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Structural changes association with the intracytoplasmic membrane during the cell cycle of the photosyn-
thetic bacterium Rhodopseudomonas sphaeroides have been studied by freeze-fracture electron microscopy.
The isolated intracytoplasmic membrane vesicles, chromatophores, were fused in order to obtain large
fracture faces, allowing more precise measurements and statistical analysis of both intramembrane particle
density and size determinations. The intramembrane particle density of the protoplasmic face (PF) of the
intracytoplasmic membrane, (from 4970 to 8290 /um?), was shown to be a linear function of the protein /
phospholipid ratio (from 2.5 to 5.1, w /w) of the intracytoplasmic membrane. Under constant light intensity,
both the average particle size and particle size distribution remained unchanged during the cell cycle. These
results provide the structural basis for the earlier reported cell-cycle-specific variations in both protein/
phospholipid ratio and alternation in phospholipid structure of the intracytoplasmic membrane of R.
sphaeroides during photosynthetic growth. The average particle diameter in the PF face of the intracyto-
plasmic membrane was 8.25, 9.08 and 9.75 nm at incident light intensities of 4000, 500 and 30 ft-cd,
respectively. When chromatophores were fused with small, unilamellar liposomes, the intramembrane particle
density decreased as input liposome phospholipid increased, whereas the particle size remained constant and
particle distribution became random.

Introduction

The facultative photoheterotroph Rhodopseu-
domonas sphaeroides, capable of respiration under
aerobic conditions and photosynthesis under
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anaerobic conditions in the presence of light, pro-
vides an excellent system for the study of mem-
brane biogenesis as well as membrane structure-
function relationships. Upon a shift from aerobic
to anaerobic growth conditions in the presence of
light, the cell develops an extensive intracytop-
lasmic membrane arising as invaginations from the
preexisting cytoplasmic membrane; the intracy-
toplasmic membrane contains the complete photo-
synthetic apparatus. The amount of intracytop-
lasmic membrane as well as the relative propor-
tions of the various components of the photosyn-
thetic apparatus are regulated by the available
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light intensity [1-4]. Three pigment-protein com-
plexes have been identified within the membrane
and can be isolated in a functional state. These are
the two light-harvesting complexes, designated
LHC I and LHC II and the reaction center. LHC I
occurs in fixed proportion to the reaction center
[2] and is thought to be an essential intermediate
in the transfer of exciton energy from the variable
antenna complex, LHC II to the reaction center
[5). In turn, the reaction center carries out primary
photochemistry [6]. Whereas the reaction center
and LHC I are in fixed stoichiometry [2], the LHC
II complex varies inversely as a function of light
intensity [1].

Following cell breakage, the intracytoplasmic
membrane is isolated as resealed, uniform spheri-
cal vesicles of 55-70 nm [7-9]. These vesicles,
termed chromatophores, are isolated in greater
than 96% purity, employing techniques developed
and routinely used in our laboratory [7,9-11] and
are chemically well-defined [7,10,11]. The chro-
matophores are both photochemically and en-
zymatically active and a series of photochemical
[12,13], enzymatic [14]) and immunological [15,16]
experiments indicate that the chromatophores are
of uniform orientation but of opposite orientation
with respect to the cytoplasmic membrane
[12,13,17,18].

Previous studies in this laboratory [19-24] on
the biosynthesis of the intracytoplasmic membrane
of R. sphaeroides using steady-state, photosyntheti-
cally grown, synchronously dividing cell popula-
tions revealed the following changes associated
with intracytoplasmic membrane synthesis during
the cell division cycle: (1) discontinuous decrease
in the specific density of the intracytoplasmic
membrane after a shift of the cell culture from
2H,0-to-H,0-based medium, (2) continuous in-
sertion of protein and photopigments into preex-
isting intracytoplasmic membrane, (3) large in-
crease in the rate of cellular phospholipid synthesis
prior to cell division, (4) sharp increase in the rate
of phospholipid incorporation into the preexisting
intracytoplasmic membrane, concurrent with the
onset of cell division followed by the absence of
phospholipid accumulation into the intracyto-
plasmic membrane throughout the remainder of
the division cycle, (5) cyclical changes of the chro-
matophore protein/phospholipid ratio which cor-

relate to the correspondingly cyclical changes of
chromatophore intrinsic specific density, and to
the chromatophore microviscosity as determined
by the use of the fluorescent probe, a-parinaric
acid and, (6) discontinuous increases in the suc-
cinate dehydrogenase and NADH — oxidase activ-
ities which are present at low levels in the chro-
matophores.

