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By using freeze-fracture electron microscopy, chromatophores and spheroplast-
derived membrane vesicles from photosynthetically grown Rhodopseudomonas
sphaeroides were compared with cytoplasmic membrane and intracellular vesicles
of whole cells. In whole cells, the extracellular fracture faces of both cytoplasmic
membrane and vesicles contained particles of 11-nm diameter at a density of
about 5 particles per 104 nm2'. The protoplasmic fracture faces contained particles
of 11 to 12-nm diameter at a density of 14.6 particles per 104 nm2 on the
cytoplasmic membrane and a density of 31.3 particles per 104 nm2 on the vesicle
membranes. The spheroplast-derived membrane fraction consisted of large vesi-
cles of irregular shape and varied size, often enclosing other vesicles. Sixty-six
percent of the spheroplast-derived vesicles were oriented in the opposite way
from the intracellular vesicle membranes of whole cells. Eighty percent of the
total vesicle surface area that was exposed to the external medium (unenclosed
vesicles) showed this opposite orientation. The chromatophore fractions con-
tained spherical vesicles of uniform size approximately equal to the size of the
vesicles in whole cells. The majority (79%) of the chromatophores purified on
sucrose gradients were oriented in the same way as vesicles in whole cells, whereas
after agarose filtration almost all (97 /) were oriented in this way. Thus, on the
basis of morphological criteria, most spheroplast-derived vesicles were oriented
oppositely from most chromatophores.

Several photosynthetic bacteria possess an ex-
tensive internal vesicular membrane system,
which houses all or part of the components of
the photosynthetic apparatus (14). The intracel-
lular vesicles are believed to be part of a contin-
uous membrane svstem which includes the cell
surface cytoplasmic membrane (7, 9). TI'hus, it
appears that the intracellular vesicles are formed
as a conse(luence of invagination of the cyto-
plasmic membrane.

'I'wo principal methods of isolating this mem-
brane system are used. The first, involving
French-press or sonic disruption of cells, pro-
duces discrete, closed vesicles, termed "chro-
matophores," which are capable of catalvzing
several reactions related to photosynthetic me-
tabolism (6, 18). Recently, a second method
involving osmotic lvsis of spheroplasts has also
been uLsed (8, 13).

In Rhodopseudomonas sphaeroides, accu-
mulating biochemical evidence indicates that
chromatophores are oriented in the same wav as
the intracellular vesicles and opposite to the
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cvtoplassmic membrane, whereas spheroplast-
derived vesicles are oriented in the reverse man-
ner, that is, in the same wav as the cvtoplasmic
membrane and opposite to the intracellular ves-
icles. For example, Hellingwerf et al. (81 -btained
membrane vesicles of R. sphaerioidl-s u.er os-
motic lysis which were capable of light-eliergized
transport of amino acids in the same direction
as whole cells. Chromatophores, however, dem-
onstrate an opposite polaritv to whole cells in
the translocation of protons and ions (11, 19).
Matsuura and Nishimura (13) recentlv demon-
strated that the shift in the carotenoid absorp-
tion band induced by potassium ions in chro-
matophores is opposite to that induced in lspher-
oplast-derived vesicles; this evidence indicates
possible opposite membrane orientation in the
two prep)arations, since there is evidence that
the carotenoid spectral change depends on the
polaritv of the membrane potential (1(). Finally,
Prince et al. (16) demonstrated that cytochrome
c molecules are localized both within the inter-
nal space of isolated chromatophores and in the
intracellular vesicle comlpartrnents of whole
cells, which are (ontinuouI with the periplasmic
space. Thtus, on the basis of cytochrome c., lo-
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FREEZE-FRACTURE OF R. SPHAEROIDES 731

cation, it appears that chromatophores are ori-
ented in the same direction as the intracellular
vesicles in vivo.
The technique of freeze-fracture coupled to

electron microscopy has proven invaluable for
evaluating the orientation of membrane vesicles
isolated from erythrocytes (20) and Escherichia
coli (1). The value of the technique lies in the
fact that freeze-fracturing cleaves the central,
hydrophobic plane of biological membranes, re-
sulting in the exposure of inner half-membrane
faces (3). The exposed faces are characterized by
particles believed to be protein complexes
embedded in the membrane, and the asymmet-
ric distribution of the particles observed on the
half-faces serves as markers for the respective
membrane halves. By correlating the particle
distribution with the convexity or concavity of
the membrane halves, conclusions about the
orientation of the vesicles can be formulated.

