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ABSTRACT In a further effort to obtain functional expres-
sion of the bacterio-opsin gene (bop) in Escherichia coli, the bop
gene with E. coli signal sequences as well as the bop gene with
the native presequence were expressed in E. coli. The location
of the expressed products in the E. coli cell and their processing
and folding to a structure that binds retinal as in Halobacterium
halobium were investigated. All the expressed proteins were in
the membrane. The proteins were largely unprocessed, and
they were distributed between the outer and the inner mem-
brane. The processed fractions, which were minor, were
exclusively in the inner membrane. The processed proteins
bound exogeneously added all-trans-retinal but only partially,
indicating that these proteins were present in at least two folded
states.

Bacteriorhodopsin (bR), a transmembrane protein in the
purple membrane of Halobacterium halobium, serves as a
light-driven proton pump. It contains a single polypeptide
chain of 248 amino acids with seven putative helical segments
(Fig. 1) and a molecule of all-trans-retinal as the chro-
mophore. The latter is linked to the E-amino group ofLys-216
(1, 2) as a Schliff base. The gene for bacterio-opsin (bop) in
H. halobium contains a presequence of 13 amino acids at the
N terminus (3). For structure-function studies ofbR, we have
expressed the bop gene and its mutants in Escherichia coli
after removal of the presequence and the addition of an
N-terminal methionine codon (4) (Fig. 1). The expressed
proteins, which are isolated in denatured form, renature and
regenerate bR-like chromophores with exogeneous retinal in
detergent/lipid mixtures. To our knowledge the location and
state of the expressed bacterio-opsin (bO) in vivo in E. coli
have not been studied so far. If bO expressed in E. coli were
to exist in correctly folded form in the cytoplasmic membrane
and would bind all-trans-retinal to regenerate functional bR,
a light-dependent proton pump would thus become available
for biophysical studies in E. coli. In investigating this possi-
bility, we have asked the following questions. (i) Where is the
expressed bO located in E. coli? (ii) Does it insert in the
membrane? If so, is it in the cytoplasmic membrane only or
is it in both the cytoplasmic and the outer membrane? (iii)
What is the influence of the E. coli signal sequences on the
location of bO? Are the signal sequences processed? (iv)
Does bO or its fusions with the signal sequences fold in E. coli
as in H. halobium so as to regenerate the chromophore with
all-trans-retinal and carry out light-dependent proton trans-
location? As we report below, bO and the related proteins in
E. coli indeed are in the membrane, but they are distributed
between the inner and outer membranes. The proteins con-
taining the added E. coli signal sequences remain largely

unprocessed and are distributed between the inner and the
outer membrane. The fractions of the proteins that are
processed are located exclusively in the inner membrane.
These fractions bind retinal but only partially. Finally, we
studied the possible effect of the presequence in the native
bop gene in H. halobium on the expression and processing in
E. coli. Extensive degradation of the expressed protein was
observed, the presequence was not cleaved, and the protein
did not fold so as to bind retinal.

MATERIALS AND METHODS
Bacterial Strain and Expression System. A T7 RNA poly-

merase-dependent expression system (5) was used. The E.
coli strain used was W3110 (F-, rk-, mk+)lacIq harboring
two plasmids, pACT7 and pT7BO4. Plasmid pACT7 carries
a kanamycin-resistance gene and a T7 phage RNA polymer-
ase gene under the control of the lac promoter. Plasmid
pT7BO4 carries an ampicillin-resistance gene (bla) and the T7
class III promoter followed by the bO gene, which encodes
an N-terminal methionine codon and the amino acid sequence
of bO (4, 6). To express bO, cells were grown in LB medium
and induced by addition of 2 mM isopropyl 3-D-thiogalacto-
side (Sigma) and then further grown for 1-2 hr. To obtain
preparative amounts of bO, rifampicin was added to a con-
centration of 20 ,g/ml 1-2 hr after induction, and the cells
were grown for another 2 hr. Rifampicin did not influence
localization and folding of bO, the fusion protein of bO with
E. coli outer membrane protein (Omp-bO), the fusion protein
of bO with E. coli lipoprotein (Lpp-bO), or bO with the H.
halobium presequence (Hh-bO).
Methods. Experimental procedures for immunoprecipita-

tion of bO from SDS-solubilized membranes (4) and purifi-
cation of bO polypeptides from dry membranes were as
described (7). For immunoprecipitation, polyclonal anti-bO
antibody was used, whereas, for immunoblots, monoclonal
antibody BR114 (8) was used.

