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Identification of Outer Membrane Proteins from
an Antarctic Bacterium Pseudomonas syringae

Lz4W*s

M. V. Jagannadhami9], Ehab F. Abou-Eladab$§, and Heramb M. Kulkarnit

Subcellular fractionation of proteins is a preferred method
of choice for detection and identification of proteins from
complex mixtures such as bacterial cells. To characterize
the membrane proteins of the Antarctic bacterium Pseu-
domonas syringae Lz4W, the membrane fractions were
prepared using three different methods, namely Triton
X-100 solubilization, sucrose density gradient, and car-
bonate extraction methods. The proteins were separated
on one-dimensional polyacrylamide gels and analyzed us-
ing a combination of liquid chromatography-coupled elec-
trospray ionization-MS. The membrane proteins that were
prepared by carbonate extraction were separated on two-
dimensional PAGE in different pl ranges using the detergent
2% amidosulfobetaine (ASB). The proteins were then sub-
jected to matrix-assisted laser desorption ionization-time-
of-flight/time-of-flight for analysis and identification. Be-
cause the genome sequence of P. syringae Lz4W is not
known, the proteins were identified by using the relevant
sequence databases of the Pseudomonas sp available at
National Centre for Biotechnology Information (NCBI). The
sequence identification of some tryptic peptides were vali-
dated by de novo sequencing and others by chemical mod-
ification and mass spectrometry. The peptide sequences of
P. syringae Lz4W were then matched with the sequences of
the peptides from different Pseudomonas sp. by similarity
search of the proteins from different species using clustal
W2 program. Thus by using a combination of the methods,
we have been able to identify large number of proteins
of this bacterial strain, which include most of the outer
membrane proteins. Molecular & Cellular Proteomics 10:
10.1074/mcp.M110.004549, 1-8, 2011.

Subcellular fractionation of proteins improves the detection
of low abundant proteins and helps in the identification using
mass spectrometric methods. As the cytoplasmic proteins of
an organism can be identified with the routinely used proce-
dures in the laboratories, most studies have recently focused
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at identification of membrane proteins (1-4). The hydrophobic
character of these latter molecules makes them poorly soluble
in aqueous solvents and hence their separation by two-di-
mensional PAGE is very complicated (5-10). Membrane
proteins are invariably found to be associated with the cyto-
plasmic proteins even after using stringent preparation pro-
cedures (3, 8, 9). Therefore, preparation and fractionation of
membrane proteins remains a problem (11).

For sequence determination and identification, these pro-
teins are subjected to liquid chromatography-electrospray
ionization (LC-ESI)" tandem MS (MS/MS) studies. MS/MS
followed by database search tools such as MASCOT,
SEQUEST, and Sonar are generally used for peptide se-
quence determination and the identification of proteins (12—
15). Because proteins are identified based on matches to their
sequences resulting from comparison of observed peptide
MS/MS spectra to the theoretical spectra, the theoretical
spectra are generated from the sequence database of differ-
ent organisms. Peptides are considered identified if they pass
certain preset scoring thresholds based on the native scores
of the database search algorithms (15-18). Because of the
large number of spectral data produced per typical experi-
ment, even a very low error rate results in false positive
identifications (19, 20). Therefore, a general criteria has been
recommended requiring more than two unique peptides to be
identified within a single protein for positive identification (21,
22). Recent studies have developed new models for identify-
ing proteins by single peptide match also, which proposed to
include these single peptide hits in the list of identified pro-
teins (23, 24).

Peptide sequences can also be validated by using a com-
bination of chemical and mass spectrometric methods (25—
27). Identification of proteins is heavily dependent on the
accuracy of the sequence of the tryptic peptides, particularly
when the genome sequence of the organism under study is
not available.