In view of the recent biochemical evidence on
the chromatophores and spheroplast-derived
vesicles of R. sphaeroides, we sought to inde-
pendently investigate and quantitate the ori-
entation of these membrane preparations by
using the technique of freeze-fracture electron
microscopy. Our results indicate that, on the
basis of morphological criteria, most chromato-
phores are oriented similarly to most intracel-
lular vesicles and oppositely from the majority
of spheroplast-derived vesicles.

MATERIALS AND METHODS

Organism, growth conditions, and harvesting
procedures. R. sphaeroides (NCIB 8253) was grown
photosynthetically under semi-anaerobic conditions.
One-liter-capacity serum bottles were filled to capacity
with MG medium (12) and inoculated with 2 ml of an
active culture. The bottles were capped and incubated
at 30°C with an incident light intensity of approxi-
mately 20,000 lx. During midlogarithmic growth, when
the cell cultures attained an optical densitv of approx-
imately 1.0 measured at 680 nm (1-cm path length),
the cells were harvested by centrifugation at 3,000 x
g for 10 min. These cells contained about 8 nmol of
bacteriochlorophyll per mg (dry weight) of cells. The
cells were suspended in either 10 mM tris(hy-
droxvmethyl)aminomethane (Tris) -hvdrochloride
(pH 7.5) or 20 mM potassium phosphate (pH 7.5) to
an optical density of 40 measured at 680 nm. Harvest-
ing procedures were performed between 0 and 5°C.

Preparation of spheroplast-derived mem-
brane vesicles. Ten milliliters of fresh cell suspension
was diluted with 5.5 ml of distilled water. With slow
stirring at 370C, the following were added in order: 5
ml of 1 M Tris-hydrochloride (pH 8.0), 25 ml of 40%
(wt/vol) sucrose, 2.5 ml of lysozyme (10 mg/rnl of
water, Sigma, grade I), and 2 ml of 0.05 M ethylene-
diaminetetraacetic acid. After 30 min of incubation,
spheroplasts were evident by examination with a light
microscope; then 75 ml of 10 mM Tris-hydrochloride

(pH 8.0) was added with stirring at room temperature.
Brij-58 was then added to a final concentration of 0.104
(wt/vol), and the mixture was incubated for an addi-
tional 30 min at room temperature.
Two milliliters of 0.1 M MgCl2 and 1 to 5 mg of

deoxyribonuclease I (Sigma, crude) were added to the
crude extract. The mixture was incubated for 30 min
at 37°C with gentle stirring. The crude extract was
then centrifuged at 3,000 x g for 5 min, and the
pigmented supernatant was recovered and centrifuged
at 48,000 x g for 30 min. The pellet was suspended in
10 mM Tris-hydrochloride (pH 7.5) and gently ho-
mogenized with a Dounce homogenizer. The suspen-
sion was then layered onto 30 to 55% (wt/vol) linear
sucrose gradients made up in the same buffer and
centrifuged for about 10 h in a Beckman SW41 rotor
at 150,000 x g. The pigmented material sedimenting
at approximately 38% (wt/vol) sucrose was recovered
and washed by suspension in 10 mM Tris-hydrochlo-
ride (pH 7.5) and centrifugation at 48,000 x g for 30
min.

