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separated by 2-D electrophoresis, i.e. it should have
average pI (usually between pH 4 and 10) and
molecular mass (between 10 and 120kDa) values and
should not be strongly hydrophobic and (iii) it should
be usually present at a concentration, so that the
corresponding spot(s) are visible in gels, which are
stained with Coomassie blue, to can be identified by
mass spectrometry (Fountoulakis, 2001; Fountoulakis
and Takács, 2002). Many groups have tried to
overcome these limitations of proteomics by using a
large variety of solubilizing agents (Chevallet et al.,
1998; Herbert at al., 1998; Rabilloud et al., 1999; Ferro
et al., 2000; Fountoulakis and Takács, 2001) and
variations in the 2-D electrophoresis technology
(Hartinger et al., 1996).

Membrane proteins are of particular interest in
proteomic studies. They exert important functions
in signal transduction pathways, ion transport, cell
interaction and other processes. Many of them are
protein or drug receptors and consequently of phar-
maceutical interest. There are numerous articles on
the potential detection of hydrophobic and membrane
proteins in 2-D gels. However, in most cases a limited
number of real hydrophobic and membrane proteins
have been detected. The efforts are summarized in
several review articles (Herbert, 1999; Malloy, 2000;
Santoni et al., 2000). Using current 2-D electro-
phoresis products, i.e. non-ionic or zwitterionic deter-
gents like CHAPS and non-ionic, mild chaotropes like
urea or thiourea, mainly the abundant, hydrophilic
components of a protein mixture can be resolved
and visualized (Fountoulakis, 2000; Fountoulakis and
Takács, 2001).

Summary. We applied proteomics technologies to analyze a
membrane preparation of Escherichia coli, wild type strain and of
transformants expressing human cytochrome P450s. The proteins
were analyzed by two-dimensional electrophoresis and identified by
matrix-assisted laser desorption ionization mass spectrometry. The
membrane proteins were solubilized with both mild detergents such
as CHAPS and strong detergents, such as sodium and lithium
dodecyl sulfate, sodium cholate and sodium deoxycholate. In the E.
coli membrane fraction, 394 different gene products were identified.
Approximately 28% of them were predicted to be integral
membrane proteins, of which 100 proteins have been predicted to
carry one transmembrane region, ten proteins to carry two, and two
proteins to include three transmembrane domains. The remaining
are probably membrane-associated and cytosolic proteins.
Cytochrome P450s did not enter the immobilized pH gradient strips
but were efficiently analyzed in a two-dimensional, two-detergent
system. Use of strong solubilizing agents resulted in the detection of
about 20 membrane proteins, which were not detected following
extraction with mild detergents and chaotropes. The present
database is one of the largest for membrane proteins.

Keywords: Proteomics – Membrane proteins – Escherichia coli –
Matrix-assisted laser desorption ionization mass spectrometry –
Hydrophobicity

Introduction

A proteomic analysis usually involves the separation
of a protein mixture by two-dimensional (2-D) gel
electrophoresis and identification of the protein spots
by mass spectrometry techniques, mainly by matrix-
assisted laser desorption ionization mass spectrometry
(MALDI-MS). For a successful proteomic analysis,
several prerequisites must be fulfilled: (i) a protein
should be brought and kept in solution during the
whole isoelectrocofocusing separation process (ii) it
should belong to the category of proteins, that can be
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Here we applied proteomics technologies to analyze
a cell envelope preparation from Escherichia coli, a
facultative anaerobic bacterium of medical interest. E.
coli is widely used as an expression system for the
production of mammalian proteins and as a microbial
model to study approaches of drug discovery against
infectious diseases by applying proteomics technolo-
gies. Several hundreds of unique E. coli proteins have
been identified until now (Link et al., 1997; Tonella et
al., 1998; Fountoulakis et al., 1999; Tonella et al., 2001).
We analyzed membranes from E. coli, wild type and
transformants producing various recombinant human
cytochrome P450 (CYP) proteins and cytochrome
P450 reductase as an electron carrier. We selected
cytochrome P450s for our study because these proteins
are strongly involved in drug metabolism, forming
adducts and although abundant, to our knowledge,
have not been efficiently separated in 2-D gels.

