proteins in a sample over two dimensions. The 2-D
GE technique separates individual proteins based on the
isoelectric point and the mass of each protein [1, 2]. The 2-D
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LC technique utilizes the isoelectric point and the hydropho-
bicity of the individual proteins for separation [3]. These two
techniques are both well established and described; however,
2-D GE has been in use for a significantly longer period of
time compared to 2-D LC. In this study both of these tech-
niques were utilized to compare the protein profile of E. coli
0157:H7 strain 43895 against the profile of its naturally oc-
curring phase variant 438950R [4-6]. The variant strain is
known to have a point mutation in the promoter region of the
csgD gene [6]. It has also been characterized with the follow-
ing phenotypic differences: a red, dry, and rough colony ap-
pearance, increased curli expression, strong biofilm forma-
tion, increased invasiveness of HEp-2 cells, and increased
virulence in a mouse model [5, 6]. A comparison of the pro-
tein profiles of the parent and variant strains provides indi-
vidual protein functions and possible physiological pathways
to be further examined in subsequent experiments. However
an unfortunate reality of this type of work is a lack of consis-
tency in the data returned from one experiment to the other
also known as biological replicates [7]. Through the investi-
gation of two different techniques we had hoped to identify
the cause of these inconsistencies and determine a superior
technique. In the end, neither technique was found to be su-
perior and returned protein lists that were significantly dis-
similar from one another, suggesting that these techniques
would be better viewed as complementary. These results
comparing prokaryotic proteomes is consistent with similar
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research comparing separation techniques used to investigate
eukaryotic proteomes [8, 9]. It is suggestive that multiple
proteomic techniques should be applied to this type of
research in order to increase the likelihood of identifying a
larger percentage of the proteins differentially expressed and
to better judge the significance of those proteins identified.

MATERIALS AND METHODOLOGY

Bacterial Strains, Growth, and Whole Cell Protein
Extraction

Bacterial strains were grown and maintained on yeast
extract casamino acids (YESCA) plates (1.5 % agar). E. coli
strains 43895 and 438950R were streaked for confluence
onto three YESCA plates each and the plates were incubated
at 30°C for 48 h. The plates were flooded with 2 ml of PBS,
and the cells were removed from the plate surface with the
use of a plastic cell spreader. The cells were pelleted by cen-
trifugation at 5500 x g for 5 min. The following protein lysis
and extraction procedure was previously described [10] and
is as follows. Cell pellets were resuspended in 0.4 ml of 50
mM Tris (pH 8.0), and tubes were placed in an ice bath and
sonicated for 30 seconds using a microtip. The sonication
process was then repeated two more times. Next, 1.6 ml of
lysis buffer (7.5 M urea, 2.5 M thiourea, 12.5 % glycerol, 50
mM Tris, 2.5 % n-octylglucoside, 6.25 mM TCEP [Tris-
carboxyethyl phosphine hydrocholine], 1.25 mM protease
inhibitor) were added to each bacterial suspension. The solu-
tion was centrifuged at 21,000 x g for 60 min, and the result-
ing supernatant was collected. A PD-10 column (Amersham
Biosciences, Sweden) was then used to exchange the total
cellular proteins from the lysis mix into a proprietary Start
buffer (Beckman Coulter, CA). Finally the total concentra-
tion of proteins present in the resulting preparations was
measured by means of a BCA protein assay (Pierce, IL).

