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The effects of cerulenin were investigated in Rhodopseudomonas sphaeroides
to elucidate further the mechanisms controlling the assembly of the chromato-
phore membrane. When this potent inhibitor of fatty acid biosynthesis was added
to photosynthetically grown cultures, there was an immediate cessation of phos-
pholipid, bacteriochlorophyll a, carotenoid, and ubiquinone formation. Concur-
rently, there was also a marked decrease in the rate of incorporation of protein
into the chromatophore membrane. In contrast, only a small decrease in the rate
of soluble and cell envelope protein synthesis was observed and, in chemotroph-
ically grown cells, protein continued to be incorporated into both the cytoplasmic
and outer membranes. The removal of §-aminolaevulinate from mutant H-5 of R.
sphaeroides, which requires this porphyrin precursor, was reexamined to deter-
mine whether cerulenin-induced cessation of chromatophore protein incorpora-
tion was due solely to blocked bacteriochlorophyll a synthesis. In the deprived H-
5 cells, inhibition of [**S]methionine incorporation into chromatophores was
confined mainly to apoproteins of bacteriochlorophyll a complexes. Other minor
chromatophore proteins continued to be inserted to a greater extent than in
cerulenin-treated wild type where phospholipid synthesis had also ceased. These
results indicate that the assembly of the chromatophore membrane is under strict
regulatory control involving concomitant phospholipid, pigment, and protein

syntheses.

During recent years, mechanisms involved in
the assembly of biological membranes have be-
come a focus of intense investigation. The pho-
tosynthetic apparatus of the facultatively pho-
toheterotrophic bacterium Rhodopseudomonas
sphaeroides provides a useful model system for
such studies. Thin sections of cells grown under
aerobic (chemotrophic) conditions reveal a typ-
ical gram-negative cell envelope with the cyto-
plasmic membrane closely apposed to the cell
wall (7, 45). However, cells grown under condi-
tions of reduced oxygen tension in either light or
darkness (photoheterotrophic) elaborate an ex-
tensive system of intracytoplasmic membranes
(termed the chromatophore membrane [39])
that is thought to arise by invagination of the
cytoplasmic membrane (42). Mechanical disrup-
tion of cells grown under the latter conditions
results in the release of a nearly uniform popu-
lation of membrane vesicles (termed chromato-
phores) which can be easily purified to homo-
geneity (38, 39). Chromatophores have been
shown to contain the photosynthetic apparatus
of the cell (14, 24).

One approach to the study of membrane as-
sembly involves uncoupling protein and phos-

pholipid syntheses. This has been accomplished
in bacterial systems by depriving glycerol-re-
quiring auxotrophs of this polyol (2, 28, 35, 37,
47). Under such circumstances, phospholipid is
no longer synthesized, and it is possible to study
the incorporation of membrane proteins inde-
pendent of concomitant phospholipid insertion
(34, 36, 37). During cessation of phospholipid
synthesis in a glycerol auxotroph of the related
photosynthetic bacterium Rhodopseudomonas
capsulata, protein synthesis continued for one
doubling, whereas that of bacteriochlorophyll a
(Bchl) and carotenoids was markedly inhibited
(28). An association between the synthesis of
phospholipid and photosynthetic pigments was
demonstrated previously during chromatophore
membrane induction in R. sphaeroides (30). In
an effort to further elucidate these relations, the
effect of the antibiotic cerulenin on the forma-
tion of the chromatophore membrane was inves-
tigated in detail. Cerulenin [(3R)-2,3-epoxy-4-
oxo-7,10-dodecadienoyl amide (44)] is a potent
inhibitor of fatty acid synthesis through inacti-
vation of B-ketoacyl-acyl carrier protein synthe-
tase (18). This ultimately results in the cessation
of phospholipid formation. The effects of ceru-
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lenin reported here suggest that the assembly of
the chromatophore membrane is under strict
regulatory control involving concomitant phos-
pholipid, pigment, and protein syntheses.

