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Summary

The separation of membrane fragments was investigated in extracts of photo-
tropically grown Rhodopseudomonas sphaeroides to determine if the plasma
membrane contains discrete regions. A highly purified fraction of bacterio-
chlorophyll a-deficient membrane fragments was isolated by differential
centrifugation, chromatography on Sepharose 2B, reaggregation, and isopycnic
sedimentation on sucrose gradients. Significant levels of b- and c-type
cytochromes and succinate dehydrogenase were demonstrated in the isolated
membrane fragments and their appearance in electron micrographs, their poly-
peptide profile in dodecyl sulfate-polyacrylamide gel electrophoresis, and
overall chemical composition were essentially identical to a similar fraction
isolated from aerobically grown cells. Their polypeptide profiles were distinct
from those of the intracytoplasmic chromatophore and outer membranes, and
on the basis of bacteriochlorophyll content the phototrophic fraction was
contaminated with chromatophores by <9%. The membrane fragments con-
tained no diaminopimelic acid or glucosamine. It is concluded that the
membrane fragments isolated from phototrophically growing Rp. sphaeroides
have arisen from photosynthetic pigment-depleted regions of the plasma
membrane structurally and functionally differentiated from the intracyto-
plasmic chromatophore membrane. These regions represent conserved chemo-
trophic cytoplasmic membrane whose synthesis continues under photohetero-
trophic conditions.

* Paper IV in this series is ref. 11.
** Present address: Department of Microbiology and Immunology, Temple University, School of Medl-
cine, 3400 North Broad St., Philadelphia, Pennsylvania 19140, U.S.A.

Abbreviations: HEPES, N- 2 -hydroxyethylpiperazine-N'-2-ethanesulfonic acid; SDS, sodium dodecyl sul-

fate.
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Introduction

The photosynthetic apparatus of many Rhodospirillaceae is localized within
an extensive system of bacteriochlorophyll a-rich intracytoplasmic membranes
[1] designated as the chromatophore membrane [2]. When Rhodopseudomonas
sphaeroides is grown under appropriate photoheterotrophic conditions, the
chromatophore membrane appears in electron micrographs as an internal
system of vesicles which fills the cytoplasm, and in some cases, as invagina-
tions of the peripheral cytoplasmic membrane [3] *. When Rp. sphaeroides is
grown chemoheterotrophically at high aeration, the formation of the
chromatophore membrane and associated photosynthetic pigments is repressed
and the cytoplasmic membrane is observed in close apposition to the cell wall
[4,5]. During adaptation from aerobic to phototrophic growth, the synthesis of
the chromatophore membrane is derepressed and much of the membrane
becomes intracytoplasmically localized [3,4]. Such morphological observations
led to the suggestion [3] that the chromatophore membrane arises from the
intrusions of the peripheral cytoplasmic membrane into which bacterio-
chlorophyll @ and other chromatophore-specific components are inserted.

A critical test of this hypothesis has been precluded by the inability to
isolate a cytoplasmic membrane fraction from phototrophically grown cells.
Several groups [6—8] have isolated cytoplasmic membrane fractions from
aerobic Rp. sphaeroides but were unsuccessful in the isolation of cytoplasmic
membrane with phototrophic cells because of the association of the peripheral
structure with both chromatophore and outer membranes. This communication
describes a procedure for the isolation of photosynthetic pigment-depleted
portions of the cytoplasmic membrane from photosynthetically grown Rp.
sphaeroides. The physicochemical properties of these highly purified prepara-
tions were essentially identical to a similar fraction isolated from aerobic cells.
It is concluded that chemotrophic cytoplasmic membrane is conserved during
photoheterotrophic growth. (A preliminary report of these studies was
presented at the 77th Annual Meeting of the American Society for Micro-
biology, New Orleans, Louisana, U.S.A. May 1977).