Preparation of chromatophores. Chromato-
phores were prepared by two different methods.
Method 1 (sucrose gradient): Suspended cells were
disrupted by one passage through a French press cell
at 1,265 kg/cm2. Approximately 200 tig of deoxyribo-
nuclease I was added per ml, and the crude extract
was centrifuged at 10,000 x g for 20 min. The super-
natant was recovered and centrifuged at 150,000 x g
for 1 h. The crude membrane pellet was suspended in
10 mM Tris-hydrochloride (pH 7.5) and gently ho-
mogenized in a Dounce homogenizer. The suspension
was then layered onto 30 to 55% (wt/vol) linear sucrose
gradients prepared in 10 mM Tris-hydrochloride (pH
7.5) and centrifuged for 10 h at 150,000 x g. The
pigmented chromatophore fraction sedimenting at ap-
proximately 38% (wt/vol) sucrose was recovered, sus-
pended in buffer, and centrifuged at 150,000 x g for 1
h.
Method 2 (gel filtration): Chromatophores were also

purified by a modification of the method described by
Fraker and Kaplan (5). The suspended and homoge-
nized crude membrane fraction obtained as described
above for method 1 of chromatophore preparation was
layered onto a column bed (0.9 by 60 cm) of Bio-Gel
A-150M (100 to 200-mesh, Bio-Rad) and eluted with
10 mM Tris-hydrochloride (pH 7.5). The peak frac-
tions of pigmented material were pooled and concen-
trated bv centrifugation at 150,000 x g for 1 h.
The procedures for preparing spheroplast-derived

vesicles and chromatophores were performed between
5 and 10°C. In some experiments, all Tris-hydrochlo-
ride buffers used in the procedures for membrane
preparations were replaced with potassium phosphate
buffers of equivalent ionic strength and pH.

Freeze-fracture. Cells or vesicles were suspended
in 20 to 100 mM potassium phosphate buffer (pH 7.5),
and glutaraldehyde was added to give a concentration
of 4% (vol/vol). After 1.5 to 2.5 h of fixation at about
10°C, sufficient glycerol in unbuffered glutaraldehyde
was added slowly, over 20 to 30 min, with mixing to
give a final concentration of 4% (vol/vol) glutaralde-
hyde and 30% (vol/vol) glycerol in 10 mM potassium
phosphate buffer. Fixed material was centrifuged, and
small samples of the pellet were rapidly frozen in
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aluminum cups by plunging into liquid Freon 22 at
-160°C. Frozen samples were transferred rapidly with
a prechilled specimen wrench to the specimen mouInt-
ing post, maintained at -140°C, of a Denton freeze-
fracture apparatus. During pumping to high vacuum
(15 to 20 min), the specimen temperature was raised
to -105°C, and the blade was held firmly against the
liquid nitrogen-cooled shroud. From one to five spec-
imens, maintained at -105 to -115°C, were then rap-
idly fractured with the cold blade and replicated im-
mediately after the last fracture. Replicas were cleaned
with commercial sodium hypochlorite (Clorox) and
distilled and filtered water.

Electron microscopy. Specimens were examined
with either a JEM 1OOB electron microscope at an
accelerating voltage of 80 kV or a Zeiss EM-9S at 50
kV. Microscope magnification was calibrated using a
carbon grating replica (E. F. Fullam) and did not vary
more than 3`%.
Measurements. Vesicle dimensions were mreasured

on micrographs enlarged to between x4(,000 and
x55,000. Measurements of vesicle dimension on freeze-
fractured material produce an underestimate of true
dimension but were performed here for comparative
purposes. Particle population densitv was counted on
micrographs enlarged to between x100,000 and
x130,000. Particle dimensions were measured perpen-
dicular to the direction of shadowing on micrographs
enlarged to x200,000; a Camrex x5 magnifier was
used. To compensate partially for different amounts
of etching and shadowing, measurements of particles
from different membrane halves from am,v one given
preparatory method were made, as far as possible, on
the same micrographs. However, the varving angles of
fracture within any one micrograph and the corre-
sponding differences in accumulation of shadow intro-
duce an error in particle measurement for which it was
not possible to compensate.