Materials and methods

Materials

Immobilized pH-gradient (IPG) strips were purchased from
Amersham Biosciences (Uppsala, Sweden). Acrylamide was
obtained from Serva (Heidelberg, Germany) and the other reagents
for the polyacrylamide gel preparation were from Bio-Rad
(Hercules, CA, USA). Ampholytes (Resolyte 3.5–10) were
purchased from BDH Laboratory Supplies (Poole, UK). CHAPS
and thiourea were from Sigma (St. Louis, MO, USA), urea,
dithioerythritol and EDTA were obtained from Merck (Darmstadt,
Germany), lithium dodecyl sulfate from Serva (Heidelberg,
Germany), sodium cholate and sodium deoxycholate were from
Fluka (Buchs, Switzerland).

Preparation of the E. coli membranes

E. coli strain JM109 and transformants co-expressing human
cytochrome 450s, CYP3A4, CYP2D6 or CYP2E1, individually with
human NADPH-P450 reductase, were prepared as described by
Pritchard et al. (1998) and McGinnity et al. (1999). Single colonies
from Luria-Bertani (LB)-agar plates, containing 50µg/ml ampicillin,
were used to inoculate 5–10 ml of LB-broth/ampicillin and the
culture was shaken at 200rpm, 37°C for 14h. 1.25ml were used for
further inoculation. E. coli cells were grown in 125ml cultures of
modified Terrific broth in 1 l Erlenmeyer flasks, supplemented with
ampicillin (50 µg/ml), 1mM thiamin, 0.5mM δ-aminolevulinic acid
and trace elements. The cultures were shaken in a water bath at
200rpm and 30°C. After 4 h, protein synthesis was induced by
the addition of 1mM isopropyl �-D-thiogalactopyranoside and
incubation was continued at 30°C for another 24h. All further
operations were performed at 4°C, except where otherwise
indicated. The fresh E. coli culture was divided into 50ml polypro-
pylene centrifuge tubes (Falcon) and chilled on ice for about 15min.
Cells were pelleted by centrifugation at 2,800 � g for 12 min and
resuspended in 10ml of ice-cold 50mM Tris acetate, pH 7.6 buffer,
containing 250 mM sucrose and 0.25mM EDTA. Lysozyme was
added to a final concentration of 0.25mg/ml from a freshly prepared
stock solution in water and the suspension was shaken gently for

60min. After centrifugation at 2,800 � g for 12 min, the pellet was
resuspended in 4ml of ice-cold 100mM potassium phosphate, pH
7.6, containing 6mM magnesium acetate, 0.1mM dithiothreitol
and 20% (v/v) glycerol. Protease inhibitors antipain, aprotinin,
leupeptin and pepstatin were added to final concentrations of 1µg/
ml and phenylmethylsulfonyl fluoride to 1 mM (from an 100mM
stock solution in isopropanol). The samples were cooled on ice
and sonicated in 3–5s bursts for a total of 60–80 s with a cell
disrupter (W-375 sonicator, Ultrasonics). Unbroken cells and debris
were pelleted at 12,000 � g for 30min. The supernatant was
centrifuged at 180,000 � g for 60min. The membrane pellet was
resuspended in ice-cold 50mM Tris acetate, pH 7.6, containing
250mM sucrose, 0.25mM EDTA, divided into aliquots and stored at
�70°C until use.

Two-dimensional gel electrophoresis

0.2 g of membranes were suspended in 1ml of 7 M urea, 2M
thiourea, 4% CHAPS and 10mM dithioerythritol by sonication for
30s. The mixture was centrifuged at 150,000 � g for 30min and the
supernatant used for 2-D electrophoresis. Membrane proteins were
also extracted with 1 ml of either 0.5% sodium cholate, or 1%
sodium dodecyl sulfate (SDS), or 1% lithium dodecyl sulfate (LDS),
by sonication for 30s. After centrifugation at 150,000 � g for 30min,
the supernatant was applied onto a 0.4ml Poros R column,
equilibrated with 0.1% trifluoroacetic acid (TFA). The column was
washed with 5 column volumes of 30% acetonitrile, containing 0.1%
TFA. The proteins were eluted with 2 column volumes of 70%
acetonitrile, containing 0.1% TFA. The solution was concentrated
in a speedvac apparatus and the last 50 µl were diluted with 1ml of
20mM Tris, containing 7M urea, 2M thiourea, 4% CHAPS
and 10 mM dithioerythritol and concentrated to about 50µl by
ultrafiltration in 10kDa cut-off ultrafree membranes.