Materials and Methods

Growth of organism. Rp. sphaeroides NCIB 8253 was grown phototrophi-
cally in the medium of Cohen-Bazire et al. [9] at 30°C with a light intensity
of 800 ft-candles. Cultures were maintained to a final absorbance of 2.5—3.0 as
measured at 680 nm (1 cm light path). Cultures were grown aerobically on a
gyrotory shaker at 350 rev./min in 2800-ml Fernbach flasks filled maximally

* The cytoplasmic membrane as observed in thin sections of phototrophically grown Rp. sphaeroides is
thought to represent a continuous structure. It consists of intracytoplasmic portions believed to be the
site of light-driven cyclic electron flow and peripheral regions that closely appose the cell wall. We
prefer to designate the former as the chromatophore membrane since the term intracytoplasmic mem-
brane is non-specific and has been used to describe a variety of structures found in non-photo-
synthetic bacteria. We have designated photosynthetic pigment-depleted membrane fragments isolated
in the present study as ‘‘cytoplasmic membrane”. Although they have been separated from chromato-
phores and cell walls and presumably arise from peripheral regions of the plasma membrane, definitive
designation awaits in situ electron microscopic evidence.
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with 700 ml of the same medium. Aerobic cultures were maintained until an
Aggonm between 0.8 and 1.0 was reached.

Membrane isolation and purification. All isolation procedures were
performed at 0—4°C. Cell-free extracts were prepared by passage through a
French pressure cell essentially as described previously [10,11] except that the
buffer was 0.1 M sodium phosphate (pH 7.5), containing 0.01 M EDTA [12].
The extracts were centrifuged at 10 000 X g for 10 min, and the supernatant
fraction was then centrifuged at 160 000 X g for 90 min. The supernatant frac-
tion from this ultracentrifugation was recentrifuged at 160 000 X g for 60 min.
The final supernatant fraction was pumped onto a column of Sepharose 2B
(Pharmacia) equilibrated with phosphate/EDTA buffer. Eluted column frac-
tions were assayed for absorbance [11] at 260, 280 and 850 nm (the absorp-
tion maximum of Rp. sphaeroides bacteriochlorophyll in vivo) and for
succinate dehydrogenase (succinate : phenazine methosulfate oxidoreductase,
EC 1.3.99.1) activity [13]. Membrane fragments were pooled from fractions
with the highest ratio of succinate dehydrogenase activity to absorbance at
850 nm and concentrated to approximately one-third of their original volume
by ultrafiltration with a PM-30 membrane (Amicon). Concentrated membrane
suspensions were dialyzed against 10 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) buffer (pH 7.5) and aggregated by sedimentation
at 115 000 X g for 18 h. Pellets were resuspended in HEPES buffer and layered
onto preformed linear gradients of 20—55% (w/w) sucrose in the same buffer.
Gradients were centrifuged at 96 000 X g for 13.75 h and collected by upward
flow displacement [10,14]. Appropriate fractions were pooled and washed
exhaustively with distilled-deionized water. Chromatophore and cell wall frac-
tions were purified from the 160000 Xg- 90 min pellet by rate-zone
sedimentation [10]. The gradients were prepared in 1 mM Tris - HC1 buffer
(pH 7.5). The cell wall fraction was resuspended in HEPES buffer, and further
purified by the isopycnic centrifugation procedure described above.

Physical characterization. Electron microscopic and thin sectioning
procedures have been described [14]. Dodecyl sulfate-polyacrylamide disc slab
gel electrophoresis was performed as described by Laemmli and Favre [15],
modified as follows. The separating gel contained 10% acrylamide. Samples
(2 mg protein/ml) in 62.5 mM Tris (pH 6.8) were maintained at 100°C for
75 s, and 75 ug sample protein were applied to the gel. Gels were fixed, stained
and destained electrophoretically. The fixing and destaining solutions con-
tained 25% isopropanol and 10% acetic acid; staining solution contained 0.02%
Coomassie Brilliant Blue in 7% acetic acid. Molecular weights of the poly-
peptide bands were determined by comparison of their relative mobilities in the
gel with those of proteins of known molecular weight. Standards employed
were: albumin (bovine serum, Miles); catalase, carbonic anhydrase and myo-
globin (all from Sigma); y-globulin (human, Schwartz/Mann); and albumin
(hen egg, Calbiochem).

