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The uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP) was used to investigate membrane
protein assembly in the phototrophic bacterium Rhodobacter capsulatus. As found for Escherichia coli (T. Date,
G. Zwizinsky, S. Ludmerer, and W. Wickner, Proc. Natl. Acad. Sci. 77:827-831, 1980) and mitochondrial
proteins (N. Nelson and G. Schatz, Proc. Natl. Acad. Sci. USA 76:4365—4369, 1979), assembly across the
bacterial photosynthetic membranes was sensitive to CCCP. At uncoupler concentrations which were sufficient
to block the export of the periplasmic cytochrome ¢, and an outer membrane protein, the integration of
pigment-binding protein into the photosynthetic apparatus was abolished. The unassembled protein was
detected on the inner surface of the intracytoplasmic membrane. After inactivation of CCCP, accumulated
protein continued insertion into the membrane. The data suggest that after binding to the cytoplasmic face of
the membrane (i), translocation of protein into a transmembrane orientation takes place (ii), which is a
prerequisite for the formation of a functional pigment-protein complex (iii).

Assembly of protein into and across biological membranes
has been studied in various organisms, organelles, and in
vitro systems (for a recent review, see reference 37). Multi-
ple mechanisms were found when either eucaryotic or
procaryotic membranes were examined (reviewed in refer-
ences 30 and 37). In spite of the differences, three basic
themes for a protein’s insertion across membranes became
evident: (i) membrane recognition, (ii) translocation through
the hydrophobic core, and (iii) maturation. Particularly with
Escherichia coli, it was firmly established that the mainte-
nance of proton motive force is crucial for the translocation
step in protein export (6, 7, 17, 41).

In E. coli, proton motive force can direct not only the
translocation of exported proteins but also trans-bilayer
polypeptides of the cytoplasmic membrane, such as M13
major coat protein and leader peptidase (38, 41). Little
information exists for other bacteria. Here we present data
for a rather distantly related group, the gram-negative purple
bacteria (22). These organisms have both the photosynthetic
and respiratory energy-conserving machinery in a system of
cytoplasmic and intracytoplasmic membranes (reviewed in
reference 29). This higher degree of compartmentation com-
pared with other gram-negative bacteria and the versatility
of the purple bacteria in potential energy conservation make
these organisms interesting candidates for the study of
membrane assembly.

The special intracytoplasmic membranes are the domain
of the bacterial photosynthetic apparatus (29). They are
strikingly enriched in pigment-binding proteins (PBP), which
are intrinsic proteins in a transmembrane orientation (8, 15,
25). In a fixed stoichiometry, usually two different polypep-
tide subunits bind noncovalently the photopigments bacteri-
ochlorophyll and carotenoids to form a specific pigment-
protein complex of the photosynthetic machinery (15). The
DNA and protein sequences are already known for most of
the polypeptide subunits (34, 39, 40). They are synthesized
without a cleaved amino-terminal leader (signal) sequence.
Individual steps of their membrane assembly have not been
demonstrated.
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The biosynthesis of one prominent PBP, the a subunit of
the large antenna complex B800-850 of Rhodobacter
capsulatus has recently been studied in vitro (10). This
protein is a 60-residue polypeptide with a central hydropho-
bic stretch flanked on either side by polar domains (34). Its
characteristic transmembrane orientation (28, 33) suggests
the requirement for a specific translocation event. In vivo,
its assembly into complexes was found to be dependent on
continuing protein synthesis (11). However, the nature of the
synthesis coupling was unknown. In the present study we
have examined the integration of the protein into the mem-
brane and its assembly into functional antenna complexes
when carbonylcyanide m-chlorophenylhydrazone (CCCP)
was employed to lower the proton motive force (26).
Translocation of the B800-850 « subunit and of two exported
proteins is blocked by the uncoupler. This block also pre-
vents the assembly of a functional pigment-protein complex
and suggests an order for these membrane assembly events.

MATERIALS AND METHODS

Materials. Proteinase K was from Merck, Darmstadt. M,
standard proteins (Combithek) were from Boehringer Mann-
heim. Phenylmethylsulfonyl fluoride (PMSF) and insoluble
protein A were from Sigma, Munich. [**S]methionine (1
Ci/pmol) and the fluorographic reagent Amplify were pur-
chased from Amersham-Buchler, Braunschweig, F.R.G.