Similar observations have been reporeted al-
though not as extensively documented or as
throughly investigated for other biological mem-
branes. For example, the discontinuous accumula-
tion of cellular phospholipid was demonstrated in
Escherichia coli [25,26], in neoplastic mast cells
[27] and recently in yeast [28]. Furthermore, sig-
nificant variations in the yeast mitochondrial pro-
tein /phospholipid ratio and a stepwise increase in
the cellular cytochrome ¢ oxidase activity in yeast
have also been observed [28,29].

The current study presents an examination of
the influence of naturally changing the membrane
protein /phospholipid ratio on the structural
organization of a highly purified biological mem-
brane, the intracytoplasmic membrane of R
sphaeroides. This investigation represents an over-
all effort to relate within a single native membrane
system an electron microscopic analysis of mem-
brane structure during its biosynthesis with bio-
chemical, biophysical and functional studies
[19-24] of the same experimental material. In this
paper, we report our efforts to relate the cell-
cycle-specific change in protein /phospholipid ratio
of the intracytoplasmic membrane with the density
and/or size of the intramembrane particles associ-
ated with the intracytoplasmic membrane as re-
vealed by freeze-fracture electron microscopy.

It has been demonstrated [30-32] that the in-
tramembrane particles associated with the PF face
of the photosynthetic membrane in several photo-
synthetic bacteria most likely represent macro-
molecular complexes consisting of the reaction
center, LHC I and LHC II bacteriochlorophyll-
protein complexes. Additional evidence in support
of this concept from studies in R. sphaeroides is
also reported in this paper. In order to detect small
changes in particle density, the technique of rotary
shadowing [33] instead of the conventional uni-
directional shadowing was employed in the pre-
paration of freeze-fracture replicas.



Materials and Methods

Organism and culture conditions. R. sphaeroides
strain 2.4.1 was grown in Sistrom’s minimal
medium A [19]. Photoheterotrophic growth was
conducted in either completely filled screw-capped
vessels of 170 ml, in 1-1 Roux bottles or in 5-1
Povitsky bottles, under an atmosphere of 95% N,
and 5% CO, with continuous sparging employing
a MK 1 mass flow controller. Illumination was
provided by a bank of Lumiline lamps (General
Electric) placed on both sides of the vessel. Light
energy was measured at the center of the vessel
with a Yellow Spring Kettering model 65A radi-
ometer through a Corning colored-glass filter (CS
No. 7-69; 620-1100 nm). Light intensity was mea-
sured with a Lunasix light meter. Incubations were
conducted in a plexiglass water bath at 32°C + 0.2
with temperature regulated by Haake FT. Cells
previously adapted to the exponential phase of
growth were the inoculum for asynchronous cul-
tures. Inocula for synchronous cultures were
adapted as described below. Culture turbidity was
followed as described previously [9]. Asynchronous
cultures were harvested at 100 Klett units using
the No. 66 filter corresponding to approx. 1.5 - 10°
cells /ml and stored as a cell paste at —20°C until
used.

Synchronization technique and cell enumeration.
Populations of synchronously dividing cells were
obtained by the stationary phase cycling technique
of Cutler and Evans [34] as modified by Lueking
et al. [19]. An asynchronous culture adapted to
exponential growth was allowed to complete one
mass doubling following cessation of exponential
growth (approx. 360 Klett units). A portion of the
culture was then transferred to 700 ml of fresh
medium to give a final culture turbidity equivalent
to one-eighth of the inoculum. Cells of this second
cycle allowed to reach a culture turbidity identical
to that of the previous culture were then used to
mnoculate a Povitsky bottle containing 4 1 of the
same medium. Samples were removed every 20
min to formaldehyde and counted immediately
with 400—800 cells counted per determination.

Isolation and fusion of chromatophores. Highly
purified chromatophores were isolated from whole
cells according to the procedures routinely used in
our laboratory [7,9,10]. Fusion of purified chro-

43

matophores employing poly(ethylene glycol) 6000
as fusogen were conducted as described previously
[9]. The total population of fused chromatophores
was then used for all subsequent determinations of
protein, phospholipid, bacteriochlorophyll (BChl)
and in freeze-fracture analyses.