RESULTS
Whole cells. The main structural features

seen in freeze-fractured whole cells of R. sphae-
roides correspond to those described by previous
workers (4, 21) in thin sections. The outer mem-
brane of the bacterium was usually cross-frac-
tured (Fig. 1 and 2), and its cleaved surfaces
were rarely seen. However, the cleavage plane
frequently exposed the extracellular fracture
(EF) face and the protopasmic fracture (PF)
face (terminology of Branton et al. [2]) of the
cytoplasmic membrane.
The EF face of the cytoplasmic membrane is

a concave face with a population of sparsely (4.8
particles per 104 nm2) and randomly distributed
small particles with a mean diameter of 10.7 nm
(Fig. 1; Tables 1 and 2). This face is marked by
several raised areas, which represent indenta-
tions of the membrane into the cell cvtoplasni;
the raised areas also often exhibit the small
particles which are characteristic of the other
regions of this membrane half.
The PF face of the cytoplasmic membrane is

a convex face with a popl)ation of (lensely (14.6
particles per 10( nmr ) andci randomlly distributed
small particles with a mlean (liamiieter of 11.4 nmri
(Fig. 2; Tables I and 2). This face is mlarke(d by
several depressions of abouLt the samle size as the
raise(l areas on the EF face. I'hese (lel)ressions
somletimiies appear to be devoid of l)articles. btt
when the (lepressions are viewed in a (ross-frac-
tured plrofile, t hey ar e seen to be line(d with
dlenselv packedi parti(les (Fig. 2). 'I'he (lelpres-
.sion.s on the PF face and(i the raiseri areas on the
EF face are interlpretedi to 1)e areas where intra-
cellular vesicies are forming Or ha-ve fornmed hy
intvagination (of the cvtopl)asrlic membrane.

'I'he cytoplasm contains small s(attered single
l)arti(les, occasional srooth-surfaced Spherical
bodies of diameters varying from 5)) to 180) nmn
fotind in the central or the l)erip)heral cytoplasm,
anrI memrnihane-bouneId vesicles largely confined
to the pleriphel-al cytoplasm ( Fig. 2 to 4). 'I'he
vesicles are roughly sp)herical, with arn average
lerngth otf 4 nmii anid anl average withh oif 59 nrm
(Table 3).

'I'he nembrarne fracture faces (of these intra-
celuIlar vesicles resembled very (cIo.sely the frac-
ture faces (of the (ctoplasmic membranes, except
that their (onmcavit and cmonvexity were reversed
(Fig. :3 ari(I 4). 'I'he convex fracture face, that is,
the fractUre face of the interior half of the vesicle
meml)rarle or the EF face, UStIually hadI a sparse
iopulation of particles (5.2 particies l)er 10' urim'
with an average dIiameter of 10.5r-)nm. 'I'he ( on-
cave or ITF face uIsuLally hacI a iernse IolItlation
of plarticles with an average (liamileter 12.2 nm;
these particles were mlore eienselv l)a(kedl (31.3
particles 1per 1)' nnvm ) than those on the (Yto-
p)lasmic miemibranie (Tables I and(i 2).

From ani analysis off 209 spherical vesicles
in(ludInLIg the smooth-SUrfaced b(oies fronm
whole cell preparations, 72%i were fotinrI to have
either a (onvrex (HF) face with sparse p)arti(les
(conxvex-sparse) Or a oncave (PF) face with
dlenselv (list ribut ed p)articles (concave-dense)
(Table 4). T'he smnooth-Surfaced h()olies, which
were oftern larger antI more centrally loc-ate(d
thani typ)ical photosynthetic vesi;icles (Fig. 4).
may replresent StrtLctural elements in the tell not
related to the photosynthetic nienmbr-anie sVstem,
for example, 1)oly-/3-hytlroxybut vrate granules
or gas vactroles. If these were eliirinat ed fromim
the anialyNis, then 88%' of the remilaininlg vesicles
showed an orientation of either (Inmvex-slparse mr
concave-dense.
Spheroplast-derived vesicles. 'I'he pig-