Labeling cells. Rhodobacter capsulatus (= Rhodopseu-
domonas capsulata) strain 37b4 (DSM 938; German Collec-
tion of Microorganisms, Gottingen) was grown chemotrophi-
cally at low aeration in a malate-mineral medium (RA) (12) to
adensity of 5 x 108 cells per ml. Cell suspensions (2 ml) were
briefly centrifuged in a microcentrifuge, and the sedimented
bacteria were suspended in 2 ml of fresh RA medium. This
suspension was transferred to a warmed conical vessel with
a magnetic stirrer and an electrode for dissolved oxygen as
described earlier (12). After 10 min for equilibration at a
temperature of 32°C and an oxygen partial pressure of 700
Pa, CCCP, dissolved in dimethyl sulfoxide (DMSO), or
DMSO alone was added to the culture at 50 M. After 2 min,
[**SImethionine (50 nCi, 1 Ci/umol) was added, and the
incubation was continued for 1 min. Pulse-labeling was
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stopped by chilling the cells for 5 min at 0°C in the presence
of 2 mM unlabeled methionine. Cells were collected by
sedimentation (5 min, 4°C in a microfuge), suspended in
buffer (1 ml of 30 mM Tris chloride, S mM EDTA, pH 7.5,
0°C), and again collected by sedimentation.

Preparation of membranes and high-speed supernatant.
Cells were suspended in one culture volume of ice-cold
buffer (30 mM Tris chloride, 5 mM EDTA, pH 8.0). DNase
was added (to 10 pg/ml), cells were sonicated, and mem-
branes were prepared as described previously (12). After
centrifugation at 100,000 x g for 90 min, the clear superna-
tant (S100) was withdrawn for analysis of soluble compo-
nents.

Preparation of saline extracts. Cells (1-ml samples) were
harvested by centrifugation and kept on ice in 0.1 ml of a
solution of 150 mM NaCl for 2 h with occasional shaking.
The cells were sedimented in a microfuge for 15 min at 4°C.
The supernatant was withdrawn and centrifuged again. To
this supernatant an equal volume of 50% (wt/vol) trichloro-
acetic acid was added. The sample was kept on ice for 60 min
and then centrifuged for 5 min. The pellet was washed in 0.2
ml of ice-cold acetone and dried.

Protease treatment. Membrane vesicles were treated with
0.1 mg of proteinase K at 25°C in a buffer containing 30 mM
Tris hydrochloride and 5 mM EDTA, pH 7.5, for various
times. Digestion was stopped by chilling the samples and
adding an equal volume of 50% (wt/vol) ice-cold trichloro-
acetic acid. The samples were left on ice for 30 min and then
centrifuged in a microfuge for 5 min. Pellets were washed
once in ice-cold acetone. The dried samples were solubilized
by boiling for 5 min in 62.5 mM Tris hydrochloride—sodium
dodecyl sulfate (SDS)-1 mM PMSF, pH 6.8. After cooling,
PMSF was added again to 1 mM.

Immunoprecipitation and gel electrophoresis. PBP and cy-
tochrome ¢, were recovered by immunoprecipitation as
described previously (14) with a 5% (wt/vol) suspension of
insoluble Staphylococcus aureus protein A. The antisera
were raised in rabbits (10, 12). Proteins were released by
boiling for 5 min in SDS sample buffer (24) and then analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) with
polyacrylamide gradient gels (10) in the Laemmli system
(24). The same system was used for membrane protein
patterns and standard proteins. To solubilize protein under
denaturing conditions, samples were heated for 30 min at
70°C in SDS sample buffer (24). For electrophoresis of
pigment-protein complexes under nondenaturing conditions,
the method of Broglie et al. (3) was used, with 9% (wt/vol)
acrylamide and 0.24% bisacrylamide. For fluorography, gels
were kept for 45 min in a fixing solution of 50% (vol/vol)
methanol and 10% (vol/vol) acetic acid. They were then
soaked in Amplify for 15 min, dried, and exposed to Kodak
X-Omat films at —70°C. Staining was performed with
Coomasie brilliant blue R250.