Two Dimensional Gel Electrophoresis

A portion of the whole cell protein preparations was pre-
cipitated using 8 % TCA (Trichloroacetic acid) and washed
with ice cold acetone. Protein pellets were then suspended in
rehydration buffer (8 M Urea, 2 % CHAPS, 0.25 % am-
pholytes, 0.0002 % bromophenol blue, 3 mM tributyl-
phosphine (TBP) in nanopure water). Next, 17 cm isoelectric
focusing (IEF) strips (Bio-Rad, CA) were actively rehy-
drated at 50V for 12 h. The whole cell protein samples con-
taining roughly 450 pg of total protein each were loaded
onto the rehydrated strips and separated following the manu-
facturer’s recommendations. This includes an initial linear
ramp at 250 V for 30 min followed by a linear ramp at
10,000 volts for 3 h, and finishing with a rapid ramp at
10,000 volts for 55,000 volt-hours. The fully focused IEF
strips were placed in equilibration buffer 1 (6 M urea, 2 %
SDS, 50 mM Tris HCI, 30 % glycerol, 1 % TCP) for 10 min
followed by 10 min in equilibration buffer 2 (same as buffer
1 but with 2.5 % iodoacetamide substituted for the TBP) and
then separated in the second dimension using large format
Protean II precast 10-20 % Tris-HCL gels (Bio-Rad. The
gels were run at 16 mA/gel for 5 to 6 h at a temperature of
10°C. The resulting Coomassie stained gels were scanned
using the Personal Densitometer SI (GE Healthcare, NJ), and
the digital images were used to align and compare the pro-
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tein spot intensities between gels from strain 43895 and
strain 438950R. The Z3 2-D Gel Image Analysis System
(Compugen, Isreal) program was used to align replicate gels
to create a master gel alignment for each strain and to make
the spot comparisons between the master gels of the two
strains. The pixel densities were measured for each strain for
protein spots determined to be common to both master gels.
A protein expression ratio for each of the matched proteins
was determined by dividing the pixel concentration of a pro-
tein spot for one strain by the pixel concentration for the
matching protein spot from the other strain (protein X
[43895] / protein X [438950R]). The log of each ratio value
was determined, and the mean value for all log values of
protein ratios in the comparison between whole cell prepara-
tions was determined. Standard deviations were determined
for the mean of all log[ratios], and values that fell outside the
standard deviations were recorded as being differentially
expressed. Therefore, the protein spots, whose log[ratio]
values fell outside of the standard deviations and therefore,
determined to be differentially expressed significantly, were
excised from the gel using a clean razor and stored at -20°C.

Two Dimensional Liquid Chromatography

The following 2-D LC separation method was described
in previous research [10] and is as follows. The remainders
of the whole cell protein preparations were diluted in a pro-
prietary Start buffer to a concentration of 5 mg/ml for sepa-
ration on the Proteolab PF2D system (Beckman-Coulter).
First dimension separation utilized a chromatofocusing col-
umn (250 x 2.1 mm i.d.) that generated a pH gradient from
8.5 to 4 using the proprietary Start and Elute buffers; this
was accomplished over 185 min at a flow rate 0.2 ml/min.
Protein separation was monitored by UV absorbance at 280
nm. First dimension fractions were further separated in the
second dimension using a C18 reverse-phase column (4.6 x
33 mm; 1.5 um particle size, non-porous) utilizing an aceto-
nitrile water gradient at a flow rate of 0.75 ml/min over 45
min and monitored by UV absorbance at 214 nm with rela-
tive protein concentrations recorded in terms of absorbance
units (AU). Fractions were collected using a FC 204 fraction
collector (Gilson) in 96-well plates at 30 sec intervals be-
tween minutes 10 and 30. The volumes collected from the
first dimension separation allowed for multiple second di-
mension separations to check for reproducibility. The multi-
ple second dimension separations were very reproducible,
however since the multiple second dimension separations
were not true technical replicates only one of the separations
each were used for making the protein expression compari-
son between the two strains. The plates containing the col-
lected fractions from the second dimension separation were
stored at -20°C until processed for identification using mass
spectrometry. The ProteoVue™ (Eprogen Inc., IL) software
application was used to convert chromatographic intensities
into two-dimensional protein expression maps representative
of the contents of the whole cell protein preparations as-
sayed. Differential analysis of individual protein peaks in
matched whole cell protein samples was accomplished using
the DeltaVue™ (Eprogen Inc.) software application. The
concentrations of individual proteins expressed by E. coli
43895 were divided by the concentrations of corresponding
individual proteins expressed by 438950R (protein X
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[43895] / protein X [438950R]). The log of each ratio value
was calculated and the mean value for all protein ratios in a
comparison between strains 43895 and 438950R deter-
mined. Standard deviations were determined for the mean of
all log[ratios], and values that fell outside the standard devia-
tions were recorded as being differentially expressed. Frac-
tions containing proteins selected for analysis were trans-
ferred to 0.5 ml volume Eppendorf tubes and stored at -20°C.
The Eppendorf tubes were previously washed with 50 %
acetonitrile followed by 1 % trifluoroacetic acid and Milli Q
water to remove potential contaminants.