Chemical characterization. The procedures employed for dry weight, protein,
phosphorus, carbohydrate, and nucleic acid determinations, and lipid extrac-
tion were described previously [14]. The procedures for determination of
bacteriochlorophyll, spheroidenone, and spheroidene contents were also
described [11]; the extinction coefficient of Clayton [16] was employed for
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bacteriochlorophyll. Diaminopimelic acid and glucosamine were determined on
a Beckman Model 120B amino acid analyzer [17] equipped with a System AA
computing integrator. Membrane suspensions containing 150 ug protein were
hydrolyzed with constant-boiling HC1 at 100°C for 24 h. Cytochromes were
determined from sodium hydrosulfite reduced minus oxidized difference
spectra as described by Collins and Niederman [14]. Relative cytochrome levels
were determined from the Soret peaks of such spectra. The a-bands of the
chromatophores could not be quantified with accuracy due to the interference
by overlapping carotenoid bands in this region of the spectra.

Results

Succinate dehydrogenase serves as a marker for both the cytoplasmic and
chromatophore membranes of phototrophically grown Rp. sphaeroides
[13,18]; however, the specific activity of the enzyme in the cytoplasmic
membrane is much higher than that of chromatophores [6]. When crude
extracts from phototrophically grown cells were subjected to the differential
centrifugation procedure described above, 43% of the succinate dehydrogenase
activity * remained unsedimented after the first centrifugation at 160 000 X g.
After the second sedimentation at this speed, 53% of the activity still remained
in the supernatant fraction, while much additional chromatophore material
was sedimented. In contrast with aerobic extracts, 80% of the succinate
dehydrogenase activity partitioned with the supernatant fraction after the first
centrifugation at 160 000 X g; the second ultracentrifugation yielded 94% of
the activity in the supernatant fraction. It has been shown previously [6] that
the succinate dehydrogenase activity in these supernatant fractions is not due
to a soluble cytoplasmic form of the enzyme but rather results from fragmenta-
tion of the cytoplasmic membrane into small bits that do not sediment at
160 000 X g in 90 min. The differences in the relative distributions of activity
between the aerobic and phototrophic extracts is due to the succinate
dehydrogenase activity that sedimented with the chromatophore and cell
envelope fractions in the latter [13].

Niederman et al. [6] have shown that when the small membrane fragments
from the supernatant fraction of phototrophic extracts were aggregated by
prolonged centrifugation and purified by rate-zone sedimentation, the resulting
membranes had bacteriochlorophyll contents that were about 25% of those
observed in isolated chromatophores [6]. Reconstruction experiments
suggested that about 65% of this bacteriochlorophyll could be accounted for
by contaminating chromatophores [6]. To purify the membrane fragments
further, the supernatant fraction obtained after the second centrifugation at
160 000 X g was chromatographed on a Sepharose 2B column (Fig. 1). Photo-
trophic small membrane fragments depleted in bacteriochlorophyll as shown by
their high succinate dehydrogenase/Aggonm ratio were pooled from the last half
of the succinate dehydrogenase profile. Although this usually resulted in

* These percentages represent the distribution of activity between the supernatant and pellet fractions
after the respective ultracentrifugations. Typically, 90—95% of the total starting activity survived these
centrifugation procedures.
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Fig. 1. Elution profiles of 160 000 X g, 60-min supernatant fractions on a 2.6 X 36 cm Sepharose 2B
column. The supernatant fractions which were applied to the columns were derived from 10 and 17 g of
wet phototrophic (upper panel) and aerobic (lower panel) cells, respectively. The small membrane
fragments were pooled from fractions 30—37 from both the phototrophic and aerobic extracts. Other
experimental details are presented in Materials and Methods. SDH, succinate dehydrogenase.