De novo sequencing methods and sequence validation
methods are very useful in the sequence determination of the
tryptic peptides for correct identification of the proteins. De

" The abbreviations used are: LC-ES], liquid chromatography-elec-
trospray ionization; DTT, dithiothreitol; ACN, acetonitrile; IEF, Isoelec-
tric focusing; ASB, amidosulfobetaine.
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novo sequencing programs such as Lutefisk, AUDENS are
also used for cross species protein identifications (28, 29).
The peptide fragmentation fingerprinting approach also gen-
erates partial sequence information in order to filter the can-
didate peptide before identification (30). Research studies
have also shown that N- terminal tagging with some chemical
agents aids in the de novo sequencing of peptides using
ESI-MS/MS and matrix-assisted laser desorption ionization
(MALDI) MS/MS (31).

Several researchers including our laboratory are investigat-
ing the mechanism of cold adaptation using Antarctic bacteria
as model system (32-36). In the present study we focused our
attention to the membrane proteins. For this, the membrane
proteins of the Antarctic bacterium Pseudomonas syringae
Lz4W were prepared by three different methods to identify as
many proteins as possible. We also, compared the membrane
protein preparation by Triton X-100 solubilization method and
sucrose density gradient method. The data obtained from
proteins prepared by carbonate extraction were also used to
validate the peptide sequences and compared with the iden-
tifications obtained from the other methods. Because the
genome sequence of this Antarctic bacterium is not known,
the proteins were identified using the relevant data bases of
other Pseudomonas sp. available at NCBI. The proteins of P.
syringae Lz4W were fractionated by subcellular fractionation
methods, separated on one-dimensional and two-dimen-
sional gels, identified by using a combination of different
ionization methods (MALDI and ESI), database searches
(MASCOT and SEQUEST), and bioinformatics procedures.
Thus, using a combination of different methods, about 1290
proteins of this bacterium, which included most of the outer
membrane proteins have been identified in this study.

EXPERIMENTAL PROCEDURES

Growth Conditions of the Bacterium—The Antarctic psychotropic
bacterium Pseudomonas syringae Lz4W has the ability to grow be-
tween 0 °C and 30 °C with an optimum growth at ~22 °C. The bac-
terium was grown routinely at 22 °C in Antarctic bacterial medium,
consisting of bactopeptone 0.5% (w/v) and yeast extract 0.25 (w/v) as
described earlier (37), to an optical density to 1.0 at 600 nm and
harvested. About 500 mg of the wet cells were taken for analysis.

Isolation and Preparation of Membrane Proteins —The bacterial cell
pellet was suspended in 6 ml of 50 mm Tris.HCI, pH 7.3, and after
adding lysozyme (60 wg/ml), 0.7 mg of DNase and RNase it was
sonicated for 2 min in a Branson sonifier. The cell debris and the
remaining intact cells were removed by centrifugation at 8000 rpm for
10 min. The cellular fractionation of the proteins of P. syringae Lz4W
was done by either Triton X-100 solubilization as described earlier
(38).The membrane proteins using carbonate extraction were pre-
pared essentially as described earlier (39), with minor modifications.
The supernatant was diluted with 0.1 M sodium carbonate (pH 11) and
stirred for 1 h on an ice bath. The carbonate- treated membranes
were collected by centrifugation at 115,000 X g for 1 h at 4 °C. The
membrane pellet was washed with 2 ml of 50 mm Tris.HCI, pH 7.3 and
centrifuged again at 115,000 X g for 20 min at 4 °C. The pellet
containing membrane proteins were solubilized for two-dimensional
electrophoresis with 1 ml of isoelectric focusing (IEF) solution as
described below and subjected to two-dimensional SDS gel after IEF.

The membrane proteins were also prepared by sucrose density
gradient method as described earlier with minor modifications (40).
After removing the cell debris as described above, the supernatant
was loaded on a two step gradient of sucrose (60 and 70% sucrose
layers) and ultracentrifuged at 38,500 rpm for 18 h at 4 °C. The two
layers were mixed and centrifuged again at 55,000 rpm for 1 h at 4 °C.
The pellet was solubilized in 2% Triton X-100 and mixed with the
supernatant. The proteins in the combined fractions were precipitated
with 10% trichloroacetic acid (TCA) and left for 12 h at —20 °C. The
contents were centrifuged at 14,000 rpm for 10 min at 4 °C and the
pellet washed with acetone twice and resuspended in the loading
buffer and subjected to SDS gel electrophoresis.