Two-dimensional gel electrophoresis was essentially performed
as reported (Langen et al., 1997). Samples containing 0.5–1mg of
total protein were applied on immobilized pH 3–10 nonlinear
gradient strips at their basic and acidic ends. Focusing started at
200V and the voltage was gradually increased to 5,000V at 3V/min
and kept constant for a further 24h. The second-dimensional
separation was performed in 11% SDS polyacrylamide gels (180 �
200 � 1.5mm), run at 40 mA per gel, in an ISO-DALT apparatus
(Amersham Biosciences). The cell envelope protein fraction
was also separated using a discontinuous, two-detergent system
(Hartinger et al., 1996). The first dimensional separation was
performed in 7.5% polyacrylamide gels in the presence of 250mM
benzyldimethyl-n-hexadecylammonium chloride (16-BAC) and the
second dimensional separation in 11% gels in the presence of 0.1%
SDS, as reported (Langen et al., 2000).

After protein fixation for 12h in 40% methanol, containing 5%
phosphoric acid, the gels were stained with colloidal Coomassie blue
(Novex, San Diego, CA, USA) for 24 h. Molecular masses were
determined by running standard protein markers (Gibco, Basel,
Switzerland), covering the range 10–200kDa. pI values were used as
given by the supplier of the IPG strips. Excess of dye was washed out
from the gels with H2O and the gels were scanned in an Agfa
DUOSCAN densitometer (resolution 200). Electronic images of the
gels were recorded using Photoshop (Adobe) and PowerPoint
(Microsoft) software. The images were stored as both tiff (about
5 Mbytes/file) and jpeg (about 50 Kbytes/file) formats.

Matrix-assisted laser desorption ionization mass spectroscopy
(MALDI-MS)

The MS analysis was performed as previously described
(Fountoulakis and Langen, 1997) with certain modifications
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(Fountoulakis et al., 2002). Protein spots were excised from 2-D gels
with a spot picker and placed into 96-well microtiter plates. Each
spot was destained with 100µl of 30% acetonitrile in 50 mM
ammonium bicarbonate and dried in a speedvac evaporator. Each
dried gel piece was rehydrated with 4µl of 3 mM Tris-HCl, pH 9.0,
containing 50 ng trypsin (Promega, Madison, WI, USA). After 16h
at room temperature, 7µl of H2O were added to each gel piece
and the samples were shaken for about 10min. Four µl of 50%
acetonitrile, containing 0.3% trifluoroacetic acid and the standard
peptides des-Arg-bradykinin (Sigma, 904.4681Da) and adrenocor-
ticotropic hormone fragment 18–39 (Sigma, 2,465.1989Da) were
added to each gel piece and shaken as above. The application of the
samples was performed with a SymBiot I sample processor (PE
Biosystems, Framingham, MA, USA). 1.5µl of the peptide mixture
was simultaneously applied with 1µl of matrix, consisting of a
saturated solution of α-cyano-4-hydroxycinnamic acid (Sigma) in
50% acetonitrile, containing 0.1% trifluoroacetic acid. Samples
were analyzed in a time-of-flight mass spectrometer (Reflex 3,
Bruker Daltonics, Bremen, Germany). An accelerating voltage
of 20kV was used. Peptide matching and protein searches were
performed automatically with the use of in-house developed
software (Berndt et al., 1999). The peptide masses were compared to
the theoretical peptide masses of all available proteins from all
species. Monoisotopic masses were used with a mass tolerance of
0.0025%. Four matching peptides were required for an identity
assignment. Unmatched peptides or miscleavage sites were not
considered. The automatically identified proteins were checked
individually and only E. coli proteins with pI and Mr values close
to the theoretical were considered (a deviation of about 20% was
allowed).