MATERIALS AND METHODS

Growth of organism. R. sphaeroides NCIB 8253
was grown photoheterotrophically in the medium of
Cohen-Bazire et al. (15) at 30°C with a constant illu-
mination of 1,830 Ix. Growth was followed by monitor-
ing the increase in optical density at 680 and 850 nm
with a Beckman DU spectrophotometer (1-em light
path) equipped with a red-sensitive phototube. Cells
were grown aerobically in the same medium on a
Gyrotory shaker (model G-25; New Brunswick Scien-
tific Co., New Brunswick, N.J.) at 350 rpm.

R. sphaeroides H-5 (provided by J. Takemoto) was
grown photosynthetically as described for the wild
type except that 1.0 mM §-aminolaevulinic acid (ALA)
was included in the growth medium.

Isotope labeling procedures. Photosynthetically
grown cultures were maintained in an atmosphere of
95% N2-5% CO. until an optical density of 0.6 to 0.7 at
680 nm was obtained. Cerulenin (20 ug/ml) was added
to one half of the culture, and growth was allowed to
continue for 1 h. Cultures were then labeled with *P;
(0.5 uCi/ml) and L-[*H]phenylalanine (0.75 uCi and 15
pg/ml) or L-[®*Slmethionine (0.4 pCi and 10 pg/ml)
and immediately aliquoted into 50-ml narrow-necked
test tubes filled to capacity. At 0.5, 1,2, 3,5, and 7 h,
45 ml each of control and cerulenin-treated cells were
diluted into 2 volumes of crushed ice to prevent further
incorporation of radioactivity. Cells were collected by
centrifugation at 4°C in a Sorvall GSA rotor at 10,000
rpm for 10 min (16,300 X g). The harvested cells were
washed twice in 1.0 mM Tris buffer, pH 7.5. Experi-
ments to determine the effect of cerulenin on chemo-
trophic cells were performed as described above, ex-
cept that maximal aeration was maintained during cell
growth. Harvested aerobic cells were washed twice in
0.01 M Tris, pH 8.1

For studies in which the synthesis of Bchl was
inhibited, H-5 cultures were grown as above until an
optical density of 0.6 to 0.7 at 680 nm was obtained.
Cells were then aseptically collected by centrifugation,
washed with sterile saline, and resuspended in fresh
medium with or without ALA supplementation. L-
[*H]phenylalanine or L-[*S]methionine and *?P; were
used to monitor protein and phospholipid syntheses,
respectively.

%P, was purchased from ICN, Irvine, Calif., and L-
[*Hlphenylalanine and L-[**S]methionine were pur-
chased from New England Nuclear Corp., Boston,
Mass. Cerulenin was obtained from Makor Chemical
Co., Jerusalem, Israel.

Membrane isolation. Phototrophic cells were dis-
rupted by passage through a French pressure cell
(American Instrument Co., Inc., Silver Spring, Md.) at
18,000 1b/in%. Chromatophore and cell envelope frac-
tions were isolated by differential and rate-zone sedi-
mentation in a Beckman L2-65B ultracentrifuge as
described previously (40), except that a Beckman
SW40 Ti rotor was employed.

Cell-free extracts of aerobically grown cells were
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prepared by the EDTA-lysozyme-Brij lysis procedure
described by Collins and Niederman (16). Crude mem-
branes were isolated by centrifugation of the cell-free
extract for 75 min at 166,500 X g, in a Beckman 50 Ti
rotor. They were washed twice in 0.02 M HEPES (N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-
0.01 M EDTA, pH 7.5. After the washing procedure,
the crude membrane fraction was layered onto a gra-
dient prepared with 20, 40, and 60% (wt/wt) sucrose
(19) in the same buffer and centrifuged for 4 h at
234,000 X g, in a Beckman SW50.1 swinging-bucket
rotor. Assays of succinate dehydrogenase (succinate:
phenazine methosulfate oxidoreductase [EC 1.3.99.1])
activity (16) and sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis of the resolved cyto-
plasmic and outer membranes indicated that the sep-
aration was essentially complete (data not shown).