Preparation of liposomes. Whole cell phos-
pholipids were extracted from an asynchronous
culture of R. sphaeroides 2.4.1 by the method of
Folch et al. [35]. The extracted phospholipids were
separated from photopigments as described by
Donohue et al. [36]. Extracted phospholipids were
stored in chloroform at —20°C until use.
Liposomes were prepared by sonicating 30 mg of
extracted phospholipids in 1.0 ml of 10 mM
NaH,PO, buffer (pH 7.0) in a T-80-80 model
sonic bath, Laboratory Supplies, Hicksville, NY,
at 28.5-33.5°C for 15 min. The liposomes were
annealed further at 60°C for 15 min [37]. Large
liposomes were pelleted by centrifugation in a
Beckman 50 Ti rotor at 80000 X g for 60 min.
Small (unilamellar) liposomes were recovered by
carefully withdrawing the clear supernatant as de-
scribed by Barenholz et al. [38].

Fusions involving liposomes. Liposome-chro-
matophore fusions were conducted in the same
manner as chromatophore fusions [9]. Poly(ethyl-
ene glycol) 6000 was removed by continuous and
discontinuous diafiltration at 4°C wusing an
Amicon XM1 100A membrane filter. The dilution
factor was approx. 1.5 - 10%. Each fusion mixture
was layered on a discontinuous sucrose gradient
(8, 16, 24, 40% sucrose in 10 mM NaH,PO,, w/v,
pH 7.0) and centrifuged in a Beckman SW28 rotor
at 100000 X g for 14 h at 4°C. Distinct membrane
fractions of differing density distributions were
collected, while the absorbance was monitored at
365 nm. Sucrose was removed from the sample by
repeated dilution and centrifugation at 80000 X g
for 2 h. Liposome fusions were conducted in the
same manner as chromatophore fusions at a final
concentration of 10 mg phospholipid /1.85 ml fu-
sion mixture.

Electron microscopy-freeze fracture and negative
staining. Samples for freeze-fracturing were treated
with 20% glycerol as described [9). Freeze-fracture
replicas were made with a Balzers BAF 301
freeze-etch unit equipped with a rotary cold stage
as described previously [9]. Freeze-fracturing was
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performed at —105°C at a vacuum of 2-107°
Torr or better. A shadowing angle of 30° was
chosen and a quartz thin-film monitor was used to
prepare replicas of uniform thickness.

Liposomes, fused liposomes and liposome-chro-
matophore fusion products were negatively stained
with 0.5% uranyl acetate for 3 min.

All replicas and negatively stained samples were
examined in a Jeol 100C electron microscope at 80
kV with a 60 p, objective aperture. Magnifications
were calibrated with a diffraction carbon grating
and pictures were taken randomly over the entire
field from one or more replicas for each sample.

Particle density and size measurements. For in-
tramembrane particle density determinations, all
negatives were taken at 0° tilt and at 50000 X,
then optically enlarged to 500000 X . A 33.4 mm
test circle (corresponds to object area of 3500 nm?)
was applied to the center of an enlarged fracture
face. Only PF faces whose center appeared flat, as
judged by the complete symmetry of shadows in
the images of particles, and whose diameter were
at least twice that of the test circle were employed
in measurements [39]. The number of particles
enclosed by the test circle was counted and par-
ticles that intersected the circle were counted alter-
natively in and out, At least 50 fracture faces were
analyzed and 1035-1500 particles were counted
for each sample.

Much larger vesicles were obtained from chro-
matophore-liposome fusions when compared to
chromatophore-chromatophore fusions. Therefore
larger test circles (e.g., corresponding to 7000 nm?,
10500 nm?, 14000 nm?, etc.) were employed for
particle density determinations. In those measure-
ments, the same rules were followed as described
for chromatophore-chromatophore fusions. The
total area measured for each sample was equiva-
lent to at least seventy five 3500 nm? test areas.

For the measurement of intramembrane par-
ticle diameter, electron micrographs were taken at
0° tilt and at 50000 X, enlarged to 150000 X and
optically enlarged further to 120000 X . The same
criteria in selection of fracture faces for density
measurement were applied to particle size mea-
surements, i.e, only PF faces whose center ap-
peared flat and whose diameters were at least
twice that of the test circle were employed. The
diameter or long axis of the intramembrane par-

ticle was measured using a calibrated ruler. A total
of 400-520 particles derived from several fracture
faces were measured for each sample.

Diameters of negatively stained membrane
vesicles were determined using a Numonics
Graphics Calculator (Landsdale, PA) interfaced to
a Wang Programmable Calculator. A minimum of
200 vesicles were measured for each sample.

Analytical method. Protein concentrations were
determined by a modified procedure of Lowry et
al. employing bovine serum albumin as standard
[40].