Results

Analysis of the E. coli membrane proteins

The proteins of the E. coli cell envelope fraction were
separated by 2-D electrophoresis using pH 3–10 IPG
strips. Figure 1 shows the two-dimensional gel analysis
of the membrane proteins of the wild type and
Fig. 2 the analysis of the membrane proteins of a
transformant producing cytochrome P450 2E1 and
cytochrome P450 reductase. In both cases, 1mg of
total proteins were applied. In both gels, mainly the
same proteins were detected, but certain quantitative
and qualitative differences were also found which are
due to changes introduced in the transformed expres-
sion system and partially due to artifacts of the 2-D
electrophoresis technology.

394 different gene products were identified in the
membrane fraction using MALDI-MS, based on
peptide mass fingerprinting (Henzel et al., 1993). The
identity assignment relied on a minimal number of 4
matching peptides. In most cases, 5 to 9 matches were
found. Theoretical estimation for the probability of a
random identity assignment was usually lower than
10�5 and was related to the number of peptide matches
and consequently to the protein mass. The probability

of a wrong identification was practically zero when
the assignment was based on seven or more matching
peptides, which were usually generated from proteins
with a mass of about 50kDa or higher (Table 1).

About 66% of the proteins are enzyme subunits
with a broad spectrum of catalytic activities. The list
includes several classes of membrane proteins, like
outer membrane, iron-binding, transport, cell division
proteins and others. The outer membrane protein 3A
(OMPA) is one of the most abundant components
(Fig. 1 and 2). Several membrane ATP-binding com-
ponents were found, like ATP-binding protein
(OPPF) and the ATP-binding transport components,
phosphate-specific (PSTB), glutamine-transport
(GLNQ), maltose-transport system (MALK) and
hypothetical components of transport systems
(YECC, YHBG). Also several iron-binding proteins
(B1451, FDOH, FERA, FHUA), lipoproteins (NLPB,
PAL, YAEC) and receptors (vitamin B12 receptor
(BTUB), cocilin I receptor (CIRA), cyclic AMP
receptor (CRP), ferrichrome-iron receptor (FHUA),
iron transport receptor (B1451), maltose high affinity
receptor (LAMB), bacteriophage N4 receptor
(NFRA), bacteriophage T2 receptor (FADL) and
necleoside channel (TSX)), were detected. Table 1
also includes many hypothetical proteins and some of
them, like YAET and YEAF, are potential outer
membrane proteins.

When the cell envelope fractions of the trans-
formants were solubilized with the IEF-compatible
agents CHAPS, urea and thiourea, cytochrome P450
was not detected in the 2-D gels. Only a weak spot
representing cytochrome P450 reductase (NCPR) was
found (Fig. 2). Cytochrome P450 was probably not
dissolved in the mild detergents and chaotropes and
therefore we used strong, ionic detergents, i.e. sodium
cholate, sodium deoxycholate, SDS and LDS. For the
2-D electrophoretic analysis, the ionic detergents
were exchanged against the IEF-compatible deter-
gents CHAPS or Triton �100 (Fig. 3A and 3B,
respectively). When sodium cholate was used as a
solubilizing agent, cytochrome P450 2D6 (CPD6) was
represented by two strong spots, which were found at
the sample application positions. Cytochrome P450
reductase (NCPR) was also represented by spots
detected at the basic sample application position.
Except for the spots representing cytochrome P450
and cytochrome P450 reductase, in general, less and
weaker spots representing E. coli proteins were found
in the cholate extract (Fig. 3A and B) in comparison