RESULTS

Synthesis of photosynthetic membrane proteins. Uncoupl-
ers on the photosynthetic membrane cause a parallel de-
crease in the membrane potential and the proton gradient
(26). In our study we used a 2-min treatment with the
uncoupler CCCP to lower proton motive force in exponen-
tially growing cells of R. capsulatus. In all experiments, the
cells were incubated under low aeration to allow the full
expression of photosynthetic proteins. The cells were pulse-
labeled with radioactive methionine and then incubated in
the presence of excess unlabeled methionine (chase). After
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FIG. 1. Synthesis of membrane protein in the presence of
uncoupler. Exponentially growing cells were treated with CCCP in
DMSO and pulse-labeled with [**Sjmethionine (Materials and Meth-
ods). Unlabeled methionine (2 mM) was added, and the incubation
was continued (chase). At the times indicated, samples were with-
drawn. The cells were chilled on ice and harvested by centrifuga-
tion, and membranes were isolated (Materials and Methods). Newly
synthesized membrane protein was analyzed by SDS-PAGE fol-
lowed by fluorography (Materials and Methods). Lane K, mem-
branes of cells which were not treated with uncoupler; right lane,
M13 procoat as membrane protein M, standard. RC, Triad of
reaction center polypeptides. «, B, and vy subunits of the B800-850
antenna complex are indicated.

5, 10, and 30 min, samples were taken and membranes were
isolated (Materials and Methods). The membrane proteins
were analyzed by SDS-PAGE.

Figure 1 depicts the synthesis pattern of membrane pro-
teins in a pulse-chase experiment. As a comparison, a
membrane sample from untreated cells was coelectro-
phoresed (Fig. 1, lane K). As in the untreated cells, the PBPs
of the photochemical reaction center and the major antenna
complex B800-850 were synthesized and membrane-bound
in the CCCP-treated cells. The binding resisted ultrasonica-
tion in the presence of EDTA during membrane preparation
(Material and Methods); this indicates a rather strong mem-
brane association. The polypeptides were very stable during
the chase period; see, for example, the B800-850 « subunit
with an M, of 7,300 (7.3K) (34), which migrates slightly faster
than the M13 membrane marker protein of 7.7K (Fig. 1, right
lane). Overall, the synthesis patterns of PBPs in CCCP-
treated and untreated cells look very similar. Striking differ-
ences are evident in the upper M, region. The dominant band
at 40K in untreated cells disappeared, and a band with a
somewhat higher M, emerged. The 40K band can be related
to the protein of cosedimenting outer membrane (Materials
and Methods) (Fig. 2).

Translocation across the lipid bilayer. To monitor the effect
of CCCP on protein translocation across membrane lipid
bilayers, we followed the appearance of the saline-
extractable outer membrane protein (36) and the periplasmic
cytochrome ¢, (21) in the target compartments. Figure 2A
depicts the outer membrane protein (apparent M, of 40,000)
as the major component in the saline extract of both un-
treated and CCCP-treated cells. Water-soluble standard pro-
teins and isolated cytochrome ¢, which runs slightly faster
than horse heart cytochrome ¢ (12.5K), were coelectropho-
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resed (Fig. 2A). When cells were pulse-labeled with methi-
onine, newly synthesized outer membrane protein was de-
tected in the saline extract, and cytochrome c, was im-
munoprecipitated from the water-soluble S100 fraction (see
Materials and Methods) (Fig. 2B). However, in CCCP-
treated cells no labeled newly synthesized outer membrane
protein and mature cytochrome ¢, were found in the saline
extract or the immunoprecipitate (Fig. 2B). This demon-
strates a complete block of protein export by CCCP at a
concentration of 50 uM, the concentration used throughout
the study.