miiernte(i miemibranie fraction isolate(d after (os-
m(otic lysis (if spheroplasts antI )subse(qUent (lern-
sity gradient cent rifugation was characterized by!
vesicles of irregular shape arl(i varietl size, which
ofteni appeared to enc(lose other vesicles (Fig. 5,
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FIG. 1. Freeze-fracture replica of whole cell. Fracturing has exposed the EF face (outer leaflet) of the
cytoplasmic membrane (CM). Raised areas of the cytoplasmic membrane are marked by arrows. The outer
membrane (OM) is seen in profile. 97,OOOx. The bar in the upper right of all figures equals 0.1 or 0.2 ,im, as
designated. The arrow in the lower right indicates the shadowing direction.

FIG. 2. Replica of whole cell showing the PF face (inner leaflet) of the cytoplasmic membrane (CM) as well
as fractured cytoplasm. Depressions (arrows) occur in the cytoplasmic membrane, and particles (P) are
sometimes seen to line the depressions. Outer membrane (OM). 97,000x.
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734 LOMMEN ANDL TAKEMOTO

lables :3 and 4). 'I'he enclosed vesicles were
sonmetillmes neste(l one inside another. Somiie of
the apparently enclose(l vesicles muitist be the
reesuLlt of infoldings of the surface of auLtonomiiouLs
ve,sicles; suc-h infoldinigs were occasionally seen
in l)rofile (Fig. 5). 'I'he average length of all the
vesicles, enclosed an(l unenclosed, was 14(0 nm,
and their average width was 100 nm (Table 3).

Analysis of about 400 vesicles of this fraction
(Table 4) revealed that the majority have the
reverse orientation fromn vesicles obser\ved in
whole tells, that is. 66%i were either convex with
densely distributed p)articles (convex-dense) or
concave with sparse particles (concave-sparse).

'T'o estinmate the orientation of only the mnemil-
brane surface area which was exposed to the
external mnediumL1, only Unenclosed vesi(les were
considlered next. Estinmation of the nmemibrane
surface area of these vesicles combined with
scoring of their orientation showed that about
80()(' of this exposed memiibrane surface area was
orientecl in the convex-dense or concave-sparse
manrner.
Sparse particles were distributed with a den-

sitv equal to that in the whole cell membranes.
However, on densely populated surfaces, parti-
cles were present at a density of 27.9 p)articles
per 10.1 nm2 (Table 1), a value between those
observed for cytoplasmic and vesicle menmbranes
in whole cells. As in the whole cells, the sparse
particles were slightly smaller in diameter than
the denselv distributed particles (Table 2). Ves-
icle preparations isolated in Tris-hydrochloride
or in phosphate buffers were not observed to
differ from each other in morphology oI' vesicle
orientation.
Chromatophores. The chromatophore frac-

tion isolated from sucrose gradients after

TI'ABLE 1. Population density ofparticles on
fractured faces of whole cell membranes,

spheroplast-deriued cesicles, and chromatophores
No. of particles per 10' nrn2
of half-membrane sturface

area`
Membrane source

Sparsely Densely pop-
populated ulated sur-
surfaces faces

Whole cells
Cytoplasmic membrane 4.8 ± 0.3 14.6 ± 0.7
Vesicles 5.2 ± 1.3 31.3 ± 1.2

Spheroplast-derived vesi- 4.8 ± 0.4 27.9 ± 1.4
cles

Chromatophores
Sucrose gradient 5.5 ± 1.4 26.7 ± 1.0
Gel filtration 5.4 ± 0.8 27.2 ± 1.5

" ±Standard error.