Signal Peptide Cleavage in Vitro. Solubilized E. coli signal
peptidase I (1 mg/ml) was a gift from William Wickner
(University of California, Los Angeles). Omp-bO (20-50 pug)
in 100 ul of 1% dimyristoyl phosphatidylcholine/1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate/50
mM sodium phosphate buffer, pH 7.0, was incubated with
2-10 ,ug of the leader peptidase at 230C for 4 hr.

Abbreviations: bR, bacteriorhodopsin; bO, bacterio-opsin; Hh-bO,
bacterio-opsin with the Halobacterium halobium presequence;
Omp-bO, fusion protein ofbO with Escherichia coli outer membrane
protein; Lpp-bO, fusion protein of bO with E. coli lipoprotein.
*This is paper no. XI in the series "Structure-Function Studies on
Bacteriorhodopsin." Paper no. X is ref. 30.

§Present address: Protein Engineering Research Institute, Osaka,
Japan.
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FIG. 1. A model for the secondary structure of bR as present in
the purple membrane. Retinal is attached to Lys-216 located in
transmembrane helix G.

Labeling of Lpp-bO with [3H]Palmitic Acid. For palmitic
acid labeling ofLpp-bO, exponentially growing E. coli W3110
cells were exposed to 25 uCi (1 Ci = 37 GBq) of [3H]palmitic
acid (30 Ci/mmol; NEN) per ml for 20 min. Globomycin (100
,ug/ml) was added to the culture 10 min before induction.

Location of bO in Cells and in Membrane Fractions. (i)
Alkaline treatment of E. coli cells. Induced cells were incu-
bated with 0.1 M NaOH on ice for 30 min and then centrifuged
for 15 min to separate the alkali-soluble and -insoluble
fractions (9). Both fractions were precipitated by trichlora-
cetic acid and analyzed by immunoblotting.

(ii) Total membrane preparation. The total membrane
fraction was prepared by lysozyme/EDTA treatment fol-
lowed by osmotic lysis and further ultracentrifugation at
210,000 x g for 2.5 hr as described (10). bO in the fractions
was analyzed by immunoblotting.

(iii) Flotation sucrose density gradient centrifugation. To-
tal membranes (670 jzg of protein), prepared as above, were
suspended in 2 ml of 58% (wt/wt) sucrose/5 mM EDTA/10
mM Tris acetate, pH 7.8, and the mixture was applied on a
0.5-ml cushion of 67% (wt/wt) sucrose at the bottom of a
tube. After centrifugation at 36,000 rpm in a Beckman SW40
rotor for 70 hr, the membrane fractions at different densities
were collected in 40 fractions from the bottom to the top (11).

(iv) Sucrose density gradient centrifugation. The total
membranes prepared as above were further fractionated on a
sucrose gradient (10), and fractions were assayed as de-
scribed above.

(v) Triton/Mg2' solubilization. The total membranes (100-
500 ,ug of protein) were incubated in 100 ml of 2% (vol/vol)
Triton X-100/30mM MgCI2/50mM Tris HCl, pH 8.0, at 23TC
for 20 min. After centrifugation at 18,000 x g for 30 min at
4TC, the pellets were suspended in the above buffer, incu-
bated again, and centrifuged (12, 13). The first and second
soluble fractions and the insoluble fraction were analyzed.

[3H]Retinal Binding. All-trans-[15-3H]retinal (1.1 Ci/mmol)
was prepared from all-trans-retinal (Sigma) and NaB3H4 (20.9
Ci/mmol; Amersham) as described (14). This was used in
binding to bO and related proteins under regeneration con-
ditions.

(i) [3H]Retinal binding in vitro. [3H]Retinal in ethanol was
added to 0.2-0.7 ,M cytoplasmic membranes suspended in
buffer at pH 6.0, and the membranes were incubated at room
temperature for 2 hr in the dark. After centrifugation, the
membranes were suspended in 0.5 ml of 2 M Tris-HCl (pH
8.0). To the suspension was added 2.5 mg of NaBH4 in 25 ,l
ofH20 every 15 min for 1 hr at 0°C under the light ofa Kodak
model 800 slide projector equipped with a Schott OG530
filter. After dilution with 4 ml of 50 mM phosphate buffer (pH

6.0), the membranes were collected by centrifugation, ana-
lyzed by SDS/PAGE, and visualized by fluorography.
[3H]Retinal binding without NaBH4 treatment did not give
any positive bands by fluorography.