Chemical analyses. Protein was determined by
the method of Lowry et al. (32), using bovine serum
albumin (crystalline; Miles Laboratories, Inc., Elkhart,
Ind.) as the standard. Membranes were treated with
0.5 N NaOH at 40°C for 60 min before the initiation
of the color reaction. Total phosphorous of purified
chromatophores was determined by the method of
Chen et al. (9) on samples that were wet-ashed by the
method of LePage (31). Bchl and carotenoid levels
were determined by extraction with acetone-methanol
(7:2, vol/vol) as described by Cohen-Bazire et al. (15).
An extinction coefficient of 82 mg™' ecm™' (11) at 770
nm was used for Bchl. Carotenoid absorbance was
monitored at 456 nm for the yellow carotenoid (sphe-
roidene) and 510 nm for the red carotenoid (sphe-
roidenone). Levels of the carotenoids were calculated
with a computer program, using the equations of
Cohen-Bazire et al. (15). Ubiquinone was extracted
from whole cells by the procedure described by Tak-
amiya and Takamiya (51). The levels of ubiquinone in
the extracts (0.1 ml) were assayed spectrophotomet-
rically (17) after the addition of ethyl cyanoacetate
(0.8 ml; Aldrich Chemical Co., Milwaukee, Wis.) and
5% ethanolic KOH (0.1 ml). The absorbance of the
cyanoacetate derivative of ubiquinone (Amax = 620 nm)
was recorded at 5 min after the addition of the re-
agents. Ubiquinone-10 (Sigma Chemical Co., St. Louis,
Mo.) was employed as a standard.

Cell fractionation. Whole cells were precipitated
from the media with ice-cold 10% trichloroacetic acid
(1:1, vol/vol) for 30 min. The pellet was collected by
centrifugation, washed with ice-cold 5% trichloroacetic
acid, and recentrifuged. Lipids were extracted from
the acid-insoluble material by the method of Ames
(1). To insure quantitative extraction of lipids, trichlo-
roacetic acid pellets were routinely extracted at least
twice by this procedure. The washed .chloroform-
methanol extracts were pooled, evaporated to dryness
under a stream of nitrogen, and saved for determina-
tion of radioactivity. Nucleic acids were extracted from
the organic solvent-insoluble material with 5% trichlo-
roacetic acid at 95°C for 60 min. Hot trichloroacetic
acid precipitates were collected by centrifugation and
washed with diethyl ether to remove excess trichlo-
roacetic acid.

Radioactivity measurements. Radioactivity was
determined on a Beckman LS-230 liquid scintillation
counter. All samples were counted in 10 ml of a tolu-
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ene-based scintillation cocktail containing 8 g of PPO
(2,5-diphenyloxazole) and 0.2 g of dimethyl-POPOP
{1,4-bis-[2]-(4-methyl-5-phenyloxazoyl)benzene} per
liter. Aqueous samples were made miscible with the
cocktail by the addition of NCS (Amersham Corp.,
Arlington Heights, Ill.) (NCS/sample ratio, 6:1). Tri-
chloroacetic acid precipitates were solubilized in NCS
at 50°C for 1 h. Double-labeled membrane prepara-
tions were solubilized in NCS and counted without
further chemical fractionation. This was shown to be
unnecessary since >99% of [*H]phenylalanine in pu-
rified chromatophores was incorporated into hot acid-
precipitable material, and at least 95% of the total P
counts were extracted by chloroform-methanol; the
latter suggested that the isolated membranes were
essentially free of contamination by nucleic acid (un-
published data). Pigmented samples were decolorized
before counting by the addition of 0.5 ml of a saturated
solution of benzoyl peroxide in toluene.

Radioautography of labeled proteins was performed
by impregnating SDS-polyacrylamide gels with PPO
by the procedure of Bonner and Laskey (6). The dried
gel was exposed to X-ray film (du Pont Cronex-2DC;
E. I. du Pont de Nemours & Co., Inc., Wilmington,
Del.) and maintained at —70°C for 48 h.