Fig. 2. Resolution of reaggregated membrane fragments from ribosomal material on isopycnic sucrose
gradients. Fractions 30—37 from the Sepharose 2B columns were concentrated by ultrafiltration, dialyzed,
and reaggregated by centrifugation for 18 h at 115 000 X g. Fhe resuspended pellets were layered on 20—
55% (w/w) sucrose gradients and centrifuged to equilibrium in a Beckman SW 27 rotor. Sedimentation
was to the right. Sucrose concentrations were determined refractometrically. Upper panel, extract from
phototrophically grown cells; lower panel, extract from aerobically grown cells. Reaggregated membrane
fragments, fractions 11—15; ribosomal material, fractions 1-~5; chromatophore material (phototrophic
extract), fractions 6—9. SDH, succinate dehydrogenase.

recovery of about half the succinate dehydrogenase activity in the pooled frac-
tions, preparations with a lower final bacteriochlorophyll content resulted.
Membrane fractions as pooled from the column are contaminated with
ribosomal material as evidenced by the co-elution of the ultraviolet absorbance
peak of high Asgonm/A280nm ratio. Although no significant quantities of larger
cell envelope or chromatophore material appeared in the early portions of the
elution profile, fractions with membranes of intermediate size appeared as a
shoulder of ultraviolet absorbances that preceded the small membrane
fragments. The elution profile of succinate dehydrogenase-rich membrane
fragments from aerobic cells was similar to that of the photrophic extracts.
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Fig. 3. Electron micrographs of thin sections of isolated membrane fractions. From top to bottom:
reaggregated phototrophic and aerobic membrane fragments, respectively, isolated from 160000 X g
supernatant fraction by gel filtration and isopycnic sucrose gradient centrifugation; aerobic cytoplasmic
membrane and cell wall fractions, respectively, isolated by the procedure of Schnaitman [19]. Magnifica-
tion: approx. X53 000.
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Aggregation of pooled membrane fragments by prolonged centrifugation was
necessary prior to their resolution from ribosomes [6]. This converted the
small fragments into larger structures which banded two-thirds of the way into
a linear isopycnic sucrose gradient (Fig.2). Although this aggregation
procedure causes the bulk of the membrane fragments to band at an
anomalously high equilibrium density, they are cleanly separated from the
ribosomal material which has remained at the top of the gradient. The majority
of the succinate dehydrogenase activity has banded with the reaggregated
membrane fragments. Chromatophore-like material (fractions 6—9) with a high
Agsonm/Azsonm ratio was also released from phototrophic small membrane
fragments. The reaggregated fragments, and those from aerobic cells, migrated
to the same position in the gradients (fractions 11—15) and contained high
levels of succinate dehydrogenase activity, which is consistent with the
similarity of these fractions.

Electron micrographs of stained thin-sections from isolated membrane
preparations are seen in Fig.3. Both phototrophic and aerobic membrane
fragments appeared as small, mainly vesicular structures with approximate
average diameters of 52 nm. The appearance of these fractions corresponded
closely to that of aerobic cytoplasmic membranes prepared by the method of
Schnaitman [19]. Aerobic cell walls that consist of both the peptidoglycan
layer and outer membrane of the cell envelope are shown in the lower panel.
They stained more densely and assumed coiled and sheet formations typical of
preparations isolated from other gram-negative bacteria [14,19].

The overall chemical composition of the phototrophic and aerobic cyto-
plasmic membrane fragments was virtually identical, aside from small amounts
of photosynthetic pigments in the former (Table I). The specific bacterio-
chlorophyll content of the phototrophic membrane fragments was 6.4 ug
bacteriochlorophyll per mg protein while that for the chromatophores purified
from the same extract was 70.6. These data and data with other preparations
suggested that isolated phototrophic fragments were 91—97% free of con-
tamination by chromatophores. Neither diaminopimelic acid nor glucosamine

TABLEI
CHEMICAL COMPOSITION OF ISOLATED MEMBRANE FRACTIONS

Constituent Dry weight (%)

Membrane fragments Cell wall

Phototrophic Aerobie Phototrophic Aerobic
Protein 65.0 65.0 70.0 67.0
Phospholipid 25.0 22,0 31.0 26.0
Carbohydrate * 4.5 4.2 8.8 9.1
Bacteriochlorophyll <0.556 <0.03 <0.56 (1]
Carotenoid <0.25 <0.02 <0.16 0
Total nucleic acid <0.38 <0.39 <0.19 <0.28
Diaminopimelic acid (4] 0 8.8 8.2
Glucosamine V] 0 0.32 0.32