Mass Spectrometry Sample Preparation

Protein spots removed from 2-D gels were thawed, de-
stained (NH4;HCO3/50% acetonitrile), and dehydrated (100%
acetonitrile). The acetonitrile was removed, and the dried gel
slice was resuspended in a solution of 40 mM NH4HCO3/10
% acetonitrile containing trypsin gold (Promega, WI) at a
concentration of 20 pug/ml (previously diluted in 50 mM ace-
tic acid) and incubated overnight at 37°C. Next the gel slices
were extracted into 50 % acetonitrile/5 % TFA, dried, and
resuspended in 3 % acetonitrile/1 % TFA.

Fractions collected from the 2-D LC method were
thawed and concentrated to approximately 30 pL using a
Speedvac concentrator. For tryptic digestion, 10 pL each of
NH4HCO; (pH 8.95) and DTT were added to each sample to
a final concentration of 100 mM and 1 mM, respectively,
heated to 60°C for 10 min on a preheated digital dry bath,
and allowed to cool at room temperature. One microliter of
Trypsin Gold at a concentration of 50 pg/ul in 50 mM acetic
acid was added to each sample and incubated for 4 h at 37°C
with gentle agitation. After digestion, the protein samples
were treated with 2 % TFA to stop the trypsin activity.

The resulting peptides from both the 2-D GE and the 2-D
LC protein samples were extracted and cleaned using OMIX
C18 tips (Pierce) following manufacturer recommendations.
Peptides were extracted using a pre-cleaned C18 ZipTip,
washed with water containing 0.1 % trifluoroacetic acid
(TFA), re-extracted with acetonitrile-water- (50:50) 0.1 %
TFA, and mixed with a recrystallized a-cyano-4-hydroxy-
cinnamic acid matrix solution (5 mg/ml, acetonitrile-water-
(50:50) 0.1 % TFA) to a final concentration between 100
fmol to 1 pmol/ul. Approximately 0.6-0.7 pl of the peptide-
matrix solution was spotted on the mass spectrometer target
plate.

Mass Spectrometry and Protein(s) Identification

Matrix-Assisted Laser Desorption/lonization mass spec-
trometry with automated tandem time of flight fragmentation
of selected ions (MALD/I-TOF/TOF) of trypsin digested
proteins were acquired with a 4700 Proteomics Analyzer
mass spectrometer (Applied Biosystems, MA) in the positive
reflectron mode with a 200 Hz Nd-YAG 355 nm laser. Spec-
tra were obtained by averaging 1000 acquired spectra in the
MS mode or 2500 in the MS/MS mode. Collision induced
dissociation (CID) with air as the collision gas at approxi-
mately 1x10° Torr and a 1 keV acceleration voltage was
used for obtaining the MS/MS spectra of selected peptides.
Conversion of time of flight to mass (Da) for the monoiso-
topic ions, [M + H]" was based on calibration of the instru-
ment with a peptide standard calibration kit (Applied Biosys-
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tems) that contained the following peptides: des-Arg'-
bradykinin (m/z 904.4681), angiotensin I (m/z 1,296.6853),
Glul-ﬁbrinopeptide B (m/z 1,570.6774), ACTH (clip 1-17)
(m/z 2,903.0867), ACTH (clip 18-39) (m/z 2.465.1989), and
ACTH (clip 7-38) (m/z 3,657.9294). The MS/MS time of
flight calibration was obtained from the CID produced frag-
ments of Glu'-fibrinopeptide B. Peptide mass fingerprints
and MS/MS of selected peptides were combined and queried
against primary sequence databases using the Mascot search
engine-associated GPS Explorer program (Applied Biosys-
tems). Reported protein(s) from database searches from
putative peptide sequences were within a 295% confidence
interval.