Electrophoresis. Membrane protein composition
was analyzed by SDS-polyacrylamide gel electropho-
resis, employing the discontinuous buffer system de-
scribed by Laemmli and Favre (29). Electrophoresis
was carried out in a Hoefer vertical slab apparatus
(model SE500; Hoefer Scientific Instruments, Inc., San
Francisco, Calif.). Maximal resolution of the lower-
molecular-weight membrane polypeptides was
achieved with a separating gel (9 to 10 cm) prepared
as a linear-concentration gradient of 10 to 14% acryl-
amide accompanied by a 5 to 20% sucrose gradient.
The stacking gel (1 to 2 cm) consisted of 6% acrylam-
ide. In both cases the ratio of polyacrylamide to N,N’-
methylenebisacrylamide was 30:0.8. Polymerization of
the gradient gel was initiated chemically with 0.02%
N,N,N',N -tetramethylethylenediamine and 0.2%
(NH,)2S;05. Polymerization was complete within 60
min after the addition of the catalysts.

Membrane samples (85 ug of protein) were prepared
for electrophoresis in a mixture containing the follow-
ing in final concentrations: 62.5 mM Tris-hydrochlo-
ride (pH 6.8), 2.0% SDS, 50 mM dithiothreitol, 10%
glycerol, and 0.001% bromophenol blue. Solubilization
was achieved by heating in a boiling-water bath for 60
8.

Electrophoresis was performed initially at 60 V and
increased to 120 V after penetration of the tracking
dye into the separating gel. Gels were fixed overnight
in a solution containing 25% isopropanol and 10%
glacial acetic acid and stained for 3 to 5 h with Coo-
massie brilliant blue R (0.2% in 25% isopropanol-10%
glacial acetic acid). Gels were destained by diffusion
at 45°C against repeated changes of fixing solution.

RESULTS

Effect of cerulenin concentration on cel-
lular protein and phospholipid synthesis. A
necessary prerequisite for studying membrane
assembly by the uncoupling of phospholipid syn-
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thesis from that of protein is a suitable inhibitor
concentration which allows the formation of pro-
tein to continue in the absence of any apprecia-
ble additional lipid. In this regard, exponentially
growing phototrophic cultures of R. sphaeroides
were treated with various concentrations of ce-
rulenin for 1 h, followed by labeling with
[*H]phenylalanine and *P; for 90 min. Cellular
growth was halted by precipitation of the cells
with an equal volume of 10% trichloroacetic acid,
and the amount of radioactivity incorporated
into total phospholipid and protein was deter-
mined as described above. The results of this
experiment are shown in Fig. 1. For subsequent
experiments, a cerulenin concentration of 20 ug/
ml was chosen. This concentration of antibiotic
caused a greater than 95% inhibition of phos-
pholipid synthesis, whereas the rate of protein
synthesis remained at 80% of the control level.

Effect of cerulenin on the phototrophic
growth of R. sphaeroides. The concentration
of cerulenin (20 ug/ml) employed for these ex-
periments, although sufficient to effectively in-
hibit phospholipid synthesis, did not result in a
complete cessation of growth (Fig. 2). The gen-
eration time of the cerulenin-treated culture was
8 h, whereas that of the untreated control cul-
ture was 5.3 h. Cellular morphology, as examined
by phase-contrast microscopy, appeared normal
in the cerulenin-treated culture until 7 to 8 h of
treatment. Such prolonged growth in the ab-
sence of phospholipid synthesis resulted in an
increase in the number of cells occurring in
chains, presumably caused by incomplete cell
division. It can also be seen (Fig. 2) that the
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Fi6. 1. Effect of cerulenin concentration on cellu-
lar protein and phospholipid syntheses measured by
the incorporation of [*H]phenylalanine and **P; into
the hot trichloroacetic acid- or organic solvent-solu-
ble fractions, respectively. Values are expressed as
the percentage of total counts incorporated into a
control culture without cerulenin. Experimental pa-
rameters are described in the text.
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F1G6. 2. Effect of cerulenin on the growth of R.

sphaeroides. Culture turbidity was monitored at 680
nm, whereas 850 nm represents the in vivo absorption
maximum of Bchl-protein complexes. Open symbols
are controls; closed symbols indicate cultures grown
in the presence of cerulenin. Arrows indicate the time
of addition of antibiotic and radiolabeled tracers.
Growth conditions are as described in the text.

cerulenin-treated culture exhibited a marked de-
crease in absorbance at 850 nm (the in vivo
absorbance maximum of Bchl-protein com-
plexes). This was quantified further by acetone-
methanol extractions of whole cells (Fig. 3). It
can be seen that in the presence of cerulenin, the
synthesis of Bchl, as well as those of spheroiden-
one and spheroidene, are inhibited by greater
than 90% in each case (Fig. 3). Klein and Min-
dich (28) have also observed a similar cessation
of photopigment synthesis in the absence of
phospholipid synthesis in a glycerol auxotroph
of a related photosynthetic bacterium, R. cap-
sulata.