One-dimensional SDS-PAGE —The membrane proteins of P. syrin-
gae Lz4W obtained from triton X-100 solubilization or sucrose-density
gradient were separated on a 12% SDS-PAGE gel according to the
Laemmli protocol (41). About 150 ug of the protein reduced and
alkylated, dissolved in SDS-PAGE loading buffer, boiled for 5 min and
loaded in different wells in the 1 mm thick gel.

Two-dimensional Gel Electrophoresis After Carbonate Extraction—
IEF was performed with BIORAD 11 cm immobilized pH gradient
strips with 3-10, 4-7, and 5-8. The IPG strips were rehydrated over
night (12-16 h) in 30 mm Tris.HCI pH 8, 7 M urea and 2 m thiourea
containing 20 mm dithiotreitol (DTT) and 0.4% carrier ampholyte and
2% ASB-14 as described before for membrane proteins (42). The IEF
run was set from 0-300 V in 1 min, 300 V for 3 h, from 300-3500 for
1 h and set at 3500 V for 20 h. After the IEF run the IPG strips were
incubated at room temperature for 10 min in 6 m urea, 30% (v/v)
glycerol, 2% (w/v) SDS, 15 mm DTT, 0.125 m Tris, and 0.1 M HCI. The
second equilibration step was carried out for 5 min in the same
solution except that DTT was replaced with iodoacetamide. The
second dimension (SDS-PAGE) was carried out on a 12% SDS gel
without a stacking gel. After keeping the IPG strip on the SDS gel, the
strip was sealed with a layer of agarose before the electrophoresis
run. All the gels were stained with Coomassie blue.

In-gel Digestion of Proteins with Trypsin—The prominent bands of
the one-dimensional gel were cut and subjected to in-gel digestion as
described earlier (43). Briefly, the gel pieces were further cut to
smallest size, and washed with water followed by washing with 50%
of 25 mm ammonium bicarbonate and acetonitrile (ACN) till the stain
is removed. Subsequently the gel pieces were treated with ACN and
dried. Depending on the size of the band, 10-20 ul of trypsin (10
ng/ml) was added to the gel pieces and incubated at 37 °C for 16-18
h. The resultant peptides were extracted twice with 100 ul of 5%
trifluoroacetic acid (TFA) in 50% ACN pooled together and dried in a
speed vac concentrator. The samples were redissolved in 5% ACN/
H,0 before loading for LC-MS/MS. The protein bands of two-dimen-
sional gels were also digested similarly and spotted on a MALDI plate
for analysis.

MALDI TOF/TOF MS—The mass spectra of the trypsin-digested
proteins from two-dimensional gels were analyzed on a 4800 MALDI
TOF/TOF mass analyzer obtained from Applied Biosystems (Foster
city, CA). The mass spectra were recorded in reflector mode using the
matrix a-cyano-4-hydroxycinnamic acid (5 mg/ml in 50% ACN). The
individual peptides for MS/MS were selected by timed ion selection
method, and the collision induced dissociation mass spectra re-
corded using air as collision gas with 1KeV energy. The top 5 peptides
were selected for MS/MS based on the intensity of the precursor ion.
Proteins were identified using the GPS explorer software (Ver.3.5)
supplied by the manufacturer. This program uses MASCOT search
tools for the identification of proteins. Because the genome sequence
of the bacterium is not known, the proteins were identified using the
relevant database of the Pseudomonas species available at the NCBI
database. The database includes 99128 protein sequences (updated
up to July 2008). Using MS/MS spectra, the top scoring peptides
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were selected and several proteins could be identified. The precursor
ion mass tolerance and the fragment ion mass tolerance were set at
0.2 and 0.25 respectively. The signal to noise ratio was set at 10 and
50 peaks per 200 Da were taken for analysis with maximum number
of peaks set to 65. Methionine oxidation was set as the variable
modification and carboxyamidomethylation as the fixed modification
for cysteine. Enzyme trypsin was selected with one missed cleavage.
The peptide summary report groups the peptide matches into protein
hits and the protein score was derived by combining the ion scores for
ranking the proteins. The highest scoring proteins that contained one or
more peptides were selected for identification. The MASCOT accept-
ance score for the peptide and for protein were 18 and 34 respectively.
As a default MASCOT uses a threshold of 5% probability that protein
identification is incorrect. The de novo sequencing of the peptides was
determined by submitting the MS/MS spectra to the MASCOT program
setting the relevant parameters as described above.