22 M. Fountoulakis and R. Gasser

Fig. 1. Two-dimensional electrophoretic analysis of the cell envelope fraction of the E. coli proteins. The membrane proteins of the wild
type strain were solubilized with 7 M urea, 2M thiourea and 4% CHAPS and separated in a pH 3–10 nonlinear IPG strip, followed by an
11% SDS-polyacrylamide gel, as stated under Materials and methods. The gel was stained with Coomassie blue. The proteins were identified
by MALDI-MS and are designated with their ECOGP names or the accession numbers of other databases. The names of the proteins
together with analytical data are listed in Table 1
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Fig. 2. Two-dimensional electrophoretic analysis of the cell envelope fraction of the E. coli proteins. The membrane proteins of the E. coli
transformant producing recombinant human cytochrome P450 2E1 and cytochrome P450 reductase were analyzed as stated under legend
to Fig. 1. The gel was stained with Coomassie blue. The identities assigned are listed in Table 1
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with the urea/CHAPS extracts (Fig. 1 and 2). This
could be partially due to precipitation during the
detergent exchange. Spots representing cytochrome
P450 and cytochrome P450 reductase were also
detected when sodium deoxycholate, SDS or LDS
were employed for protein extraction. These spots
were weaker and a lower number of total spots were
detected in comparison with the cholate extraction
(data not shown).

In the basic region of the Triton �100 gel (Fig. 3B),
spots representing certain proteins were stronger
compared to the corresponding spots in the CHAPS
gels (Fig. 1, 2 and 3A), for example the spot repre-
senting inducible ATP-independent RNA helicase
(DEAD). Certain acidic or neutral membrane pro-
teins expressed in large amounts did not completely
enter the IPG strips, such as the outer membrane
protein 1A (OMPF, theoretical pI 4.60) and the outer
membrane protein 3A (OMPA, theoretical pI 6.38)
(Fig. 4). The spots representing certain basic proteins,
such as 50S ribosomal protein L1 (RPLA, theoretical
pI value 10.45), 50S ribosomal protein L2 (RPLB, pI
11.62) and others were detected beyond the applica-
tion position (Fig. 4).

In order to detect cytochrome P450 within the gels,
we used a two-dimensional, two-detergent system.
With this system, the proteins were separated in both
dimensions in polyacrylamide gels, in the presence of
two strong detergents, first of the cationic 16-BAC and
then of the anionic detergent SDS (Hartinger et al.,
1996). This system enhances the detection of proteins
of low solubility. It is compromised by the fact that
relatively few and often overlapping spots are
detected. As a reference we used an E. coli prepara-
tion producing outer membrane protein 1A (OMPF)
(Fig. 5A). Cytochrome P450 2D6 (P10635) was indeed
detected in the gel and was represented by at least
three spots, partially overlapping with the spots
representing ATP synthase F1 beta subunit (ATPD)
(Fig. 5B).

Hydrophobicity

Table 1 lists the grand average hydrophobicity
(GRAVY) values of the identified proteins, deter-
mined according to Kyte and Doolittle (1982), as well
as the theoretical transmembrane (TM) regions,
determined according to Klein et al. (1985). Positive
GRAVY scores indicate hydrophobic and negative
scores indicate hydrophilic proteins. The GRAVY

values are usually varying in the range �2. Figure 6A
shows the proteins identified in this study sorted
according to their GRAVY values. Most of the
proteins are hydrophilic and only about 40 proteins
have positive GRAVY scores. For comparison, the
total E. coli proteins were sorted according to their
GRAVY values (Fig. 6B). A larger percentage of total
proteins have positive GRAVY scores, which indi-
cates that hydrophobic proteins are underrepresented
in our list (and they show lower GRAVY scores).
Approximately 25% of the proteins of Table 1 carry

Fig. 4. Partial 2-D image showing the sample application position at
the basic end of the IPG strip. The cell envelope fraction of E. coli
wild type was solubilized with 7M urea, 2M thiourea and 4%
CHAPS. Certain proteins did not enter the IPG strip and remained
at the application position and certain migrated beyond the
application position towards the basic region. The vertical
arrowhead indicates the sample application position and the
horizontal arrowhead indicates the direction of isoelectric focusing
(toward lower pH values). The diffuse spots were generated on
account of the CHAPS
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Fig. 6. Hydrophobicity profiles of the E. coli proteins identified in
this study (A) and of all possible proteins of E. coli (B). The grand
average hydrophobicity values (GRAVY) were calculated using the
GCG PepPlot software, according to Kyte and Doolittle (1982).
Negative GRAVY scores denote hydrophilic and positive scores
hydrophobic proteins

transmembrane stretches, 100 proteins include one
theoretical transmembrane region, ten proteins carry
two and two proteins carry three predicted trans-
membrane domains. The 3-transmembrane-domain
proteins, polynucleotide phosphorylase and succinyl-
CoA synthetase beta chain, are really frequently
detected proteins. They have been found in 11 E. coli
samples out of the 21 analyzed by mass spectrometry
in our laboratory. The two-transmembrane-domain
proteins have been in average detected in 6 samples,
the one-transmembrane-domain proteins in four and
the proteins lacking a transmembrane domain in five
samples.