Phospholipid extraction of membrane prepara-
tions were conducted as described by Ames [41].
Lipid phosphorous quantitations were performed
according to a simplified Morrison’s method [42]
with the following modifications during minerali-
zation. 0.3 ml concentrated sulfuric acid was ad-
ded to the dried phospholipid sample and in-
cubated for 3—6 h at 160°C. 0.1 ml concentrated
H,O, was then added and the samples were in-
cubated further for 12 h at 160 °C. For conversion
to micrograms of phospholipid, a molecular weight
of 785 was used for the latter.

BChl was assayed by the method of Cohen-
Bazire et al. [1]. Concentrations were calculated
using E;,s =75 mM ™, and for conversion to mi-
crograms of BChl, a molecular weight of 914 was
used.

Results

Particle density measurements during cell cycle

We could not make reliable particle density and
size measurements directly on isolated chromato-
phores because their small size (55-70 nm) and
high radius of curvature made such analyses dif-
ficult in order to determine whether or not there is
a change in the density and /or size distribution of
intramembrane particles within chromatophores
derived from cells at various stages of the cell-divi-
sion cycle. Likewise, because of the vesicular na-
ture of the photosynthetic membrane 1n situ, large
flat fracture planes are not readily achievable.
Therefore, we made use of our ability to fuse
isolated chromatophores [9] in order to derive
membrane preparations useful for the kinds of
analyses envisioned.

Previous studies employing the stationary phase



cycling technique to induce division synchrony in
R. sphaeroides have routinely employed photosyn-
thetic cultures of 700 ml [19]. The same technique
was successfully applied in achieving division syn-
chrony in large volume cultures (4.6 1) of this
organism undergoing photoheterotrophic growth.
Exponential increases in total cellular mass and
stepwise increases in cell number were reproduci-
bly obtained, thereby suggesting that an adequate
degree of division synchrony was achieved (data
not shown). Chromatophores were isolated from
small quantities of cells harvested at 20-min inter-
vals throughout the division cycle. Protein and
phospholipid content of the isolated chromato-
phores were determined and were shown to un-
dergo cyclical variations as previously described in
numerous other experiments from this laboratory
[19-24). Therefore, large volumes of cells for pre-
parative analysis were harvested from synchro-
nously dividing cell populations at strategic stages
of the division cycle and highly purified chromato-
phores were isolated from these cells as described
previously. The chromatophores were subse-
quently used in protein and phospholipid de-
terminations and in fusion experiments [9]. It is
important to point out that the data which are
provided below represent a composite of samples
taken from several synchrony experiments per-
formed under identical conditions. The necessity
of employing this approach was two-fold: (1) the
volume of sample needed was substantial and (2)
until an experiment was terminated, it was not
obvious as to precisely where in the cell cycle the
sample was derived. Once a series of synchronous
cell experiments were performed, then samples
representing different points in the cell cycle were
taken for further study.

The purpose of the fusion procedure was to
obtain chromatophores derived from any point
within the cell cycle which were of larger vesicle
size than the unfused preparation in order to
facilitate statistical analysis of intramembrane par-
ticle density and size. The orientation and integrity
of fused chromatophores thus obtained have been
previously demonstrated to be identical to those of
control chromatophores [9]. Protein /phospholipid
ratios of each chromatophore sampl® before and
after fusion were determined in parallel and the
difference between the two ratios for each sample
was less than 5-10%.
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Fig. 1 is a composite of freeze-fracture faces
showing the intramembrane particle density of PF
faces of fused chromatophores derived from syn-
chronously dividing cells harvested at various
stages in the cell cycle. Chromatophore samples
with lower protein/phospholipid ratios exhibit in-
tramembrane particles which are less densely
packed on the PF face; conversely, samples with
higher protein/phospholipid ratios have in-
tramembrane particles which are more densely
distributed on the PF face. Fig. 1 shows repre-
sentative examples of PF faces (more than 50 per
sample) analyzed for particle density determina-
tion. Fig. 2 shows a plot of the intramembrane
particle density of the PF face versus chromato-
phore protein/phospholipid ratio. It is evident
that as the chromatophore protein/phospholipid
ratio increases the overall PF face particle density
increases. The protein/phospholipid ratios of
chromatophores isolated from synchronously di-
viding cell populations ranged from 2.5 to 5.1,
while the corresponding particle density ranged
from 49.7 + 0.8 to 82.9 + 1.2/10* nm? (i.e., 4970
+ 80 to 8290 + 120/pm?). Fused chromatophores
from an asynchronous culture had a protein/
phospholipid ratio of 3.7 and a particle density of
66.3 + 1.7/10* nm? (i.e., 6630 + 170 /um?). Table
I is a summary of the data from Fig. 2 giving the

TABLE I

PROTEIN /PHOSPHOLIPID RATIO VERSUS PARTICLE
DENSITY IN CHROMATOPHORES FROM SYNCHRO-
NOUS CELLS

a, b, ¢, and d represent samples derived from different experi-
ments.