One possible explanation for the observed in-
hibition of Bchl and carotenoid syntheses in the
presence of cerulenin could be the effect of this
antibiotic on the formation of isoprenoid-con-
taining compounds (see Fig. 10), since cerulenin
has been shown to inhibit the incorporation of
[“Clacetyl coenzyme A (acetyl-CoA) into the
non-saponifiable fraction in a cell-free system of
yeast (41, 44). Thus, in vivo, cerulenin would be
expected to inhibit the formation of these com-
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pounds, which include carotenoids (27), the phy-
tol group of Bchl (5), and ubiquinone (54). To
further test this possibility, the cellular level of
ubiquinone was determined in cultures grown
photosynthetically in the presence of cerulenin
(20 pug/ml). These results (Fig. 3) clearly dem-
onstrate that cerulenin treatment also results in
the cessation of ubiquinone biosynthesis.

Effect of cerulenin on cellular protein
and phospholipid syntheses. The effect of
cerulenin on the incorporation of [*H]phenylal-
anine and *P; into cellular protein and phospho-
lipid, respectively, was examined by labeling
phototrophic cells in the presence and absence
of cerulenin. Figure 4 shows that for at least 8 h
after the addition of the antibiotic, protein syn-
thesis continued (albeit at a reduced rate) in the
absence of further phospholipid synthesis. This
is consistent with the results obtained by others
with the antibiotic cerulenin (25), as well as
those obtained with glycerol auxotrophs under
conditions of glycerol starvation (2, 28, 35, 47).

Effect of cerulenin on membrane assem-
bly. Since cellular protein synthesis was shown
to continue at a reduced rate in the presence of
cerulenin, it was necessary to distinguish
whether this occurred as a result of the de-
creased growth rate or, alternatively, reflected
the specific inhibition of either soluble or mem-
brane protein synthesis. Much of the synthesis
of soluble protein components (Fig. 5b) contin-
ued when phototrophically grown cells were
treated with cerulenin.

It was expected from the results of others (10,
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Fic. 3. Effect of cerulenin on total cellular Bchl,
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syntheses. All measurements were performed as de-
scribed in the text.
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Fi16. 5. (a) Incorporation of protein and phospho-
lipid into the cell envelope fraction isolated from cells
grown photosynthetically in the presence or absence
of cerulenin. (b) Rate of soluble protein synthesis in
control and cerulenin-treated cultures.

34, 36, 46) that the incorporation of membrane
proteins should continue in the absence of phos-
pholipid synthesis. Cerulenin treatment con-
firmed this with both the cytoplasmic and outer
membranes of aerobically grown R. sphaeroides
(Fig. 6), as well as with the envelope fraction
obtained from photosynthetically grown cells
(Fig. 5a). In the chromatophore fraction, how-
ever, an essentially complete inhibition of pro-
tein incorporation was observed in cells treated
with cerulenin (Fig. 7).

In a study with R. sphaeroides mutants
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blocked at various stages in Bchl synthesis, it
was shown that the completed Bchl molecule is
necessary for the insertion of chromatophore-
specific proteins into the membrane (52). It
therefore seemed possible that the cerulenin-
induced cessation of chromatophore protein as-
sembly was due to the ability of this antibiotic
to block Bchl synthesis. To test this possibility,
the effect of specific inhibition of Bchl synthesis
on the assembly of the chromatophore mem-
brane in the ALA-requiring mutant H-5 was
reexamined and compared with the cerulenin
treatment of the wild type. During ALA depri-
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Fi1G. 7. Incorporation of protein and phospholipid
into the chromatophore membrane of control and
cerulenin-treated cells.
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vation of the mutant, in confirmation of a pre-
vious result (52), the incorporation of [°H]phen-
ylalanine into the chromatophore membrane
was diminished by 55%, whereas that of phos-
pholipid remained unaffected. This is in contrast
to the effect of cerulenin on chromatophore
membrane assembly in the wild type, which, as
noted above, results in a much greater inhibition
of membrane protein incorporation, as well as
an inhibition of phospholipid and photopigment
syntheses.