E. coli cells were treated with CCCP to accumulate the
proteins to be translocated at the inner face of the membrane
and then protein synthesis was inhibited and the uncoupler
was inactivated with excess 2-mercaptoethanol. After fur-
ther incubation, the accumulated proteins were translocated
across the lipid bilayer (14, 37, 38). We followed the same
strategy to investigate the assembly of PBP. Membranes of
CCCP-treated cells were isolated and incubated with prote-
ase to test the accessibility of PBP at the inner face of the
membrane. We chose proteinase K which digests native
proteins unspecifically and effectively (16).

Figure 3 (panel 1) shows the effect of protease treatment
on the protein pattern of isolated photosynthetic membranes
(chromatophores). Only the low-M; region is depicted. The
bands were visualized by Coomassie staining and represent
the majority of chemical amounts of polypeptides which
were synthesized prior to the uncoupler treatment. The time
course of digestion demonstrates that the a subunit is in a
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FIG. 2. Inhibition of protein export to periplasmic space and
outer membrane. Cells were treated with CCCP in DMSO or solvent
without CCCP and then pulse-labeled (Materials and Methods). The
fate of cytochrome c; (cyt) and outer membrane protein (omp) was
followed by testing their appearance in the target compartments.
Cytochrome ¢, was immunoprecipitated from the water-soluble
S100 fraction, and outer membrane protein was saline-extracted
from whole cells (36) as described in Materials and Methods. The
results of SDS-PAGE runs are shown. (A) Coomassie staining
reveals one dominant outer membrane protein of 40K (omp) in the
saline extracts of CCCP-treated (+) and untreated (—) cells. Lane S,
Arrowheads point to the protein standards (from top to bottom:
bovine serum albumin [68K], ovalbumin [45K], chymotrypsinogen
[25K], cytochrome ¢ [12.5K]). cyt, Isolated cytochrome ¢, (12.8K).
(B) Fluorography detects the newly synthesized outer membrane
proteins and cytochrome c, only in the saline extract and water-
soluble fraction, respectively, of untreated cells. Lane 1, Pulse-
labeled membrane fraction; lane 2, M, standard M13 procoat of
7.7K.
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FIG. 3. Localization of the B800-850 a subunit before and after
translocation. Cells were treated with CCCP in DMSO and then
pulse-labeled (Materials and Methods). Methionine (2 mM) was
added, and incubation was continued for 5 min. Chloramphenicol (1
mg/ml) was added, and half of the cells were withdrawn. 2-
Mercaptoethanol was added to the rest of the cell suspension to a
final concentration of 40 mM, and incubation was continued for 20
min. Cells were chilled on ice and harvested by centrifugation, and
membranes were isolated and treated with proteinase K (Materials
and Methods). Portions of the samples from cells treated with CCCP
alone were immediately subjected SDS-PAGE, followed by staining
(panel 1) and fluorography (panel 2). Samples from cells which were
additionally treated with 2-mercaptoethanol were subjected to im-
munoprecipitation in the presence of 1 mM PMSF. Portions of the
precipitates were analyzed by SDS-PAGE and fluorography (panel
3). Only the lower part of the gels is shown. Panels: 1, Coomassie-
stained proteins; 2, fluorography of the samples shown in 1; 3,
fluorography of immunoprecipitates with antibodies directed against
the B800-850 protein. The a and vy subunits of theB800-850 complex
are indicated.

more protease-resistant orientation than the vy subunit. The
observation is in agreement with recent topographic studies
which established that the a subunit is transmembrane and
the -y subunit is exposed on the cytoplasmic face (19, 28, 33).
This suggests that the orientation of already assembled PBP
was not disturbed in the presence of the uncoupler.
Fluorography of the same gel reveals the protein which was
newly synthesized during the pulse after the uncoupler had
dissipated the proton motive force (Fig. 3, panel 2). Under
these conditions, the a subunit was extremely susceptible to
the added protease (after 10 min, more than 90% of the band
had disappeared). This indicates that the molecule was
exposed to protease at the cytoplasmic face of the mem-
brane. However, when the CCCP-treated cells were further
incubated in the presence of 2-mercaptoethanol to inactivate
the uncoupler and allow the maintenance of proton motive
force, the a subunit became protease resistant. This is
demonstrated by the coelectrophoresis of the immunopre-
cipitates with specific antibodies (Fig. 3, panel 3). The
accumulated PBP was now translocated into a protease-
resistant transmembrane orientation. This step was blocked
by CCCP, and it occurred after completion of the polypep-
tide (posttranslationally), as chloramphenicol at high con-
centration was present during the period after inactivation of
the uncoupler.