TABLE 2. Diameters ofparticles on fractured faces
of whole cell membranes, spheroplast-dericed

c,esicles, and chromatophores
Sparsely 1)popu- Denisely populated
lated surfaces sUrfaces

Membhrane source --___
Diameter' X Diameter IV

(nmi) ' (nni
Whole cells

Cvtoplasmic mem- 10.7 ± 0. 1 98 11.4 + 0.2 97
brane

\esicle.s 10.() -0. 1S 12.2 + il 7f0

Spheroplast-derived 11.5 ±+(0.2 50 12.4 +0.:3 30
vesicles

Chronatop)hores
Sucrose gr-adienit 11.9 ± 0.2 50 12.3 0.4 56
Gel filtrationl 107±( 0 90 50 12.3 + 0.( 50

Meani ± standard etrror.
N. NUml)er of particles nmeasuLr ed.

French-press cell disruption contained nearly
spherical individual vesicles of slightly variable
size (Fig. 6; Table 3). Their average dimensions
were 79 by 65 nm, and only 1%e were enclosed in
other vesicles (Table 4). Their orientation was
similar to that found in the whole cells, that is,
79% were either convex-sparse or concave-dense
(Table 4). Often very large vesicles, fragments of
membranes, and occasional fragments of cells
enclosing cytoplasm were seen in this fraction.
The chromatophore fraction purified by aga-

rose filtration after French-press disruption of
cells was characterized by spherical individual
vesicles of more uniform size (Fig. 7; Table 3).
Their average length was 67 nm, slightly smaller
than that in whole cells, and their average width
was 61 nm. No vesicles were enclosed in other
vesicles, and 97% were oriented in the convex-
sparse or concave-dense manner, that is, simi-
larly to vesicles in whole cells (Table 4). The
fraction contained only rare small membrane
fragments.

In both chromatophore preparations, the
sparse particles were slightly smaller than the
densely distributed particles, and the population
densities of particles were similar to those of
spheroplast-derived vesicles (Tables 1 and 2). As
in the case with spheroplast-derived vesicles,
chromatophores prepared with potassium phos-
phate buffers did not differ from those prepared
in Tris-hydrochloride buffers.

DISCUSSION
Whole cells. The only significant difference

observed between the cytoplasmic membranes
and vesicle membranes of whole cells was that
the PF face particles of the vesicles were twice
as densely packed as those of the cytoplasmic

J. BACTERIOL.



FIG. 3 and 4. Replicas of whole cells showing several vesicles (V). Fracturing has exposed the concave (PF)
face of some vesicles and the convex (EF) face of others. The fracture faces are usually either densely (d) or
sparsely (sp) populated with particles. Several smooth-surfaced bodies (sm) are seen. Figure 4 shows the kind
of large and centrally located smooth-surfaced body that is frequently seen in cells and is clearly distinct
from the photosynthetic vesicles. In Fig. 3, the smooth-surfaced bodies might be considered photosynthetic
vesicles, but as concave surfaces they would then usually exhibit a dense particle distribution (see Table 4).
PF and EF faces of the cytoplasmic membrane (CM) are shoun. Figure 3, 95,OOOx; Fig. 4, 106,000x.
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736 LOMMEN AND TAKEMOTO

membrane. This suggests that condensation of
these particles in the vesicle membranes may
occur during formation of photosynthetic vesi-
cles from cytoplasmic membrane. In contrast,
the EF particles in both kinds of membranes
were equally sparsely distributed. All the parti-
cles averaged 11 to 12 nm in diameter. (For
every membrane type and preparation exam-
ined, the densely packed particles were slightly
larger than the sparse particles; however, given
the errors in particle measurement discussed
under Materials and Methods, it is difficult to
ascribe any significance to this difference.)
Membrane vesicles. The results presented

indicate that by morphological criteria the ma-
jority of membrane vesicles derived from spher-
oplasts are oriented oppositely from the majority
of chromatophores. Furthermore, the chromat-
ophores are oriented similarly to intracellular
vesicles occurring in whole cells. These findings
are consistent with previous biochemical evi-

TABLE 3. Vesicle dimensions in whole cells and in
spheroplast-dericed and chromatophore

preparations

1No. of Avg of
Length' Width' vesicles lengthVesicle source (nm) (nm) mea- and

sured width
)~~~~nm)