LC-MS/MS of Trypsin Digested Proteins—The mass spectra (LC-
ESI MS/MS) of the tryptic digested gel bands from one-dimensional
SDS gels were analyzed by a Finnigan linear ion trap mass analyzer
(Thermo Electron corporation, San Jose, CA) equipped with a sur-
veyor MS pump plus. The MS data acquired in the mass range m/z
400-2000 and the MS/MS of the most abundant ions was acquired in
the LTQ using collision induced dissociation. Briefly, the tryptic pep-
tides obtained from each band were manually loaded on a C-18
precolumn (Applied Biosystems) connected to a Biobasic C-18 (100
mmX0.18) RP column, with a pore size of 300 A and particle size of 5
um. The flow rate was set at 3 ul/min. The mobile phases A and B
were 0.2% formic acid in water and 0.2% formic acid in 95% ACN
respectively. The gradient was started at 10min and increased to 60%
B in 40 min and to 100% B in 55 min and retained at 100% B till 65
min. The column was equilibrated for 10 min before the next injection.
MS and MS/MS spectra were obtained at a heated capillary temper-
ature of 200 °C and the ESI voltage was set at 4 KV. The peptides
were fragmented using normalized collision energy of 35%. The
MS/MS spectrum of the top seven peptides with a signal threshold of
500 counts was acquired with 30 msec activation time and a repeat
duration of 30 s. The LC-MS/MS data was deposited at PRIDE
(www.ebi.ac.uk/pride) for validation (44). Accession numbers of
12279 to 12291 for the triton X-100 solubilized membrane protein
preparation and 13524 for the sucrose density gradient membrane
protein preparation were obtained.

Data Analysis—LC ESI MS/MS spectra were analyzed using the
Bioworks browser (Ver 3.2) supplied by the manufacturer. All the
MS/MS spectra were analyzed using SEQUEST (Thermo fisher sci-
entific) selecting the enzyme trypsin and applying the search param-
eters of precursor tolerance of 1.0 Da and a fragment tolerance of 1.4
Da, and b-ion and y-ion series for sequence determination; oxidation
of methionine (15.99 Da) and carboxyamidomethylation (57.02 Da) of
cysteine were considered as variable and fixed modification respec-
tively. As the genome sequence of the Pseudomonas syringae Lz4W
is not available all the data were searched using the relevant database
of Pseudomonas sp. available at NCBI as described earlier (38). Same
database used for MASCOT (for MALDI) was used for SEQUEST
(linear ion trap MS/MS) searches also. The MS/MS spectra of the
multiply charged peptides were searched against the database of
Pseudomonas sp. The cross correlation scores (X corr) of singly-,
doubly-, and triply-charged peptides were greater than 1.8, 2.5, and
3.5 respectively, were fixed for protein identification. The program
listed the peptides corresponding to the proteins. A list of peptide
sequences that had highest X corr values was identified (13, 45).
Other parameters of A Cn > 0.1 are selected for anticipated results in
addition to Xcorr score. The proteins were identified either by suffi-
cient number of peptides or identified at least by one peptide that is
redundant enough to be considered reliable with acceptable scores.

Because several other criteria were used to identify the sequence of
peptides, after identifying the proteins with the set threshold values,
even the peptides below the defined thresholds were also retained in
the supplemental Table S1 to increase the sequence coverage.