Subcellular location

The proteins found in the E. coli cell envelope fraction
(Table 1) should be theoretically membrane or
membrane-associated proteins (cytosolic proteins
could also be included as contaminants). Because a
relatively small percentage of them were hydrophobic

or were predicted to carry transmembrane domains,
we examined the subcellular location of these pro-
teins. Approximately 25% of the identified gene
products had been annotated as membrane proteins in
the SWISS-PROT database, 24 as periplasmic, 22 as
outer membrane and 50 as membrane, membrane-
associated, membrane-attached or integral membrane
proteins (Table 1). 76 proteins had been annotated
as cytosolic proteins. However, for 10 proteins,
annotated as cytosolic, transmembrane domains
have been predicted according to Klein et al. (1985),
for nine proteins one transmembrane domain and
for one protein (polynucleotide phosphorylase) three
transmembrane domains. For 222 (56%) proteins, no
annotation existed in the SWISS-PROT database
concerning their subcellular location (stand May
2001). About 26% of the non-annotated proteins
were predicted to be integral membrane proteins, 50
of them carrying one transmembrane domain, seven
two domains and one protein three transmembrane
domains (Table 1).

Approximately 80% of the annotated membrane or
membrane-associated proteins were found in the
CHAPS extract (many of them in the cholate and the
two-detergent system as well). The use of the two-
detergent system resulted in the detection of 15
additional proteins which are annotated as integral
membrane proteins or as attached to the outer mem-
brane with a lipid anchor, such as trat complement
resistance proteins, which were not detected with the
use of IPG strips. In the cholate extract, four mem-
brane or membrane-associated proteins were detected
which were not found in the CHAPS extract. For the
other proteins exclusively detected in cholate extract,
no annotation about their subcellular location existed
in the SWISS-PROT database.

Discussion

Our goal was (i) to study the limitations of the
proteomics technologies in detecting membrane
proteins and (ii) to find out what proteins are really
included in a membrane preparation used in bio-
chemical laboratories. Our results could provide a
reliable answer to these questions on the basis of a
broad statistical analysis. Moreover, we compared
experimental, annotated and predicted data concern-
ing protein hydrophobicity and subcellular location.
Here we consider as membrane proteins the integral
membrane proteins, i.e. these carrying one or more
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(predicted) transmembrane domains and the others
are designated as membrane-associated proteins.

The membrane fraction used in this study was
prepared by centrifugation and pellet washing steps,
and essentially included the cell envelopes, i.e. cell
wall and cytoplasmic membrane proteins without
further enrichment for membrane proteins, for
example by carbonate incubation (Molloy et al., 2000).
We further included human cytochrome P450s.
Cytochrome P450 2D6 is a hydrophilic protein
with a GRAVY score of �0.283 and one predicted
transmembrane region (Fig. 7). This protein, which
could be efficiently solubilized with strong detergents
only, did not enter the IPG strips and could be only
visualized in a separation system employing two strong
detergents (but not an IEF step).

Approximately one fourth of the 396 proteins
detected in our membrane fraction were predicted to
be integral membrane proteins, carrying mainly one
transmembrane domain. Similarly, about one fourth
of these proteins have been annotated in the SWISS-
PROT database as membrane proteins, however, not
always the same species. About 60% of the predicted
integral proteins have been annotated as membrane,
membrane-associated or periplasmic proteins, about
10% as cytosolic and for the rest no information
existed. Probably a significant percentage of the not
annotated species of this study are in fact membrane
proteins (68 out of the 222 proteins with no annotation
include one predicted TM region). The GRAVY
values provide an indication of the hydrophobicity of
the proteins, however, they do not help predicting the
subcellular location of the protein (about half of the
40 proteins with positive GRAVY values carry pre-
dicted transmembrane domains). Most of the proteins
identified in this study, even those predicted to carry
transmembrane domain(s), are hydrophilic (Table 1).