(ii) 13HJRetinal binding in vivo. [3H]Retinal (1 ,uM) was
added to a culture of E. coli cells 30 min before induction.
Two hours after induction, cells were harvested and the total
membranes were prepared and further treated with NaBH4 as
described above. [3H]Retinal-labeled bO from purple mem-
brane was obtained as described earlier (15).

Purification and CNBr Cleavage of [3H]Retinyl-bO from E.
coli Membrane. E. coli membranes containing [3H]retinyl-bO
reduced with NaBH4 as described above were then purified
by BR114 immunoaffinity column chromatography or pre-
parative SDS/PAGE. The CNBr cleavage of purified [3H]-
retinyl-bO was carried out, and cleavage products were
analyzed by SDS/7 M urea/12.5% PAGE (14).

Regeneration ofbR with E. coil Phospholipids. E. coli crude
phospholipids were prepared from strain W3110 according to
Bligh and Dyer (16) and used instead of dimyristoyl phos-
phatidylcholine in standard regeneration of bO (15).

RESULTS
Expression of bO, Omp-bO, Lpp-bO, and Hh-bO in E. coil.

bO, Omp-bO, Lpp-bO, and Hh-bO (Fig. 2) were expressed by
the procedure described previously (4, 17). As determined
earlier, >70% of bO, but only about 20% of the expressed
Omp-bO and Lpp-bO, was degraded in E. coli. Hh-bO was
degraded extensively. The proteins formed are shown in Fig.
3.

Characterization of the in Vivo Expression Products: Lim-
ited Cleavage of Signal Sequences. The signal sequence of
Omp-bOI was not cleaved in E. coli, whereas the signal
sequence of Omp-bOII was cleaved only to an extent of
5-10% (Fig. 3A). The low level ofprocessing in the Omp-bOII
fusion protein could be due to the lack of proper translocation
of the signal sequence across the cytoplasmic membrane or
due to the lack of the structure required for recognition by the
signal peptidase. Processing of the signal sequences by the
purified signal peptidase I was studied in detergent micelles
(18, 19). No cleavage of the signal sequence in Omp-bOI was
observed. On the other hand, Omp-bOII was cleaved com-
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211 248
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1-COmpA -.1
1211 81 248

II . MKKTAIAIAVALAGFATVAQAAPKDNTWYQAQITGRP ..............S

LPP-bO
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FIG. 2. Sequence of the leader peptide and the linker segments
attached at the N terminus of bO. Mature bO (Gln-1 to Ser-248)
contains only an N-terminal formylmethionine when expressed in E.
coli. Omp-bOI contains a fusion of the OmpA signal peptide se-
quence with mature bO, and Omp-bOIl contains the signal and 8
amino acids of mature OmpA fused to bO. In Lpp-bO, mature bO
(Ala-2 to Asp-249) is present. The Cys-20 residue gets modified with
a dipalmitoylglyceryl moiety. Hh-bO contains the 13-amino acid
presequence that is present in the bop gene of H. halobium. The
anticipated cleavage site for signal peptidase is shown by the
horizontal arrow in each construct.
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FIG. 3. Expression and processing ofbO, Omp-bO, Lpp-bO, and
Hh-bO. (A) bO and its fusion proteins, Omp-bOI and Omp-bOll,
expressed in E. coli were visualized by immunoblotting. (B) Cleavage
in vitro of Omp-bO polypeptide by signal peptidase I. In each case
the protein incubated with (+) and without (-) leader peptidase is
shown. (C) The immunoprecipitate of [3Hfpalmitate-labeled Lpp-bO
with rabbit polyclonal anti-bR antibody is shown. For labeling E. coli
with the vector, pIN-bO3 in the presence of 2 mM isopropyl
,8-D-thiogalactoside and in the presence of isopropyl /8-D-
thiogalactoside and globomycin (100 Ag/ml) were used. The im-
munoprecipitates with nonimmune serum (lane 1) and with anti-bR-
antibody (lane 2) of Lpp-bO are shown. Inhibition of processing by
globomycin for 10 min (lane 3) and 30 min (lane 4) was followed. (D)
Immunoblot of Hh-bO expressed in E. coli is compared with bO,
Omp-bOI, and Omp-bOII.

pletely (Fig. 3B). Further, in a mixture of Omp-bOI and
Omp-bOII, only Omp-bOII was cleaved by the signal pepti-
dase. It therefore appears that the failure to cleave Omp-bOI
is due to the incompatible structure generated by the fusion
of Omp with bO. Further, the partial cleavage in vivo of
Omp-bOII must be due to incomplete translocation across the
cytoplasmic membrane.