SDS-polyacrylamide gel electrophoresis and
fluorographic analysis of samples isolated from
cells labeled with [**S]methionine at the time of
ALA removal (mutant H-5) or after cerulenin
treatment (wild type) were employed to study
the appearance of newly synthesized proteins in
the chromatophore membrane. The Coomassie
brilliant blue staining profiles (Fig. 8, upper gels)
of membrane samples from both the inhibited
wild type and the AL A-deprived mutant indicate
no gross changes in polypeptide composition. In
the cerulenin-inhibited cells, however, the fluo-
roradiogram confirms that the inhibition of
chromatophore-protein incorporation is essen-
tially complete (Fig. 8A, lower left), concomitant
with cessation of both pigment and phospholipid
syntheses (Fig. 7). As reported previously for the
ALA-deprived strain (52), inhibition is confined
mainly to established apoproteins of the Bchl
complexes after the specific blockage of Bchl
synthesis (Fig. 8B, lower right). In contrast,
scans of the fluororadiograms (Fig. 9) indicate
that minor chromatophore polypeptide compo-
nents continue to be inserted into the chromat-
ophore membrane of ALA-deprived H-5 to an
extent greater than that in the cerulenin-treated
wild type in which phospholipid synthesis had
also ceased. These components were enriched in
the fluororadiography profile of the chromato-
phores from the ALA-depleted cells. With re-
gard to the polypeptide components of the Bchl
complexes, those of the photochemical reaction
center (RC) and some of those associated with
light-harvesting (LH) Bchl are not incorporated
into the chromatophore membrane of the de-
prived mutant; other apparent LH Bchl-associ-
ated components were incorporated but in re-
duced amounts (Fig. 8A). The gradient gel pro-
cedure has resulted in separation of the LH Bchl
complexes into the multiple-polypeptide com-
ponents recently reported for R. capsulata (20,
49); those believed to be associated with the
accessory LH Bchl complex with an absorption
maximum at 850 nm (B850) continue to be in-
corporated at a reduced rate. The polypeptide
component thought to be associated with the
RC-associated LH Bchl complex with a maxi-
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Fic. 8. SDS-polyacrylamide gel electrophoresis of
purified chromatophores isolated from cells labeled
with [*S]methionine after (A) cerulenin treatment of
wild-type R. sphaeroides and (B) ALA deprivation of
the auxotrophic strain. The polypeptide pattern was
obtained by Coomassie brilliant blue staining (upper
gels); whereas the incorporation of label was detected
by fluororadiography (lower gels). Membranes shown
were isolated from the cells after 5 and 7 h of treat-
ment. The control is represented by the left lane of
each pair of samples. RCh, m,anaL refer to the RC
polypeptide subunits (13); LH, .3 denote apparent LH
Bchl-associated polypeptides (12, 20, 21, 49). Molecu-
lar weights obtained with protein standards are
listed in upper gels.

mum near 875 nm (B875) is not incorporated
into the membrane.

As a result of continued phospholipid inser-
tion during ALA deprivation and the absence of
newly inserted apoprotein components of the
Bchl complexes, changes in the protein/phos-
pholipid ratio (and consequently the specific
buoyant density) would be expected, as these
protein components can comprise up to 60% of
total chromatophore protein (12, 21). As shown
in Table 1, however, both the protein/phospho-
lipid ratio and the buoyant density, as deter-
mined by isopycnic centrifugation in CsCl gra-
dients (16), remain virtually unchanged after
cessation of Bchl synthesis. The relative de-
crease in specific Bchl content as well as in B850
and constancy of the protein/phospholipid ratio
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Fi1G. 9. Densitometric scans of fluororadiograms obtained from polyacrylamide gels shown in Fig. 8. The
scans are of chromatophores isolated from cells grown with or without ALA supplementation or in the
presence or absence of cerulenin for 7 h in mutant H-5 and wild-type R. sphaeroides, respectively. Arrows are
shown to indicate those polypeptides which appear enriched in the ALA-depleted chromatophores. Scans
were performed on a Joyce Lobel microdensitometer (model 3CS). See the legend to Fig. 8 for designations of

RC and LH subunits.