Construction of 43895AyjbJ and Biofilm Formation
Assays

A gene knockout mutant of Ecs5028 (yjbJ) was con-
structed using strain 43895. The mutant was constructed
utilizing a previously well described method [11] that is
briefly as follows: the yjbJ gene of E. coli strain 43895 was
interrupted by replacing 97 bp of sequence immediately fol-
lowing the start codon with a PstI restriction site using over-
lap extension PCR (primers not shown). The interrupted
gene and flanking sequences were amplified by primers 5’ -
aaggaattcgctgttgttgcaactetgtttc / 5° - aagggatccgatggegetat-
cagcgcttatg and cloned into the EcORI/BamHI sites of plas-
mid pBluescriptll SK+. The kanamycin resistance cassette of
plasmid pUC4K was transferred to the Pstl site of the inter-
rupted yjbJ gene to generate plasmid pBSYK. The excised
EcoRI/BamHI fragment of pBSYK was used as linear tem-
plate for chromosomal recombination into strain 43895 using
the Quick and Easy Gene Deletion Kit (Gene BridgesGmbH,
Germany) resulting in the isogenic mutant 43895AyjhJ.

The newly constructed mutant was used in conjunction
with the parent strain 43895 and the naturally occurring vari-
ant 438950R to investigate if the gene yjbJ has an effect on
E. coli’s ability to form biofilms. Biofilm assays were per-
formed using LB medium with no added salt (LB-NS) in 96-
well polystyrene microtiter plates (TPP, Switzerland) as pre-
viously described but without heat fixation [4].

RESULTS

Protein preps #1 for strains 43895 and 438950R were
each initially divided in half with half of the preps being
used for 2-D GE and the second half of the preps being used
for 2-D LC separation. When the protein preps #1 for both
strains were analyzed using 2-D gel electrophoresis, 224
spots were visualized on the gel produced by strain E. coli
O157:H7 43895 and 225 spots were visualized on the gel
produced by strain E. coli O157:H7 438950R. Attempts to
overlay and match the spots produced from strain 43895
with the spots produced by strain 438950R resulted in 98
matching spots between the two strains; with the remaining
126 spots for strain ATCC 43895 and 127 spots for strain
ATCC 438950R unable to be match between the two gels.
The log values of the ratio of the pixel concentrations for
each of the 98 matched spots were plotted as a scatter graph
(Fig. 1A). Mean and standard deviation values were deter-
mined and paired protein ratios falling outside of the two
standard deviation lines were established as being differen-
tially regulated. Seven protein spots were identified as being
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upregulated in strain 43895 as compared to strain 438950R
with 11 protein spots being identified as being upregulated in
strain 438950R as compared to strain 43895 (Fig. 1A).

Next, a complete repetition (biological replicate) of the
previous protein preparations was made resulting in protein
preps #2 for strains 43895 and 438950R which were again
separated and visualized by 2-D GE and 2-D LC. The 2-D
gels produced from protein preps #2 resulted in 238 spots
being visualized for strain 43895 and 192 spots being visual-
ized for strain 438950R. The gels were again overlaid and
matched resulting in 101 matched protein spots between the
two strains (Fig. 1B). From the analysis 13 protein spots
were judged to be upregulated in strain 43895 as compared
to strain 438950R, and 10 protein spots upregulated in strain
438950R as compared to strain 43895.
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Fig. (1). Graphical analysis of protein expression levels as de-
termined by 2-D GE. (A) A scatter plot of the resulting values for
the log (pixel conc. of protein X of strain 438950R / pixel conc. of
protein X of strain 43895) for each of the matched protein pairs
derived from protein preparation #1 and analyzed by 2D GE. (B) A
scatter plot of the resulting values for the log (pixel conc. of protein
X of strain 438950R / pixel conc. of protein X of strain 43895) for
each of the matched protein pairs derived from protein preparation
#2 and analyzed by 2-D GE. Line “—" = mean value for all of the
protein pairs log ratio values. Line “----" = the standard deviations.
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The second halves of the protein preps #1 for both strains
43895 and 438950R were compared using 2-D LC and re-
sulted in the identification of 321 matched protein peaks
between strains 43895 and 438950R. The ratios of the log
values in absorbance units (AU) for each matched protein
peak along with the mean value and standard deviations were
plotted on a scatter graph (Fig. 2A). Strain 43895 was deter-
mined to have 27 protein peaks upregulated as compared to
strain 438950R among the matched peaks. Conversely,
strain 438950R was determined to have 30 upregulated
peaks as compared to strain 43895.