* Expressed as glucose equivalents.
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were detected in the membrane fragments. The cell wall fractions contained
substantial levels of diaminopimelic acid and glucosamine; this indicates that
the peptidoglycan layer remained attached to the outer membrane during the
isolation procedures. The insignificant levels of nucleic acid in all preparations
demonstrate that they were free from contamination by ribosomes and DNA.
Protein, phospholipid and carbohydrate values were comparable to those found
in the cytoplasmic membrane and cell wall material isolated from other gram-
negative bacteria [20,21]. The amino acid composition of the phototrophic
and aerobic membrane fragments were essentially identical [2]; they contained
46.7 and 47.2% hydrophobic residues, respectively.

The relative cytochrome content of phototrophic membrane fragments has
been estimated from reduced-minus-oxidized difference spectra (Fig. 4). The «-
peaks at 551 and 558 nm indicated the presence of both c¢- and b-type
cytochromes, respectively [22]. Cytochrome levels were assessed from the
magnitude of the Soret peak by absorbance differences between 428 and
407 nm. The dashed line reflects the contribution to the Soret peak that may
be made by chromatophores; the chromatophore and membrane fragment
samples contained equivalent amounts of bacteriochlorophyll. On this basis,
80% of the cytochrome content of the membrane fragments could not be
accounted for by contamination with chromatophores. This suggests that the
fragments have arisen largely from bacteriochlorophyll-depleted cytoplasmic
membrane.

A comparison of the polypeptide profiles of the various membrane fractions
after solubilization and electrophoresis on SDS-polyacrylamide slab gels is seen
in Fig. 5. The multi-banded profiles of the aerobic and phototrophic membrane

1 1 A 1
400 450 500 550 600 650
WAVELENGTH, nm

Fig. 4. Reduced-minus-oxidized difference spectra of membrane fraction from phototrophically grown
cells. Membrane fragments, 0.2 mg protein per ml; chromatophores, bacteriochlorophyll level equivalent
to that in membrane fragment sample. The lower trace is the oxidation baseline. Other experimental
details are provided in the text.
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Fig. 5. Dodecyl sulfate-polyacrylamide slab gel electrophoresis of isolated membrane preparations, The
method of Laemmli and Favre {15] was employed. A, aerobic membrane fragments; B, phototrophic
membrane fragments; C, aerobic cytoplasmic membrane fraction; D, chromatophores; E, phototrophic
cell walls; F, aerobic cell walls. The isolation procedures for the membrane fragments, the cytoplasmic
membranes, and cell walls are indicated in the legend of Fig. 3. Chromatophores were isolated as
described previously [10]. RCy, RCpy, and RCy,, polypeptide subunits of the photochemical reaction
center {23,24]; 42 k, major 42 000 dalton outer membrane polypeptide band [6].

fragments (A and B) were identical both qualitatively and quantitatively. This
is to be contrasted to the results of co-electrophoresis reported previously with
less purified preparations of membrane fragments from aerobic and photo-
trophic cells grown with 3H- and '#C-labeled amino acids, respectively [6].
These preparations shared all of the higher molecular weight bands; the differ-
ences in the quantities of the lower molecular weight bands can now be
ascribed to contaminating chromatophore material. No such differences are
observed here even with the higher order of resolution afforded by the slab gel
electrophoresis procedure. In Fig. 5 it can also be seen that aerobic cytoplasmic
membrane (C), isolated by the method of Schnaitman [19] was typical of that
from other gram-negative bacteria [14,19,21} and closely corresponded to the
profiles of the membrane fragments with only a few differences in the relative
amounts of low molecular weight polypeptides. However, chromatophores
exhibited a distinct profile (D) with much fewer bands than the cytoplasmic
membrane or cell wall profiles, (E, F) and the prominent photochemical reac-
tion center-associated polypeptides observed by others [23,24]. Molecular
weights of these polypeptides were calculated as 28 000, 24 500 and 21 000
for reaction center subunits H, L, and M, respectively. These bands were absent
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from membrane fragments of phototrophic as well as aerobic cells. Cell wall
preparations displayed a prominent band of molecular weight 42 000 which has
been found in large quantity in the outer membrane profiles of other gram-
negative bacteria [19,25] and resolved into several subcomponents [26,27].
Although this band appeared to be present in the membrane fragment profiles,
scans of stained gel slabs with an integrating densitometer suggested that it
represented less than 3% of the total protein of these fractions. A 42 000 dalton
band was absent from chromatophore profiles.