Whole cells 74 + 2 59 ± 1 196 67

Spheroplast-derived 140 ± 6 100 + 3 199 120
vesicles

Chromatophores
Sucrose gradient 79 ± 2 65 ± 1 201 72
Gel filtration 67 ± 1 61 ± 1 200 64

Mean ± standard error.

dence on membrane preparations of R. sphae-
roides as cited in the introduction. Virtually all
of the chromatophores (97%) purified by agarose
filtration were oriented in the same direction as
the intracellular vesicles, and 66% of the spher-
oplast-derived vesicles were oriented in the op-
posite direction. Moreover, about 80% of the
membrane area exposed to the medium in spher-
oplast-derived vesicle preparations was oriented
in the opposite direction.

In a previous study, Reed and Raveed (17)
observed, by freeze-fracture electron micros-
copy, chromatophores obtained from strain R-
26 of R. sphaeroides, a mutant incapable of
synthesizing carotenoids. Fractures of chromat-
ophores of this strain produced rough faces,
covered with 42 particles per 104 nm2 with di-
ameters of about 13 nm, and smooth faces with
very few particles. From their micrographs, the
rough faces appear to be largely concave and the
smooth faces appear to be largely convex. These
results are similar to observations made in the
present study on chromatophores from a wild-
type strain. Similar observations have been
made with membrane preparations derived from
French-press cell extracts of a related organism,
Rhodospirillum rubrum (15).
The chromatophore preparations isolated on

sucrose density gradients were more heteroge-
neous in vesicle size and orientation than the
preparations isolated after agarose filtration.
The ability to recover more homogeneous chro-
matophores after agarose filtration suggests a
relationship between vesicle size and orientation
in the chromatophore preparations. For spher-
oplast-derived vesicles, however, preliminary
analysis of the size distribution and orientation
did not reveal a similar relationship (data not

TABLE 4. Orientation of vesicles in uhole cells and in spheroplast-derit,ed and chromatophore
preparations"

Orientation

Convex Concave Convex- En- N of
Vesicle source dense + Convex+ close( esicles

Cocv-sparse ± ana-
Dense Sparse Smooth IDense Sparse Smooth Concave Concave- vlzed((C7, (c)) (7 (e;) (') () sp(aCrse dense (.(C' (CI spa(C-r((e

Whole cells 1 26 10 46 9 7 10 72 0 209
Correctedh 2 32 56 11 13 88 0 174

Spheroplast-derived 46 9 1 21 20 3 66 30 32 399
vesicles

Chromatophores
Sucrose gradient 12 22 1 57 6 3 18 79 1 200
Gel filtration 2 34 0 63 1 1 3 97 0 200

" The number of vesicles of each orientation is expressed as a percentage of the total number of vesicles
analyzed from each source.

h Results after removing smooth-surfaced bodies from whole cell vesicle counts.

J. BACTERIOL.



FREEZE-FRACTURE OF R. SPHAEROIDES 737

FIG. 5. Spheroplast-derivied vesicles. Concave (CC) and convex (CV) fracture faces are denselv (d) and
sparsely (sp) populated with particles. Smooth-surfaced bodies are rarely seen. Many vesicles are enclosed (e)
in others; sometimes several vesicles are nested (n) inside one another. Small arrouw marks an infolded
autonomous vesicle. 57,OOOx.

VOL. 136, 1978



738 LOMMEN AND TAKEMOTO

FIG. 6. Chromatophores prepared by French-press disruption followed by sucrose gradient centrifugation.
Most of the concave (CC) faces are densely (d) populated u'ith particles, and most of the convex (CV) faces are
sparsely (sp) populated, although the reverse orientations are also seen. Smooth-surfaced bodies are rare.
Several large vesicles (LV) (100 to 180 nm in diameter) are present, although most vesicles are smaller. What
appears to be a fragment of a cell (fc) including outer membrane, cytoplasmic membrane, and cytoplasm is
present. (A) 57,000x; (B) 150,OOOx.