Next, a complete repetition (biological replicate) of the
first 2-D LC protein separations of protein preps #1 were
made using half of the protein preps #2 for the strains 43895
and 438950R. This matching of the resulting protein peaks
from strains 43895 and 438950R resulted in 205 matched
peaks in this series of experiments (Fig. 2B). Strain 43895
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Fig. (2). Graphical analysis of protein expression levels as de-
termined by 2-D LC. (A) A scatter plot of the resulting values for
the log (AU protein X of strain 438950R / AU protein X of strain
43895) for each of the matched protein peaks derived from protein
preparation #1 and analyzed by 2-D LC methods. (B) A scatter plot
of the resulting values for the log (AU protein X of strain 438950R
/ AU protein X of strain 43895) for each of the matched protein
peaks derived from protein preparation #2 and analyzed by 2-D LC
methods. . Line “—" = mean value for all of the protein pairs log
ratio values. Line “----" = the standard deviations.
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was determined to have 19 upregulated protein peaks as
compared to strain 438950R while strain 438950R was
shown to have 22 protein peaks upregulated as compared to
strain 438950R.

MALD/I-TOF/TOF based identification of the differen-
tially expressed protein spots from the 2-D GE separation
and protein peaks from the 2-D LC separation was per-
formed and the results are listed in Tables 1 and 2. The pro-
tein spots from protein preparation #1, which were separated

Gunther et al.

and collected from 2-D GE resulted in 6 proteins being iden-
tified out of the 7 proteins judged upregulated in strain
43895 compared to 438950R. Additionally, 8 proteins were
identified from the 11 proteins determined to be upregulated
in strain 438950R compared to 43895 (Table 1). Likewise
the separation of protein preparation #2 by 2-D GE yielded
identifications for 9 of the 13 proteins upregulated for strain
43895 and 5 of the 10 proteins upregulated for strain
438950R (Table 1). Of the proteins analyzed by 2-D GE,
there were 2 proteins observed to be differentially regulated

Table 1. Identities of Differentially Regulated Proteins After Separation by 2-D GE
2-D Gel ID Expression Characteristic Spot # Protein ID Accession # Protein Score C.1. %
Protein Upregulated in 438950R 6 Tryptophan synthase alpha H90857 100
prep#1 7 YaeH S45230 99.757
8 3-oxoacyl- synthase AAN42714 97.621
11 FkbP-type peptidyl-prolyl cis-trans isomerase FkpA 165035 100
22 imidazoleglycerol-phosphate synthase AAN81007 100
28 H+-transporting two-sector ATPase CAA23519 99.996
71 30s ribosomal protein S6 AAU37076 100
90 Phosphoglyceromutase 1 H85577 99.664
Upregulated in 43895 1 Glyceraldehyde 3-phosphate dehydrogenase A AGO0711 100
4 Clp peptidase, chain A 1TYFA 100
30 Catalase hpii, chain A 1IPHA 100
45 Alcohol dehydrogenase A64901 100
59 UTP-glucose-1-phosphate uridylyltransferase, GalF AB4970 100
78 ECU 36834 AAC43534 100
Protein Upregulated in 438950R 14 Acetyl-coenzyme A carboxylase ACCA_ECOLI 99.97
prep #2 41 30S ribosomal protein S6 AAU37076 100
43 Alkyl hydroperoxide reductase C22 subunit D90709 100
61 Outer membrane protein HIpA precursor AAN78707 100
100 Hypothetical protein Z3776 C85895 100
Upregulated in 43895 9 Global response regulator Q5PN99_SALPA 100
15 Hyperosmotically inducible perisplasmic protein H86136 100
18 Triose-phosphate isomerase 1TMHA 100
39 Outer membrane protein X AAN79373 100
40 YciE protein C85762 100
49 SpermidinePUTRESCINE-binding protein monomer | 1POT 100
52 Phosphoglycerate kinase PGK_ECO57 100
67 Clp peptidase, chain A 1TYFA 100
75 Hypothetical protein YzzN Q9R2E3_EC 100
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Table 2. Identities of Differentially Regulated Proteins After Separation by 2-D LC

2-DLCID Expression Characteristic Spot # Protein ID Accession # Protein Score C.1. %