TABLE 1. Physicochemical and spectral properties of chromatophores isolated from R. sphaeroides H-5
cultures grown in the presence or absence of ALA

Chromato- Specific Bchl® Protein/phospholipid p 25°C® B875/B850°
phore sample
(h) +ALA —ALA +ALA -ALA +ALA —ALA +ALA —ALA
0.5 63.6 65.1 2.11 2.17 1.19 119 0.75 0.75
1.0 65.7 67.7 2.16 2.15 - — 0.66 0.67
40 67.5 634 2.19 2.07 1.185 1.185 0.64 0.72
6.0 70.2 59.9 2.16 2.07 1.19 1.19 0.63 0.71

2 Micrograms of Bchl per milligram of protein.
® Determined as described previously (16).

¢ Spectral analysis performed as described previously (40).

4 _ Values not determined.

and specific density suggest that inhibition of
Bchl synthesis does not alter the incorporation
of many of the proteins into the bilayer concur-
rent with phospholipid. However, in the absence
of Bchl synthesis, the newly inserted proteins
are mainly confined to those components nor-
mally found as minor species in chromatophores
from supplemented cells (Fig. 8B, lower right).
In contrast, cerulenin, presumably through the
inhibition of both phospholipid and photopig-
ment syntheses, appeared to prevent much of
the incorporation of all chromatophore proteins.

DISCUSSION

Cerulenin, a potent inhibitor of fatty acid bio-
synthesis via the specific inactivation of 8-keto-
acyl-acyl carrier protein synthetase (18), causes
both phospholipid and photopigment syntheses
to cease in phototrophically grown R. sphae-

roides. Concurrently, there is also a specific and
marked decrease in the rate of incorporation of
newly synthesized protein into the chromato-
phore membrane. In contrast, when Bchl syn-
thesis is inhibited, both phospholipid and pro-
tein, with the exception of pigment-associated
apoproteins (52), continue to be incorporated
into chromatophores; other minor chromato-
phore protein components appear enriched.

An association between phospholipid and
photopigment syntheses was observed by Las-
celles and Szilagyi (30) during induction of chro-
matophore membrane formation. It has been
suggested (28) from investigations of an R. cap-
sulata glycerol auxotroph that this association
may reflect an actual dependence of Bchl syn-
thesis on that of phospholipid. This proposal
was supported by the addition of cerulenin to
wild-type R. capsulata, which resulted in the
concomitant inhibition of both Bchl and phos-
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pholipid syntheses. However, this apparent de-
pendence of Bchl on phospholipid synthesis
would also be observed if cerulenin inhibited the
formation of B-hydroxy-B-methylglutaryl-CoA
(HMG-CoA), a precursor required for the syn-
thesis of the phytol moiety of the Bchl molecule
(Fig. 10). In support of this hypothesis was the
inhibition by this antibiotic of both carotenoid
and ubiquinone formations, other products of
the isoprenoid biosynthetic pathway. Thus, the
cerulenin-induced inhibition of Bchl synthesis
may be due to the absence of HMG-CoA for-
mation rather than a direct consequence of phos-
pholipid cessation (Fig. 10). There is at least one
report indicating that cerulenin inhibits HMG-

Acetyl CoA
CoASH
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CoA synthetase in yeast (43). A further test of
this hypothesis would require the detection of
bacteriochlorophyllide @ accumulation in ceru-
lenin-treated cells as well as an examination of
the effect of cerulenin on R. sphaeroides HMG-
CoA synthetase in vitro. These experiments are
currently in progress.