Cleavage of Lpp Signal Sequence Is Partial. The cleavage of
the Lpp signal sequence in E. coli occurs in several steps,
which involve modification and acylation at Cys-20 (20). The
process can be followed with radioactive fatty acids. When E.
coli cells expressing Lpp-bO (17) were grown in a minimal
medium supplemented with [3H]palmitic acid, Lpp-bO ap-
peared as a doublet (Fig. 3C). The two bands showed a
precursor-product relation in pulse-chase experiments with
palmitic acid. The formation of the processed band was
completely abolished by globomycin, which inhibits the
signal peptidase 11 (20, 21). The peptidase II is specific for
processing the signal sequence of E. coli lipoprotein (Lpp).
We conclude that Cys-20 in the Lpp signal sequence is

modified normally but that the cleavage of the signal se-
quence is only about 50% (Fig. 3C) and processed bO retains
the eight N-terminal Lpp amino acids as well as the five linker
amino acids.
The Presequence in Hh-bO Is Not Processed in E. coli. The

signal sequences investigated above in bO expression were
heterologous to the archaebacterial bop gene. As a contrast,
expression of the bop gene with the native presequence in
bop gene was carried out. Hh-bO, containing the 13-amino
acid presequence (Fig. 2), was extensively degraded (about
80% of total) in E. coli. The presequence was not processed
in the protein that survived (Fig. 3D).
The Expressed bO Proteins Are Located in E. coli Mem-

branes. Three different techniques were applied to investi-
gate the location of bO and modified bO polypeptides. First,
ultracentrifugation of E. coli cell lysates yielded membrane
pellets containing all of the bO proteins expressed. Further,

when E. coli expressing bO was treated with alkali and the
mixture was centrifuged, bO was recovered mostly in the
pellet fraction. Further evidence that bO was in the mem-
brane was obtained by flotation sucrose gradient centrifuga-
tion (22) in which bO floated with the membranes from high
density to low density.
bO in E. coli Is in Both Cytoplasmic and Outer Membranes.

Localization of bO in E. coli membranes was further studied
using the following two methods for the separation of the
cytoplasmic and outer membranes. The total E. coli mem-
branes were separated by sucrose density gradient centrifu-
gation analysis (10). The results are shown in Fig. 4A. bO was
present in both the outer membrane (fractions 6-10) and the
cytoplasmic membrane (fractions 23-30) fractions.
Although the sucrose gradient centrifugation experiment of

Fig. 4A gave clear separation of cytoplasmic and outer
membrane, the possibility that an overproduced, hydropho-
bic, foreign protein such as bO in E. coli might behave
differently from endogeneous membrane proteins existed.
The experiment with the E. coli membrane containing
Lpp-bO excludes this possibility. Membranes from Lpp-bO
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FIG. 4. Isopycnic sucrose density gradient centrifugation of the
E. coli total membranes containing bO (A) and Lpp-bO (B). The
sucrose concentration of the stepwise gradient is given at the top.
The total membrane samples were layered on the top of the gradient
and subjected to centrifugation and analyzed as described in Mate-
rials and Methods. NADH oxidase is a marker for the E. coli inner
membrane and OmpA is a marker for the outer membrane. In B, the
distributions of processed Lpp-bO (A) and unprocessed Lpp-bO (o)
are shown separately, and the Inset shows the results of immuno-
blotting following SDS/PAGE of fractions 8 (outer membrane) and
37 (cytoplasmic membrane) and total membrane.
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expressed in E. coli contain a mixture of processed and
unprocessed Lpp-bO. As shown in Fig. 4B, unprocessed
Lpp-bO was distributed between the outer and the cytoplas-
mic membrane. Outer membrane contained 22% of the un-
processed Lpp-bO and no processed Lpp-bO. The cytoplas-
mic membrane fraction also contained unprocessed form but
all of processed form of Lpp-bO. The processed form cor-
responded to 70% of the Lpp-bO in the cytoplasmic mem-
brane. This indicates that the isopycnic sucrose density
gradient gives the outer membrane essentially free of the
cytoplasmic membrane. Thus, the bO without a signal se-
quence observed in the outer membrane fraction is not due to
the contamination of the outer membrane with the cytoplas-
mic membrane, which has been found in the case of some
other foreign proteins expressed in E. coli (23). Further,
Omp-bOII, which was also processed partially, but contained
about 10-fold more unprocessed protein, behaved like Lpp-
bO.