Protein Upregulated in 43895 44 Hypothetical protein ECs5028 (YjbJ) D91257 99.98

prep #1 146 Probable structural protein YciF B85762 100
155 Glyceraldehyde-3-phosphate dehydrogenase BAA18884 100
170 Hypothetical protein ECs3154 B91023 99.978
228 Hypothetical protein ECs 1159 G90773 100
230 Catalase hpii mutant YES, chain A 1QF7A 100
264 30S ribosomal protein S2 RS2_ECO57 100
294 DnaK molecular chaperone AANT78519 100

Protein Upregulated in 43895 28 Hypothetical protein ECs5028 (YjbJ) D91257 100

prep #2 52 Adenylate kinase GI15800203 100
92 50S ribosomal protein L28 Gl | 15804178 100
110 LsrG protein Al-2 modifying protein Gl /15801619 100
148 Hypothetical protein 25276 Gl |15804356 100

Upregulated in 438950R 64 30S ribosomal protein S7 Gl 15803854 100

108 ATP synthase alpha subunit Gl 168779969 100

in both protein preparation #1 and protein preparation #2:
30s ribosomal protein S6 and Clp peptidase, chain A.

The protein peaks from protein preparation #1 separated
by 2-D LC yielded protein identifications for 9 of the 27
protein peaks that were upregulated in strain 43895 com-
pared to strain 438950R. However, none of the 30 proteins
upregulated in strain 438950R return identifications, by
MALD/I based techniques that had sufficient confidence
levels. A second protein preparation yielded identifications
of 5 of 19 proteins upregulated in strain 43895, and identi-
fied 2 of 22 proteins upregulated in strain 438950R. A com-
parison of the identified differentially regulated proteins be-
tween the two sample series resulted in only one protein in
common between the two preps: hypothetical protein
Ecs5028(YjbJ).

The two different separation techniques, 2-D GE and 2-D
LC yielded two identifiable proteins in common during the
analysis of protein preparation #1: Glyceraldehydes-3-
phosphate dehydrogenase and Catalase hpii, chain A. How-
ever, the two different separation techniques produced no
identifiable proteins in common when analyzing the follow
up protein preparations #2. The overlaps of the successfully
identified differentially regulated proteins from the two dif-
ferent experimental series and from the two different separa-
tion techniques are summarized by means of a Venn diagram
(Fig. 3).

The hypothetical protein Ecs5028(YjbJ) was shown to be
differentially regulated between 43895 and 438950R by a
great degree during multiple experiments using the 2-D LC
technique. In order to see if the yjbJ gene was responsible for

one of the primary phenotypic differences between strains
43895 and 4388950R, namely biofilm formation, a gene
knockout of yjbJ was constructed in E. coli O157:H7 strain
43895. When the strains were compared in a biofilm assay,
the inactivation of the yjbJ gene appeared to have no effect
on the poor biofilm forming ability of 43895 as compared to
its strong biofilm forming naturally occurring variant
438950R (Fig. 4).
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Protein Prep #1
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One
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Protein Prep #2
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Fig. (3). Overview of the differentially regulated proteins identi-
fied. A Venn diagram detailing the overlaps in identified differen-
tially regulated proteins between the two different separation meth-
ods and between the two separate experiment series.

DISCUSSION

Two dimensional gel electrophoresis and two dimen-
sional liquid chromatography are two methods used for sepa-
rating whole proteomes for comparison and identification.
The technique of 2-D GE has been in use for a considerably
longer time as compared to 2-D LC and is therefore more
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widely utilized [1, 2]. However as the newer technique of 2-
D LC begins to increase in popularity, it may be advanta-
geous to compare and contrast these two methods in service
to a bacterial research project. Therefore, our research de-
tailed in this manuscript employing both of these methods
illustrates some similarities, as well as some significant dif-
ferences in the functionality of the two techniques and the
results generated.
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Fig. (4). The effect of yjbJ on biofilm formation. A comparison of
biofilm formation by E. coli O157:H7 strains: 438950R, 43895,
and the isogenic mutant 43895 AyjbJ. Biofilms formed in LB-NS
(no salt) media on polystyrene plates. The values for each strain are
the average of three separate experiments with error bars represent-
ing the standard deviations for the multiple experiments.