Discussion

The procedures described here have resulted in the isolation of highly
purified fragments of bacteriochlorophyll-depleted membrane from photo-
trophically grown Rp. sphaeroides. They were identified as small unit-
membrane vesicles with a primary lipoprotein composition and were essentially
identical to membrane fragments isolated by the same procedures from aerobi-
cally grown cells by every parameter tested (gel filtration and sedimentation
behavior, appearance in thin sections, chemical composition, and polypeptide
profiles in SDS-polyacrylamide gel electrophoresis). The phototrophic frac-
tion contained significant levels of succinate dehydrogenase activity and
cytochromes; 80% of the b- and c-type cytochrome could not be accounted for
by their small contamination with chromatophores. Moreover, the physico-
chemical properties of the highly purified fragments were typical of cyto-
plasmic membrane preparations isolated by more conventional techniques from
aerobically grown Rp. sphaeroides (refs.7 and 8, and present study) and
Rhodospirillum rubrum [14,28,29] and other gram-negative bacteria [19—21].
Based upon all the preceding evidence, it is concluded that the reaggregated
membrane fragments of phototrophically grown Rp. sphaeroides have been
derived from bacteriochlorophyll-depleted cytoplasmic membrane. Not only
are these membrane regions depleted in photosynthetic pigments, but their
polypeptide profiles indicate that they lack the protein components specific
to the chromatophore membrane.

The presence of photosynthetic pigment-deficient regions of the cyto-
plasmic membrane in phototrophically grown Rp. sphaeroides had been sug-
gested previously [6,13]. A dense cell envelope band of low bacteriochlorophyll
content was isolated by differential and zonal ultracentrifugation [13].
Although, as shown in the present study, a substantial portion of the cyto-
plasmic membrane is fragmented and lost from the envelope, the isolated
envelope material contained significant levels of succinate dehydrogeanse
activity and cytochromes that could not be accounted for by chromatophore
contamination. These components were attributed to bacteriochlorophyll-
depleted cytoplasmic membrane [13]. When crude cell extracts were applied
directly to sucrose gradients and subjected to rate-zone sedimentation, about
half the succinate dehydrogenase activity appeared in a bacteriochlorophyll-
depleted band near the top of the gradient after rate-zone sedimentation
(Niederman, R.A. and Mallon, D.E., unpublished observations). In the present
study, this increment of succinate dehydrogenase activity apparently remained
unsedimented with small membrane fragments during the initial differential
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ultracentrifugation procedure described above; this activity was then isolated
largely with the cytoplasmic membrane. Much of the sedimented cytoplasmic
membrane and residual chromatophore material previously isolated with the
cell wall, was separated in this study from the latter fraction by subsequent iso-
pycnic sucrose gradient centrifugation. The small membrane fragments
recognized previously [6,30] in phototrophically grown cells were isolated in a
previous study [6] by reaggregation and rate-zone sedimentation; they con-
sisted of a mixture of pigmented and non-pigmented membrane. Here, addi-
tional differential centrifugation, Sepharose column chromatography [12,31]
and isopycnic centrifugation have resulted in a more effectual separation of
both cell wall and chromatophore material from the non-pigmented cyto-
plasmic membrane fragments. Care was taken to avoid divalent cations during
the isolation procedure since they have been shown to prevent effective
membrane separation [13,32]. Based upon their bacteriochlorophyll content,
the isolated cytoplasmic membrane fragments were contaminated <9% by
chromatophore material; their polypeptide profile suggests <3% contamina-
tion with outer membrane, and the absence of diaminopimelic acid and glucos-
amine suggests that they have been separated completely from the peptido-
glycan layer of the cell wall.