Assembly into pigment-protein complexes. CCCP-
treatment allowed the detection of an intermediate confor-
mation of PBP at the membrane before the translocation
step. Insertion into the membrane occurred independently of
protein synthesis (Fig. 3). For membrane insertion, the
B800-850 a subunit seems to use the same CCCP-sensitive
assembly pathway as the exported proteins. However, the
destination for the PBP is not simply the membrane but the
B800-850 antenna complex in particular. To follow the fate
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FIG. 4. Assembly into pigment-protein complexes. Membranes
isolated from cells treated with CCCP and untreated control cells
were subjected to LDS-PAGE under nondenaturing conditions at
4°C (3) (first run). After the run the bands with the characteristic
absorption at 800 and 850 nm (B800-850 complex) were spectroscop-
ically identified. Gel strips were excised from the position of the
pigmented complex and from the low-M, region near the gel front,
heated in SDS sample buffer (Materials and Methods), and analyzed
by SDS-PAGE (second run). The fluorograph of the second run is
shown. Lanes 1, Analysis of the low-M, regions; lanes 2, B800-850
complexes from treated (+CCCP) and untreated (—CCCP) cells.
Lane K, Coelectrophoresis of membranes of untreated cells. Only
the lower part of the gel is shown. The positions of the a and B
subunits of the B800-850 complex are indicated.

of newly synthesized subunits, we analyzed the B800-850
antenna complexes isolated from untreated cells and cells
treated with uncoupler.

After pulse-labeling of the cells, membranes were isolated,
solubilized by mild detergent treatment, and subjected to
lithium dodecyl sulfate (LDS)-PAGE at low temperature (3).
This method allows separation of intact pigment-protein
complexes. The band of the B800-850 complex was identified
spectroscopically in the gel by its characteristic near-
infrared absorption at 800 and 850 nm and then excised. Its
polypeptide composition was analyzed by SDS-PAGE after
solubilization under denaturing conditions (Materials and
Methods). To detect unassembled protein, gel strips were
excised just above and at the pigmented front in the low-
temperature LDS-PAGE and coelectrophoresed on denatur-
ing SDS-PAGE. The result of an SDS-PAGE run followed
by fluorography is shown in Fig. 4. In untreated cells, newly
synthesized « subunit was detected in the B800-850 complex
together with the pigment-binding B subunit (Fig. 4, lane 2).
In CCCP-treated cells, the o subunit was not assembled in a
complex with the B subunit, but a band at the position of the
standard emerged in the fraction of unassembled
polypeptides (Fig. 4, lane 1). In parallel, the B subunit band
was detected in the front of the LDS-PAGE gel (not shown).
This demonstrates that the incorporation of PBP into func-
tional pigment-protein complexes was inhibited by the
uncoupler. It strongly suggests that complex assembly de-
pends on translocation of its polypeptide subunits.

DISCUSSION

By use of the uncoupler CCCP, we obtained experimental
evidence for an assembly pathway for PBP of the bacterial
photosynthetic apparatus. Individual steps and their require-
ments fit the existing models of bacterial membrane assem-
bly and export (reviewed in reference 37). These are (i)
binding to the cytoplasmic face of the photosynthetic mem-
brane and (ii) insertion, which is proton motive force depen-
dent and does not require continuing protein synthesis. The
third step, maturation with covalent modification by
proteolytic cleavage, is inapplicable to the PBPs, as they are
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made without a cleavable leader sequence, as are the major-
ity of inner membrane proteins (2, 4, 10, 38, 39). In addition,
the concomitant block of protein export to the periplasmic
space and the outer membrane (Fig. 2) strongly suggests that
individual steps of a common pathway were shared by the
proteins with different destinations in this phototrophic
bacterium.