The initial observation made when comparing the results
of these two methods is that there is little overlap in terms of
proteins identified from one technique as compared to the
other technique. This is partially to blame on the fact that in
this type of research there is limited overlap in proteins iden-
tified from one biological replicate to the next. The technical
replicates for the 2-D GE could be combined to make a rep-
resentative master gel and partial technical replicates demon-
strated that the second dimension separations to be very re-
producible for 2-D LC. However this did little to improve
the reproducibility of the biological replicates. Until it is
possible to increase the biological replicate consistency
within a 2-D separation technique, it would be unreasonable
to expect consistency between different separation tech-
niques [7]. Additionally, the differences in the separation
techniques employed by the two different methods make it
unlikely that there will be considerable overlap in the pro-
teins identified. Both techniques use the isoelectric point to
separate the proteins in the first dimension [1-3]. However,
2-D gels separate proteins in the second dimension based on
molecular weight, while 2-D LC uses protein hydrophobicity
for separation [1-3]. An excellent example of the lack of
consistency that the different separation techniques can cause
is best exemplified by the hypothetical protein ECs5028
(YjbJ). The protein YjbJ was repeatedly identified as being
differentially regulated by the 2-D LC technique but was
never seen in any of the differentially regulated proteins
visualized by 2-D GE. This occurs because the YjbJ protein
has a relatively small molecular weight (8325 daltons).
Proteins in that molecular weight range tend to run off of
the bottom of a 10-20 % Tris-HCI gel during a standard run
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[12, 13]. The 2-D LC method, which utilizes the protein’s
hydrophobicity, tends to maintain these proteins as part of
the proteome separation and is one additional potential rea-
son for the lack of correlation between proteins identified by
the two methods. Because of the significant differences in
the identities of the proteins separated by the two methods
it is unlikely that 2-D GE and 2-D LC should be thought
of as competing techniques, but rather as complementary
techniques. Similar conclusions were drawn by two other
research groups focusing exclusively on eukaryotic systems
[8, 9]

Additionally, when contrasting the two techniques in
regards to a comparative proteomics assay it is obvious that
the 2-D LC technique returns significantly more matched
protein pairs than does the 2-D GE method. We believe this
occurs because the 2-D LC method demonstrated greater
sensitivity compared to the Commassie blue-stained 2-D
gels. Additionally, we found it easier to align the protein
peaks of discrete pH range delimited fractions from 2-D LC
as compared to the multi-directional alignments necessitated
by 2-D GE. Between pH fractions, protein peaks can be ad-
justed for alignment in only two directions, but 2-D gels
have to be pulled in a multitude of directions to achieve a
reasonable alignment between gels. This often results in a
disproportionately larger number of unmatched proteins for
2-D GE. Problems with inter-gel variation and overlaying of
2-D GE gel images can be addressed to some degree by use
of DIGE (differential in gel electrophoresis) 2-D GE tech-
niques. However, only the basic techniques of 2-D GE and
2D-LC were compared in this study.

Despite the differences in protein pair numbers the result-
ing numbers of differentially expressed proteins successfully
identified by the two methods was considerably closer to
being equal. The use of the 2-D GE method results in 14 of
18 (78 %) differentially regulated proteins being identified
for protein preparation #1 and 14 proteins of the 23 (61 %)
differentially regulated proteins being identified for protein
preparation #2. The 2-D LC method resulted in 8 proteins of
the 56 differentially regulated proteins being identified from
preparation #1 (14 %) and 8 of the 41 differentially regulated
proteins for preparation #2 (15 %). The low rate of MALD/I-
based protein identification of differentially regulated pro-
teins separated by the 2-D LC method is probably the result
of the 2-D LC system being able to detect proteins present in
lower relative concentration compared to the 2-D GE
method. The sensitivity of the Comassie blue-stain is such
that those proteins visualized with it are generally plentiful
enough to be identified by current MALD/I-based techniques
[14]. The UV absorbance method used to visualize proteins
in 2-D LC is more sensitive and therefore identifies a num-
ber of proteins that are not present in sufficient concentra-
tions to be identified by MALDI/I techniques. If we were to
only consider the proteins separated by the 2-D LC method
that were plentiful in concentration and therefore most likely
to be identified by the MALD/I system we would see the
number of differentially regulated proteins separated by this
method reduced to 37 differentially regulated proteins for
preparation #1 and 29 differentially regulated proteins for
protein preparation #2. Additionally protein peaks in 2-D LC
techniques can span multiple pH fractions resulting in the
multiple protein peaks identified as differentially regulated
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but which are in the end, all identified as the same protein.
When one takes into account proteins that span multiple pH
fractions, the numbers of unique differentially-regulated pro-
teins are probably closer to 28 for protein preparation #1 and
23 unique differentially-regulated proteins for preparation #2.