The results presented here suggest that portions of the cytoplasmic
membrane of phototrophically grown cells remain largely undifferentiated
during chromatophore development and represent conserved aerobic cyto-
plasmic membrane. The outer membranes of phototrophic and aerobic cells
were also identical based upon the parameters examined. In contrast, the
chromatophore membrane is differentiated from other cellular membranes by
the incorporation of bacteriochlorophyll, carotenoids, and specific proteins
involved in the photosynthetic process within a typical lipoprotein membrane
structure. Since the peripheral cytoplasmic and intracytoplasmic membranes
are thought to be continuous [3], it is suggested that structurally and func-
tionally differentiated regions exist within the plasma membrane of Rp.
sphaeroides. The pigment-depleted cytoplasmic membrane fraction may have
originated from the cell periphery because its physicochemical properties were
equivalent to those of the fraction derived from aerobic cells in which the cyto-
plasmic membrane is observed [4,5] closely apposed to the cell wall. Unlike the
chromatophore membrane whose formation is only observed under conditions
of low oxygen tension [4,5,11], the present results demonstrate that the
formation of aerobic cytoplasmic membrane continues irregardless of the
oxygen tension to which the cells are exposed.

A precedent for structurally and functionally differentiated regions within a
continuous procaryotic plasma membrane is provided by cell envelope dis-
aggregation studies in Halobacterium halobium [33—35]). After dialysis against
distilled water and ultracentrifugation, the plasma membrane was resolved into
two distinct fractions: small fragments of orange-red membrane; and large
purple membranous sheets [34]. Discrete patches of purple membrane con-
tinuous with the orange-red membrane were identified in electron micrographs
of whole cells [35]. The orange-red membrane contains a-bacterioruberin and
electron transport components and is thought to be the site of oxidative phos-
phorylation. The purple membrane contains bacteriorhodopsin, a retinal - pro-
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tein complex [36] that mediates a unique photophosphorylation mechanism at
low oxygen tensions in which a light-generated transmembrane proton gradient
[37] is coupled to ATP synthesis [38]. During repigmentation of aerobically
grown Rp. sphaeroides at reduced oxygen tension, the components responsible
for photochemical activity also appear to be inserted into the cytoplasmic
membrane at discrete sites [2,4]. As the synthesis of the new membrane con-
tinues, it invaginates and results in the formation of the chromatophore
membrane. The aerobic cytoplasmic membrane is conserved and upon cell dis-
ruption gives rise to small fragments similar in size to those of the aerobic
membrane of H. halobium.

The invaginations of the cytoplasmic membrane observed in cell sections
have suggested alternative morphogenetic relations between the peripheral and
intracytoplasmic membranes [39]. In the first, the chromatophore and
peripheral cytoplasmic membranes are thought to consist of the same com-
ponents but in different relative proportions. Alternatively, it was suggested
that although the specialized chromatophore membrane is anchored to the
peripheral cytoplasmic membrane, the two membranes are discontinuous with
respect to composition. The first of these hypotheses was elaborated by Oelze
and Drews [1]. They suggested that during derepression of chromatophore
membrane formation the cytoplasmic membrane is differentiated and a
gradient of protein components becomes established within the continuous
membrane system. The alternative hypothesis derives support from the studies
of Kaplan and his collaborators [40,41]. They proposed that although initially
chromatophore membrane growth occurs at the periphery of the cell, new
material is condensed onto the plasma membrane and continued growth
becomes independent of the peripheral cytoplasmic membrane. The findings
presented here provide considerable support for the second of these models. In
previous studies [42], unresolved small membrane fragments appeared to con-
tain precursors of chromatophore proteins. It was not known whether this was
due to bacteriochlorophyll-depleted cytoplasmic membrane, or a pigmented
precursor particle. Further pulse-chase studies support the Iatter possibility
(Niederman, R.A., Mallon, D.E. and Parks, L.C., unpublished observations).
The bacteriochlorophyll-depleted cytoplasmic membrane fragments isolated as
described here did not exhibit precursor activity in phototrophically growing
cells. Instead, pigmented material partially resolved from the cytoplasmic
membrane showed the behavior expected of a precursor of chromatophore pro-
tein components. The basis for this observation is currently under investiga-
tion.
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