The values of ACn obtained for a large number of peptides are very
much higher than the selected criteria, suggesting the sequences
obtained are exact matches. In addition, a filter for estimation for false
positives was adapted. The false detection rates (FDR) can be mini-
mized by fixing X corr values and manually increase A Cn to get the
peptide identification with specific FDR (46, 47), or use fixed A Cn
value and manually increase X corr values (48, 49).The algorithm
calculated the probability scores. P (pro) value can be defined as an
extrapolation protein probability. A minimum value of P (pep) was set
at 0.001, which allows a cut off of less than 0.1% false positives. The
procedure adapted in this method uses the highest P (pep) within
each protein to be equivalent to P (pro). The peptides generated from
the psychotropic Antarctic bacterium P. syringae Lz4W picked up
maximum homology hits with the proteins from different mesophilic
Pseudomonas sp. The peptides corresponding to each protein ob-
tained from different Pseudomonas sp. were listed together after
checking the sequence similarity by Clustal W. The peptide identifica-
tion results were integrated by DTA select to display the list of proteins
identified from all the fractions and peptide lists belonging to each
protein (50). The final list of proteins was prepared by combining all the
proteins obtained from different LC-MS/MS runs after manual verifica-
tion. The redundancy of peptides within the list of peptides from each
protein was removed by verifying both the m/z value and the corre-
sponding sequence. The redundant proteins were also removed.

Clustal W2 for Sequence Alignment of Proteins—The basic princi-
ple of Clustal W2 is the progressive alignment of the given sequences.
It is a data exploration tool rather than a definitive analysis method. It
has an improved sensitivity for multiple sequence alignments (51).
The program starts with pair-wise comparison between two se-
quences initially and proceeds toward the multiple alignments and
aligns sequences globally. The default parameters were used for
sequence alignment. Thus, inferring from the results of clustal W2, the
peptides obtained from proteins with the same name, but matched
with different Pseudomonas sp were listed into a single entry as
belonging to P. syringae Lz4W.

Subcellular Localization of the Identified Proteins—The subcellular
localization of the identified proteins was carried out using a program
PSORT b Ver 3.0 (http://www.psort.org) by choosing Gram-negative
strains and normal output format that displays results with the final
predictions and associated scores as reported earlier (52, 53). SCL
scores of greater than 7.5 in a particular localization are considered as
a confirmed localization. Cytosolic proteins are identified clearly with
good scores (8-9.5 on a scale of 10) and some outer membrane
proteins with a score of 10. This program cannot detect lipoprotein
motifs. In general, this method was useful to compartmentalize the
identified proteins obtained from P. syringae Lz4W. The GRAVY
scores of the peptides derived from outer membrane proteins were
determined using the web site at (http://www.gravy-calculator.de) to
identify the hydrophobic nature of these peptides.

RESULTS

Preparation, Separation, and Analysis of Membrane Pro-
teins—The main objective of this study was to identify the
membrane proteins of P. syringae Lz4W. Toward this, differ-
ent protocols were employed for the isolation of membrane
proteins that were then separated on one-dimensional and
two-dimensional gels. The three protocols used for the prep-
aration of membrane proteins are shown in Fig. 1. Fig. 2 and
3 shows the typical separations of the membrane proteins by
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Ultracentnfuge at 30000 rpm/ 2 hrs/ 4°C
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Dissolve in resuspension buffer containing 2% CHAPS

Cells

sucrose/ 2 mM EDTA/ 1 ;M PMSF Diluted to 6 mL with 50 mM tris/ HCI, pH 7.3

Add lysozyme, sonicate, add DNase, RNase

Centrifuge at 8000 rpm/ 10 snin/ 4°C
lCentliluge at 8000 rpny/ 10 misy 4°C l 9 N

Pellet Supematant Pellet
Dilute with ice cold 0.1 M sodium carbonate (pH 11) for 1 hr

Centlrifuge al 115000 for 1 fu al 4°C

Pellet solubilised with 2% TX100

Supernatant Pellet

Wash with 2 mL of 50 mM tris/HCI, pH 7.3
Cenlrifuge at 115000 for 20 min at 4°C
Resuspend pellet in rehydration buffer

Pellet

SDS-PAGE for 1D soparation Soluble proteins loaded on IEF followed by 2D ge!