The 2-D LC method exhibits another characteristic,
which makes identifying proteins less successful. The pro-
teins separated by the 2-D LC technique are collected in
timed liquid fractions. Therefore, proteins falling relatively
close together can easily be collected into the same fraction.
The mixed protein fractions result in mixed peptide samples
which can be confounding to MALD/I based identification
since the competing peptides from multiple proteins make
for peptide fingerprints that cannot be reasonably assigned to
a single protein with sufficient confidence. Additionally it is
also possible to identify the secondary protein and not the
protein of interest. This can result in assigning characteristics
(differential regulation under a specific condition) to the pro-
tein that was not exhibiting these traits and was merely col-
lected in a fraction with the responsible protein. This does
not happen as frequently in 2-D gels given that protein spots
can generally be excised from a gel in a manner, which re-
sults in only one protein in the sample. Thus, further separa-
tion techniques or different peptide sequence analysis meth-
ods for identification of proteins from the 2-D LC system are
often required.

Since 2-D GE and 2-D LC should be viewed as comple-
mentary techniques, the proteins identified in both protein
preparations by either or both of the separation techniques
are the targets of further investigations of protein expression
differences of E. coli O157:H7 strains 43895 and 438950R.
The 30S ribosomal protein S6 was upregulated in strain
438950R compared to strain 43895. While the Clp pepti-
dase, chain A and hypothetical protein ECs5028 (YjbJ) pro-
teins were unregulated in strain 43895 compared to
438950R. A knockout of the gene yjbJ was constructed in
the hope of identifying the role of the gene product in the
phenotypic differences between 43895 and 438950R. Since
the poor biofilm forming 43895 made a large amount of YjbJ
and the strong biofilm forming, red, dry, rough strain
438950R made little or no YjbJ it was reasonable to believe
that interrupting the yjbJ gene in 43895 might increase the
strain’s ability to form biofilms and shift the colony appear-
ance towards red, rough, and dry. Surprisingly, when the
isogenic mutant 43895 AyjbJ was constructed, it resembled
its parent strain 43895 in both colony appearance and
biofilm forming ability. The lack of an obvious phenotypic
change has resulted in a failure to identify the function of
yjbJ and the role it might play in the development of the
naturally occurring variant 438950R.

CONCLUSIONS

In the current study both 2-D LC and 2-D GE were lack-
ing in biological replicate reproducibility. The 2-D LC tech-
nique appears to be more sensitive than 2-D GE Commassie
blue stained gels and demonstrates greater ease in the align-
ment of protein data between comparative separations result-
ing in more matched protein pairs for investigation. How-
ever, we were able to identify by the MALD/I technique a
slightly greater number of proteins separated using 2-D GE
compared to 2-D LC. This was primarily the result of the
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detection sensitivity of the 2-D LC system not translating
directly to sufficient material for MALD/I based identifica-
tion. Additionally, the 2-D LC collection system frequently
produced mixed protein samples resulting in mixed spectra
that could not be sufficiently deconvoluted for identification.
The mixture of positive and negative features for both the 2-
D GE and 2-D LC methods along with the differences in the
differentially regulated proteins identified by each method
suggests that the two techniques should be used as compli-
mentary systems and are not suitable replacements for one
another.

ABBREVIATIONS

2-D GE =  Two-dimensional gel electrophoresis
2-DLC =  Two-dimensional liquid chromatography
MALD/I =  Matrix-assisted laser desorption/ionization
TOF =  Time of flight

YESCA = Yeast extract casamino acids

TCEP =  Tris-carboxyethyl phosphine hydrocholine
TCA = Trichloroacetic acid

TBP =  Tributylphosphine

IEF =  Isoelectric focusing

MS =  Mass spectra

LB-NS = LB growth medium with no salt added.
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