It is known that, of the two membranes of E. Ccli, the
cytoplasmic membrane can be selectively solubilized by
Triton X-100 in the presence of Mg2+ (12, 13). The total E.
coli membranes were separated into Triton X-100-soluble and
-insoluble fractions, and localization of bO was tested. Ex-
amination by SDS/PAGE showed a number of proteins with
a wide range of molecular weights in the soluble fraction. The
insoluble fraction contained the typical outer membrane
proteins, such as OmpA and OmpF/C. The distribution ofbO
in the two membrane fractions was analyzed. Triton X-100
solubilized 30-45% of the total bO while the rest was in the
insoluble pellet, indicating that bO was present in both of the
two membranes. Fractionation of Lpp-bO expressing cell
membranes showed that the cytoplasmic membrane con-
tained essentially all of processed Lpp-bO and some unproc-
essed Lpp-bO. The Triton-insoluble fraction contained only
unprocessed Lpp-bO (data not shown).

Binding of Retinal to Lys-216 of bO in E. coli Membranes.
Does the bO in E. coli membrane fold so as to bind all-trans-
retinal and to form a Schiff base with Lys-216? Retinal
binding to bO in growing cells and in fractionated cytoplasmic
membrane was examined by reduction of the Schiff base
linkage with NaBH4 by the procedures described earlier (14).
The cytoplasmic membrane preparation contained bO at a

level of 1% of the total membrane protein. Although a number
of radioactively labeled bands formed the background, the
presence of a strong radioactive band at a position corre-
sponding to bO was unambiguous (Fig. 5). This band was
characterized as bO as follows. (i) When the same experi-
ment was carried out with Omp-bOl or Lpp-bO, the mobility
of this radioactive band corresponded to that ofOmp-bOI and
Lpp-bO, which was slower than bO. (ii) The protein in the
labeled bO band could be purified by immunoaffinity chro-
matography (17) with the monoclonal anti-bO antibody
(BR114) (9). (iii) Gel-purified protein from this band showed
a CNBr cleavage pattern identical to that given by bO (14).
Similar characterizations were done for all modified bO
fusion proteins as well.
The efficiency of [3H]retinal binding to bO was about 1%,

based on the 3H-specific activity and the amount of bO
determined by immunoblotting. The bO band bound about
2% retinal in the cytoplasmic membrane fraction while the
outer membrane fraction bound about 0.7% retinal (Fig. 5).
Addition of retinal to whole cells yielded few other labeled
proteins in addition to bO.

E. coli cells expressing Lpp-bO were grown in the presence
of exogeneously supplied all-trans-[3H]retinal and treated
with NaBH4 to reduce the retinylidene Schiff base. Fraction-
ation of the membranes showed that the protein carrying
C3H]retinal was located predominantly in the cytoplasmic
membrane and its mobility on SDS gels corresponded to that
of the processed Lpp-bO (Fig. 5). The amount of processed
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FIG. 5. Binding of [3H]-all-trans-retinal to Lpp-bO in situ. (A and
B) Binding of [3H]retinal to bO in two preparations of E. coli
cytoplasmic membrane in vitro. Lane 1, [3H]retinyl-bO prepared
from purple membrane; lanes 2 and 3, 20 ,ug and 40 jig of E. coli
membrane protein after [3H]retinal binding and NaBH4 reduction.
(C) Lane 4, immunoblot of Lpp-bO.

Lpp-bO was 30% of the total Lpp-bO and of this only about
20% bound retinal. Less than 1% of the unprocessed Lpp-bO
bound retinal. Similar experiments and estimation of retinal
binding indicated that 40%o of processed Omp-bOII and Q.8%
of unprocessed Omp-bOII in the cytoplasmic membrane
fraction bound the chromophore. The fraction of the unproc-
essed Omp-bOll in the outer membrane that bound retinal
was about 1% (data not shown).
Attachment Site of [3HJRetinal to bO in E. coli Is Lys-216.

Previously, the binding site of retinal in native bO has been
shown to be Lys-216 by CNBr degradation of the NaBH4-
reduced bR followed by characterization of the C-terminal
polypeptide (amino acid 210 through amino acid 248) (14). In
the present work, [3H]retinyl-bO in E. coli membranes was
purified by immunoaffinity chromatography and reduced
with NaBH4. Analysis of CNBr cleavage peptides by SDS/7
M urea/12.5% PAGE and subsequent fluorography showed
that, like the native bO, bO from the E. coli membranes
contained the radioactivity originating from [3H]retinal in the
C-terminal cyanogen bromide-generated peptide CN6 (resi-
dues 210-248). Since Lys-216 is the only lysine in this
fragment, the binding site of [3H]retinal in bO must be
Lys-216 (data not shown).