J. BACTERIOL.
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FIG. 7. Chromatophores prepared by French-press disruption followed by agarose filtration. Almost all the
concave (CC) faces are densely (d) populated with particles, and almost all the convex (CV) faces are sparsely
(sp) populated. Only one vesicle larger than 100 nm in diameter is present (LV). There are no large cell
fragments. (A) 57,OOOx; (B) 150,000x.

shown). In addition, efforts to recover more ho-
mogeneous preparations of spheroplast-derived
vesicles by agarose filtration were not successful.

Speculations on how spheroplast-derived ves-

icles and chromatophores may be formed during
cell disruption can be considered in view of these
results. The spheroplasts swell in hypotonic so-
lution, and the intracellular vesicles that are

VOL. 136, 197i8
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continuous with the cVtoplasmic membrane may
become part of the stretched limiting surface of
the spheroplast. With lysis, the surface menm-
branes fragment and reseal in an orientation
similar to the cytoplasmic membrane in situ.
With French-press disruption, the intracellular
membranes apparentlI reseal in the original ori-
entation. Fragmentation and resealing in this
case perhaps occur at points of constriction in
the continuous membrane svstem, since the
physical dimensions of the chromatophores Ie-
senmble those of the whole cell vesicles.
The light intensity used in growing cells for

membrane isolation may havTe significant bear-
ing on the orientation of vesicles obtained. A
relatively high light intensity was chosen in
these experiments (20,000 lx) since undei such
conditions the intracellular membrane system is
largely confined to the cell periphery (Fig. 2 to
4) (4). 'I'hus, during osmotic lNsis, the resealing
of membrane fragments into spheroplast-de-
rived vesicles with an orientation of the in situ
cyrtoplasmic membrane might be facilitated
since the extent of menmbrane invagination is
minimized. A similar approach was used by Hel-
lingwerf et al. (8) to obtain a preparation of
membr-ane vesicles fronm R. sphaero ides capable
of actively transporting L-alanine.
The three kinds of isolated vesicle prepara-

tions were all obser-ed to have densely packed
particle populations with densities intermediate
between those of the cvtoplasmic and vesicle
membranes in whole cells (Table 1). This sug-
gests that both cytoplasmic and intracellular
membranes contribute to the preparations pro-
ducing the observed intermediate population
densities. However, the density differences are
too small to allow individual vesicles oIr parts of
vesicles to be assigned to one or the other source.
Thus, the extent of contribution by the cvto-
plasmic membrane in the formation of these
vesicle p)reparations is difficult to assess. With
the high light intensity used for growth, the
amount of cyrtoplasmic rmembrane relativ e to
intracellular membrane is higher than with
growth under lower light intensities. Therefore,
the contribution of cytoplasmic membrane to
the preparations may possibly be higher than
for preparations obtained from low-light-grown
cells. Chromatophore preparations from cells
grown with relatively low light intensities have
been ireported to be essentially free of cvtoplas-
mic miienmbrane material (3). Interestingly, (vto-
plasmic membrane vesicles obtained from E.
coli after French-press clisruption show inside-
out orientations as revealed bv freeze-fracture
electron microscopy, (1), and these vesicles re-
semble the chromatophores observed in the
present study in size and particle distribtution.

J. BACTERIOI.

'I'he abilityv to prepare membrane vesicles of
the phot osvnthetic apparatus of B. sphacroides
with opposite au(l known orientation shotldl al-
low fortiher st udies on thie topographical (listri-
bution of (oml)onents whi(h comprise this svs-
teml.
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ADD)ENDUtM IN PROOF

A recent report (P. A. M. Michels anid W. N. Konirngs.
Bliochiox.i3iolohYs Acta 507::35;3-368. 11978t descrihes ohser-
xations oni freeze-ftactunredl pireparat ions of spheroplast-cle-
rived -esicles and chrornatotphores of IR. xrcheroi(des silmilar
to those reiported here.
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