Fic. 1. The methods used for the preparation of membrane proteins. A, shows the sucrose density gradient method, B, shows the

Triton X-100 solubilization method and panel C exhibits the carb

onate extraction procedure. The procedure used in panels A and B

generally used to compare the efficiency of these methods to prepare as many membrane proteins as possible from P. syringae Lz4W.
The procedure used in panel C was used for identification of more proteins and validate the protein/peptide identifications.

Fic. 2. A representative gel picture of one-dimensional gel with
1 mm thickness, 12% SDS-PAGE of the membrane proteins of the
Antarctic bacterium P. syringae prepared by sucrose density
gradient method. 150 g of the protein was loaded on the gel and
stained the gel with coomassie blue.

one-dimensional SDS-PAGE and two-dimensional respec-
tively. The proteins separated on one-dimensional gels were
analyzed on a LC coupled ESI MS/MS followed by trypsin

digestion. The protein separated on two-dimensional gels
was analyzed on MALDI TOF/TOF as described under mate-
rials and methods. The results of protein identification were
provided in supplemental Tables S1, S2 and S3.

Identification of Proteins

Proteins Separated on One-dimensional Gel—The scheme
adapted for the identification of proteins is shown in the Fig.
4. A total of 1151 proteins were identified from the LC coupled
ESI MS/MS spectral data using SEQUEST program. From
these proteins 642 were identified with hits of a minimum of
two or more than two peptides, and 509 proteins were iden-
tified with single peptide hits. It is also noteworthy that about
170 hypothetical proteins were identified (supplemental
Table S1). Some of the proteins were represented by many
peptides. For example, translational initiation factor IF2 was
identified with as many as 30 peptides, Polyribonucleotide
nucleotidyl transferase with 29 peptides and elongation factor
G with 34 peptides. On the other hand, the outer membrane
porin (OMP) was identified with 6 peptides. All these peptides
of OMP matched highly with the protein of Pseudomonas
fluorescence pf-5. Another protein, organic solvent tolerance
protein was identified with 9 peptides which matched to the
protein from different Pseudomonas sp: 6 peptides were from
P. fluorescence Pf-O1, two peptides from P.syringae pv. sy-
ringae B728 and one peptide from P. mendocina ymp (see
supplementary tables). The proteins identified with peptides
from different Pseudomonas sp were aligned using Clustal W2
to examine their sequence similarity, which suggest that the
protein is highly conserved among them. The sequence align-
ment of the protein ATP synthetase subunit beta of different
Pseudomonas sp. is shown in the supplemental Fig. S1 high-
lighting the peptides obtained in the analysis.

Proteins Separated on Two-dimensional Gel After Carbon-
ate Extraction—I|dentification of proteins and validation of
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Fic. 3. Two-dimensional gel pic-
tures of the membrane proteins of the
Antarctic bacterium P. syringae pre-
pared by carbonate extraction proce-
dure separated on a 12% SDS gel.
Proteins separated in the pl ranges 3-10
(panel A), 4-7 (panel B) and 5-8 (panel
C) are shown. The gel was stained with
Coomassie blue.

Extraction of proteins from P. syringae Lz24W

|

v '

Sucrose Gradient /Triton X-100 solubilization  Carbonate Extraction
1D-Gel

l 2D-Gel
"

LC-ESI/MS/MS

MALDI-TOF/TOF

SEQUEST/DATABASE MASCOT

Identification of proteins Identification of proteins

| |

DATA‘BASE

'

Clustal w2 De Novo

Validation Peptide Sequences ’

Listed Proteins

Listed Proteins

Total Identified Proteins

FiG. 4. The work flow adapted for the identification of proteins
of P. syringae Lz4W.