Since several aspects of chromatophore for-
mation are perturbed by cerulenin, it could be
argued that the observed effect on Bchl synthe-
sis might be caused by the cerulenin-induced
inhibition of ubiquinone, carotenoid, or even
chromatophore protein synthesis; however, nei-
ther the proposed biosynthetic pathway for iso-
prenoid-containing components (Fig. 10) nor the
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finding that Bchl synthesis occurs (50) in a mu-
tant lacking the RC polypeptide subunits (13) is
in accord with these possibilities. Regarding the
inhibition of Bchl synthesis in the R. capsulata
glycerol auxotroph (28), it is possible that the
accumulation of free fatty acids in the cell could
affect the synthesis of compounds derived from
the condensation of isoprenoid units (e.g., as in
the case of cerulenin). Indeed, exogenously sup-
plied fatty acids have been shown to result in a
reduction of sterol biosynthesis in yeast (26).
Such a regulatory effect may also explain the
inhibition of vitamin K and carotenoid bio-
syntheses observed during glycerol deprivation
of a Staphylococcus aureus glycerol auxotroph,
which also accumulates free fatty acids under
these conditions (47).

The results presented in this paper indicate
that the assembly of the chromatophore mem-
brane is under strict regulatory control, requir-
ing the concomitant synthesis of phospholipid,
pigments, and proteins. Such a regulatory mech-
anism can be envisioned as occurring at the level
of membrane assembly or, alternatively, at the
level of protein synthesis (i.e., transcription or
translation). It seems likely, however, from our
results and those previously reported (52) that
both mechanisms govern the assembly of the
chromatophore membrane in R. sphaeroides.
The obligate coupling between the synthesis of
Bchl and the appearance of Bchl-associated pro-
teins in the membrane has already been estab-
lished (52). This control may now be extended
to include a requirement for insertion of phos-
pholipid moieties into the membrane, without
which the incorporation of additional protein is
eventually curtailed. Although in synchronously
dividing R. sphaeroides phospholipids are incor-
porated discontinuously into the chromatophore
membrane (33) while protein is continuously
inserted (23), the synthesis of the membrane
also appears to be controlled ultimately by phos-
pholipid biosynthesis through changes in mem-
brane fluidity (see below). On the other hand,
continuous phospholipid synthesis has been
shown to be required for the assembly of cyto-
plasmically derived mitochondrial proteins in
yeast (48) and the specific insertion of the f1
bacteriophage coat protein into the cytoplasmic
membrane of Escherichia coli (8). In contrast,
others have shown that the incorporation of
membrane protein components can continue in
the absence of phospholipid (10, 34, 46).

Such a coupling of phospholipid and protein
insertion could indicate that a fluid hydrocarbon
environment, provided by phospholipid mole-
cules, is necessary to accept additional hydro-
phobic protein species. Alternatively, protein
and phospholipid components may enter the
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growing membrane simultaneously, each de-
pendent upon the other. This, however, is not
likely since the bulk of the phospholipid-synthe-
sizing enzymes have been shown to be integral
membrane components of the bacterial cyto-
plasmic membrane (3, 53). Support for the for-
mer hypothesis comes from measurements of
chromatophore membrane fluidity, employing
the fluorescent probe a-parinaric acid (22).
These results indicate that the presence of pro-
tein in the chromatophore membrane imparts a
two- to threefold-greater restriction on the mo-
bility of the fatty acyl chains than that observed
with extracted chromatophore phospholipids. It
has also been shown that chromatophores con-
tain an unusually high percentage of phospho-
lipid that is immobilized by protein, especially
under conditions of lower light intensity (4), thus
reducing the amount of lipid in the bulk fluid
phase. Others have noted that upon glycerol
deprivation of an E. coli glycerol auxotroph,
membrane synthesis is reduced to 60% of the
control rate (34). This has been attributed to
cellular control mechanisms which prevent pro-
tein saturation of lipid-depleted membranes. In
this respect, the results reported here suggest
that the nature of the cytoplasmic and outer
membrane bilayers of aerobically grown R.
sphaeroides are such that they are capable of
accepting greater amounts of protein than is
normally present under physiological conditions,
whereas the chromatophore membrane is not.
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