Fig. 7. Hydrophobicity profile of human cytochrome P450 2D6, according to Kyte and Doolittle (1982). The protein is really a hydrophilic
with a GRAVY score of �0.238

Our results showed that only 10% of the proteins
detected in the membrane fraction have positive
GRAVY values, i.e. they are hydrophobic. Most
likely, the local hydrophobicity in protein stretches is
essential and determines whether the protein will
enter the IPG strip or not. Strong hydrophobic
stretches are probably responsible for lack of
detection of cytochrome P450s in 2-D gels.

We found several discrepancies between annotated
and predicted data concerning the protein subcellular
location. For ten of the proteins annotated as cytosolic
in the SWISS-PROT database, transmembrane regions
have been predicted using the GCG PepPlot tool
(Klein et al., 1985), for example for acetate kinase
and enolase, one transmembrane region has been
predicted. LAMB had been annotated as spanning
the membrane 18 times, however, only one theoretical
transamembrane region has been predicted. Similarly,
the receptor of bacteriophage T2, which is involved in
the transport of long-chain fatty acids across the outer
membrane (FADL), is annotated as an integral
membrane protein with several potential transmem-
brane domains. For this protein, a negative GRAVY
value (�0.299) was calculated and no transmembrane
stretch was predicted (Table 1). Therefore, results
derived from predictions should be considered with
caution. In our cell envelope fraction, proteins were
detected which are annotated as cytosolic in the
SWISS-PROT database. This may mean that our
membrane preparation had not been subjected to suf-
ficient washing steps, that certain proteins are possibly
membrane-associated and that the original preparation
included a higher number of proteins carrying hydro-
phophobic domains, which did not enter the IPG strips
and consequently have not been detected.

The present database is one of the largest for E.
coli proteins, including 72 membrane or membrane-
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associated proteins and probably many additional
membrane proteins not annotated yet. It includes the
high molecular mass proteins YAET (91kDa), FIMD
(96kDa), FLU (111kDa), NFRA (111kDa) and
NARG (141kDa), which are annotated as outer mem-
brane or membrane-associated proteins and which
often do not enter the IPG strips. About 110 proteins
detected in our previous list of E. coli proteins bound
to hydroxyapatite (Fountoulakis et al., 1999) are in-
cluded in Table 1 and also about 100 proteins detected
by Link et al. (1997) and 25 proteins found by Molloy
et al. (2000). Application of strong solubilizing
substances, such as cholate and 16-BAC, resulted in
the efficient detection of at least 20 membrane proteins
not detected employing the IEF-compatible agents.
The detection of a large number of membrane pro-
teins, potential and confirmed, brings us a step ahead in
identifying low-abundance, membrane-spanning drug
targets. In general, analysis of the proteins of a mem-
brane fraction increases the likelihood of detecting
membrane species by ten-fold compared to the total
protein analysis (Fountoulakis and Takács, 2001).

In summary, we applied proteomics technologies
to analyze a standard preparation of E. coli highly
enriched in membrane proteins. In the cell envelope
fraction, we identified 394 different gene products,
including human cytochrome P450s and cytochrome
P450 reductase, expressed in E. coli transformants.
Approximately one third of the proteins were pre-
dicted to be integral membrane and membrane-
associated, carrying one to three transmembrane
domains. For 56% of the proteins, no annotation
about their subcellular location existed in the SWISS-
PROT database. About 25% of the annotated pro-
teins of this study are membrane and 20% cytosolic
proteins. Strong detergents were useful in the detec-
tion of membrane and membrane-associated proteins.
The GRAVY scores appear insufficient for prediction
of a subcellular location. For certain proteins there
were discrepancies between predicted transmembrane
domains and annotated subcellular location. Our
results show that membrane preparations are usually
contaminated with cytosolic proteins and that the
currently existing knowledge about protein subcellular
location is limited even in well-studied organisms.
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