peptides sequences was also carried out using MALDI TOF/
TOF. In all, 206 proteins were identified from this mass spec-
tral data using MASCOT search. Out of them 104 proteins
were identified with a minimum of two or more than two
peptide hits, whereas, 102 proteins were identified with single
peptide hits using the database search algorithms. The
MS/MS spectra were also used to identify the sequence of
the peptide by de novo sequence program of MASCOT.
These results showed that the de novo sequence of 61 pep-
tides matched exactly with the database searches, 281 pep-
tides showed scrambled sequence or partial matches. The de
novo sequence could not be obtained for 62 peptides. Scram-

bled sequences and partially matched sequences are also
indicators for the correct identification of peptide sequences
(54). Accordingly, some algorithms have been developed to
correlate de novo sequences with database searches (54).
However, in the present study, manual verification method
has been used, as the data size is small and easy to handle.
Thus, the protein identifications were verified both by de novo
sequences and database search.

In addition, we observed that five proteins with single pep-
tide hits using ESI MS/MS could be identified with multiple
peptides in MALDI results. Similarly, 19 proteins with single
peptide hits from MALDI results were found to match with
multiple peptides in the ESI results. Thus, a combination of
these ionization methods appears to be helpful in identifying
proteins confidently. It is to be noted that we identified 64
proteins commonly from both these ionization methods.

Validation of Peptide Sequences Using Chemical/MS Meth-
ods—For validating the peptide sequence results, chemical
markers like methionine oxidation can also be used. Because
methionine oxidation occurs commonly during the sample
preparation, enzymatic digestion, and other processes, it can
be used for validating the peptides as described earlier (55).
More than 100 proteins were verified for the peptides con-
taining methionine/oxidized methionine and phenylalanine.
The MALDI mass spectrum was manually verified to confirm
these sequences (see supplemental Table S2). Wherever sig-
nificant amounts of protein were available, the tryptic pep-
tides were acetylated and an increase was observed in the b
ion intensity in the collision induced dissociation mass spectra
(data not shown). This observation was helpful to validate the
sequence of the peptide as described earlier (27). Using a
combination of N-terminal analysis and proteomics ap-
proaches some of these proteins were identified earlier from
this bacterium (38, 56). Altogether, using a combination of
methods described above we have identified 1293 proteins in
this study including 112 outer membrane proteins from the
Antarctic bacteria P. syringae Lz 4W, whose genome se-
quence is not known.

Prediction of Subcellular Localization—We have also exam-
ined the subcellular localization of the identified proteins using
the program PSORT b V.3 as shown in Fig. 5. These results
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U(M),39
C(M),32
P,38 C,841

Fic. 5. The prediction of sub cellular localization of different
proteins identified using PSORT b V3 from P. syringae Lz 4W. The
representation of different labels are as follows: C, cytoplasmic; OM,
outer membrane; CM, cytoplasmic membrane; C(M), cytoplamic with
multiple localization sites; U, unknown; U(M), unknown with multiple
localization sites; P, periplasmic; E, extracellular proteins.

reveal that 112 are outer membrane proteins, 135 cytoplsamic
membrane proteins, and 38 periplasmic proteins. Although,
total membrane proteins identified were 364 many of them
were found to have multiple localization sites, and many were
predicted to be cytoplasmic proteins but with multiple local-
ization sites (See Fig. 5). In addition, there are 88 proteins
whose localization could not be predicted using this program.
The 112 outer membrane proteins shown in this table were
identified from 376 tryptic peptides generated from them. Out
of these tryptic peptides 297 peptides exhibited negative
GRAVY score and 79 peptides positive score. This indicates
that the peptides generated from outside the trans membrane
domains of these proteins which was as expected (supple-
mental Table S3).