A characteristic feature for the assembly pathway is that
PBP not only inserts into membranes but also assembles into
functional pigment-protein complexes. Our study demon-
strates that CCCP treatment blocks integration of the PBP,
which is already membrane-bound, into pigment-protein
complexes. Apparently, formation of a complex is not an
obligatory intermediate step for translocation. Rather, the
subunits are inserted into the membrane to form complexes.
Complex assembly might be a step analogous to the matu-
ration step of other polypeptides, with the exception that
modification is not covalent. This order of the individual
steps is in agreement with recent in vitro studies with plant
chloroplasts, in which the assembly of chlorophyll-protein
complexes in the thylakoid membrane occurred after inser-
tion of the apoprotein (31).

Figure 5 summarizes our data and their interpretation. The
polar and hydrophobic domains in the polypeptide chains are
indicated by lines and boxes, respectively, according to the
analysis of their hydropathic character (15, 23). The orien-
tation of complex-assembled subunits, with the carboxy-
terminal end on the periplasmic face and the amino-terminal
end exposed at the cytoplasmic face, is according to recent
results of topographic studies with different bacterial species
(15, 25, 33). No attempt was made to predict a secondary
structure. We suggest that after synthesis, water-soluble a
subunit (Fig. 5, 1) (10) bound to the inner face of the
photosynthetic membrane with its hydrophobic regions (Fig.
5, 2) and was then brought into a transmembrane orientation
(Fig. 5, 3). Whether the binding occurred spontaneously or
via an unidentified receptor is unknown. The translocation
was blocked by the uncoupler CCCP, and this step was
necessary for assembly into a complex with the correspond-
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FIG. 5. Hypothetical scheme for the insertion of PBP into the
bacterial photosynthetic apparatus. Step 1: Water-soluble B800-850
a subunit (10) reaches the photosynthetic membrane (ICM). Step 2:
The polypeptide is bound at the cytoplasmic (CP) face of the
membrane. It is accessible to proteinase K when the enzyme is
added to the membrane vesicle suspension. Step 3: Translocation of
C-terminal polar regions across the hydrophobic core causes a
transmembrane orientation of the polypeptide. This step is blocked
by the uncoupler CCCP. Step 4: Assembly of the polypeptide into a
pigment-protein complex together with the 8 subunit (dashed lines)
and the pigments (not drawn) depends on its translocation.
Hydrophilic (: ) and hydrophobic (O) regions of the subunit are
indicated according to its hydropathy plot (15). PS, Periplasmic
space.
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ing B subunit and the pigments (Fig. 5, 4). Presumably, the
translocation of the polar domain near the carboxy terminus
across the lipid bilayer was promoted by proton motive force
(35). The amino-terminal portion with two basic (charges not
drawn) residues flanking a short hydrophobic stretch re-
mains at the cytoplasmic face. The additional apolar region
near the C terminus suggests a mechanism which would
require two hydrophobic domains on either side of the polar
region to be translocated, as proposed by the helical hairpin
and the loop hypotheses (18, 20). Alternatively, the hydro-
phobic stretch of the B subunit might serve to facilitate a
simultaneous trans-bilayer insertion of both polypeptides.

The B subunit is structurally different (15). A simpler
pathway could be assumed for this protein: its hydropathy
plot reveals a strongly hydrophobic domain in the C-terminal
portion. The rest of the chain is polar. It resembles proteins,
such as cytochrome bs which are anchored to the membrane
by hydrophobic residues at the C terminus and insert spon-
taneously into the endoplasmic reticulum (1). Nevertheless,
like the a subunit, the B subunit was not assembled into
pigment-protein complexes in the presence of uncoupler
(Fig. 4).

How does PBP recognize its insertion site? Although we
did not specifically address this question, we made an
interesting observation: unassembled PBP in bacteri-
ochlorophyll-less or assembly-defective mutants is known to
undergo rapid turnover (9, 13, 32); however, the unassem-
bled PBP in CCCP-treated cells remained stable. If this
difference was not simply due to a possible protease inacti-
vation by ATP depletion (5), it could indicate protection
from endogenous proteases by an early interaction with a
molecule which was not available in the mutants. This could
be a unique receptor for PBP. The recognition of a receptor
early in assembly might be the key reaction in the postulated
assembly control (2, 9, 10, 13, 40).
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