DISCUSSION
A light-driven proton pump inserted into the E. coli cyto-
plasmic membrane in the correct orientation would open up
a variety of opportunities for biophysical studies, including a
simple method for screening of bR mutants. With these aims,
we studied systematically (i) the expression of the bop gene
with and without E. coli signal sequences as well as the
expression of the bop gene containing the H. halobium
presequence, (ii) the location ofthe expressed products in the
cell, and (iii) the binding of all-trans-retinal to obtain func-
tional bacteriorhodopsin, which would show that in E. coli
the opsin folds as it does in H. halebium to form the retinal
binding pocket.
The bop gene was first expressed without an N-terminal

signal sequence except for the initiator methionine codon (4)
(Fig. 1). This situation is analogous to a number of E. coli
integral membrane proteins that are expressed without signal

8958 Bioc'hemistry: Karnik et al.
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sequences and are integrated into the cytoplasmic mem-
brane. Degradation of expressed bO was extensive (4), but
the fraction that survived was homogeneous; surprisingly, it
was distributed between the cytoplasmic and the outer mem-
brane, and only a very small fraction (1-2%) of the total
protein bound retinal.

Expression of the bop gene was next studied after adding
E. coli OmpA and the Lpp signal sequences (Fig. 2). Both
signal sequences protected the expression products from
degradation and, in both cases, the products were distributed
between the inner and outer membranes. The OmpA se-
quence in Omp-bOI was not' cleaved at all. The use of the
modified OmpA signal sequence (Omp-bOII) led only to
partial (15%) cleavage of the signal sequence even though, in
vitro, the signal peptidase cleaved the Omp-bOII sequence
completely to form bO. The processed bO formed in vivo
from Omp-bOII was exclusively in the cytoplasmic mem-
brane as found for the processed Lpp-bO. The unprocessed
Omp-bO bound retinal again to only 1-2%, whereas' the
processed bO bound retinal to about 20%. This showed that
the processed bO was present in at least two differently
folded states.
The Lpp signal sequence is specifically cleaved by signal

peptidase II (21). Ghrayeb and Inouye (24) showed that for
the cleavage of the Lpp signal sequence only the eight amino
acids at the N terminus of the Lpp structural gene were
required (24) for the action of the peptidase. On expression
of the Lpp-bO construct (Fig. 2), about 50%6 of the Lpp signal
sequence was cleaved; the processed bO contained 13 extra
amino acids at the N terminus (Fig. 2). All of the processed
bO was in the cytoplasmic membrane, but only 20%o of it
bound retinal. Thus, as found above for the Omp-bQII
protein, the protein existed in two differently folded 'states.
The possibility was tested that the H. halobium bR prese-

quence (Fig. 2) might have a decisive influence on the folding
of the transmembrane protein. The bop gene with the pre-
sequence was expressed in E. coli. As described above,
degradation of the expressed protein was extensive, and its
behavior, location, and low retinal binding were very similar
to those described above for other bO proteins. Finally, the
possibility was considered that the very low binding of retinal
to bO and related proteins expressed in E. coli might be due
to the phospholipids in these membranes. E. coli lipids were
substituted in the standard in vitro procedure for folding and
regeneration of bR (see Materials and Methods). E. coli
phospholipids were fully effective in bR folding, retinal
binding, and regenerating the bR-like chromophore.
Thus, a major surprise in the expression of bO in E. coli has

been that bO does not fold to the conformation that'is present
in H. halobium and that binds retinal. In in vitro procedures
using detergent/phospholipid micelles, bO and a large variety
of its mutants have been shown to fold to the conformation
that binds retinal. There is clearly a difference between the in
vitro reconstitution in which one starts with a completed
molecule and presents it to a detergent/phospholipid mileu
and the in vivo situation in which the protein is inserted into
the membrane by mechanisms not well understood (25, 26).
Genetic studies in E. coli on the secretion and transport of E.
coli periplasmic and outer membrane proteins have demon-
strated the involvement of a number of secretory gene
products (27-29). Although requirements of such factors for
the insertion and folding of polytopic transmembrane pro-
teins such as -bO are not known, it seems likely that one
reason for the present results could be the lack of recognition
of our proteins by one or more of the secretory factors.
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