Comparison of Membrane Protein Preparation Methods—
Fig. 6 and supplemental Tables S2 and S3 shows the com-
parison of different membrane proteins prepared by both the
methods. We compared the two membrane protein prepara-
tion methods (Triton X-100 solubilization and sucrose gradi-
ent) for their relative moieties (hydrophobic peptides) in iden-
tifying the membrane proteins as both of them were identified
by identical procedures (one-dimensional-LC-ESI MS/MS).
We observed that sucrose density gradient method resulted in
the identification of more outer membrane proteins. The yield
of membrane proteins was higher/better with sucrose density
gradient method when compared with Triton X-100 solubili-
zation method.

DISCUSSION

Even with the development of different methods/protocols
for identification of membrane proteins still remains a prob-
lem. Membrane proteins in Gram-negative bacteria include
outer membrane proteins, inner membrane proteins (cytopl-
samic membrane), many of which can be integral membrane
proteins or membrane-associated proteins. Previous experi-
ence with LC-MS/MS analysis of membrane proteins sug-
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80 - B Sucrose density gradient
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Fic. 6. Comparison of different membrane proteins obtained
from sucrose density gradient method (light bars) and triton
X-100 solubilization methods (dark bars) from the Antarctic bac-
terium P. syringae. Same abbreviations are used in Fig. 5 and Fig. 6.

gested complications in the detection of hydrophobic pep-
tides obtained from transmembrane domains (57). Membrane
proteins were also identified by adopting different cleavage
strategies by different proteolysis enzymes to improve their
identification (58). Wolff et al. have also used different mem-
brane proteome preparation methods to identify as many
integral membrane proteins as possible (9). The efficiency of
the preparation of membrane proteins depends on the com-
position and nature of the lipids present in the membranes,
the efficiency of the procedure used and steps/the sequence
used in the preparation. In the current study using different
membrane protein preparation methods and using different
ionization methods a total of 112 outer membrane proteins of
P. syringae Lz4W were identified. This is important as the
results posted on the web site (http://beta.psort.org) the num-
ber of outer membrane proteins of different mesophilic P.
syringae sp. varied from 110-126 as predicted by PSORTb
V.3 results. Because, it is a well known fact that microorga-
nisms do not express their entire set of proteins under one
single growth conditions the 112 outer membrane proteins of
P. syringae, which were identified in this study represent most
of the outer membrane proteins. Most importantly, this has
been possible despite the fact that that genome sequence of
P. syringae Lz4W is not known.

In order to enrich and identify as many as membrane pro-
teins possible, we examined different membrane protein
preparation methods and compared their efficiency. Fig. 6
shows that sucrose gradient method is more efficient for the
preparation of outer membrane proteins. However, many ri-
bosomal proteins appeared among the membrane proteins by
this method (data not shown).

Validation of the peptide sequences is as important as
identifying the large number of proteins. MALDI TOF/TOF
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studies were mainly carried out for this purpose. We have
used two-dimensional electrophoresis MS approaches to val-
idate the sequence of the peptides and identification of pro-
teins using carbonate extraction method, an efficient protocol
for the preparation and separation of outer membrane pro-
teins as described earlier (39).

In this study we have also identified about 170 hypothetical
proteins from this bacterium, which may be because of the
reason that the genome sequence of the bacterium is not yet
known. Alternatively, it may also be possible that this cold
adapted bacterium may have some unique proteins, whose
functional significance is not known. Earlier reports have shed
light on the role of structural adaptation of enzymes, the
function of heat- shock and cold- shock proteins in cold
adaptation (35, 38, 59). Several of these enzymes and pro-
teins have been identified with confidence in this study (see
supplemental Table S1). In our earlier study, using N-terminal
sequencing and proteomics approaches the proteins of the
degradosome complex of this bacterium have been identified
which were later found to be associated with membranes (38,
56).

In conclusion, we have identified 112 outer membrane pro-
teins of the Antarctic bacterium P. syringae which might rep-
resent most of the proteins of the outer membrane. We also
found the sucrose density gradient method was most efficient
for the outer membrane proteins. The successful identification
of large numbers of proteins (a total of 1293) has been feasible
because of the use of a combination of ionization methods,
different database search tools. The results are significant, as
the genome sequence of the bacterium is not known.
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