Sample Protein/ Average number Confidence limits
number phospholipid of particles per  (99%)

10* nm?
la 2.5 49.7 47.6-51.8
2a 31 61.0 58.5-63.5
2b* 31 60.3 57.5-63.2
3c* 34 679 65.0-70.7
4a 38 72.4 68.9-76.0
4b * 3.8 70.8 68.5-73.1
5d* 4.2 73.4 70.7-76.1
6¢c™* 41 75.4 729-77.9
7a* 51 82.9 79.6-86.2

* Samples subsequently employed in particle density histo-
gram analyses and particle size measurements.
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Fig. 1. Freeze-fracture replica of fused chromatophores which were derived from cell samples harvested at various stages in the
division cycle from synchronous cultures of R. sphaeroides grown photoheterotrophically at 500 ft-cd. The protein/phospholipid
ratios of chromatophore samples in A—F were 3.1, 3.4, 3.8, 4.2, 4.1 and 5.1, respectively. The fracture faces exhibit densely packed
particles on PF faces and sparsely distributed particles on EF faces. Bar represents 100 nm. x 135000.
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Fig. 2. Effect of chromatophore protein/phospholipid ratio on
the intramembrane particle density of the PF face of fused
chromatophores. Protein and phospholipid contents of purified
chromatophores were determined as described in Materials and
Methods. The intramembrane particle density on the PF face
of purified chromatophores as revealed by freeze-fracture was
measured using a 3500 nm? test circle as described in Materials
and Methods. The raw data were then converted to number of
particles/10* nm? and plotted against protein/phospholipid
ratio. O, Purified chromatophores isolated from nine culture
samples in four synchrony experiments. ®, Samples subse-
quently employed in particle density histogram analyses and
particle size measurements. 0], Purified chromatophores iso-
lated from asynchronous culture of R. sphaeroides grown under
similar culture condition at 500 ft-cd. Bars represent 99%
confidence limits.

details of the measurements presented.

Synchronous samples represented by solid
circles in Fig. 2 were subsequently employed in
further particle density and size analyses. The
histogram describing particle density (Fig. 3) re-
veals that the grouping of classes is tight and both
the lower and upper density boundaries increase
as the sample proceeds across the division cycle.
Furthermore, 83.3% of the PF faces analyzed for
each sample distributed within a density span of
6.0 to 8.2, with the median position at the mean.
In contrast, no major particle density class peak
was observed in the asynchronous sample, and
83.3% of the samples analyzed distributed in a
density range spanning 13.5 around the mean (Fig.
3G).

Particle size measurements during cell cycle

The size distribution of intramembrane par-
ticles on the PF faces of fused chromatophores
derived from both synchronous and asynchronous

A Mean 2112

(6.4)

Frequency of Farticle Density Classes (%)

ki i B il kit B ] 5
015 25 35 15 25 3 15 25 35 15 25 35
Number of Particles / 3500nm?

Fig. 3. PF face particle density histograms of fused chromato-
phores isolated from synchronous (A—-F) and asynchronous (G)
cultures grown photoheterotrophically. Arrow indicates the
mean particle density for each sample. Horizontal bar and the
number in parentheses show the distribution range of 83.3%
with the median data point positioned at the mean of the
sample population measured. The protein/phospholipid ratio
of samples in A-G are 3.1, 3.4, 38, 4.2, 41, 5.1 and 3.7,
respectively.

cultures grown under similar light conditions (500
ft — cd) were also measured. In these studies, the
mean particle sizes of the samples derived from
the synchronously dividing cell populations ranged
from 9.02 + 0.11 to 9.13 + 0.12 nm and that of an
asynchronous sample was 9.08 + 0.12 nm. Particle
size histograms of synchronous samples all dis-
played a major peak at approx. 9.0 nm with only a
slight shift in the mode of the histogram (Fig. 4).
Fig. 5B shows the particle size histogram of the
asynchronous culture grown under similar light
intensity. The histogram reveals a normal distribu-
tion with a lower but broader peak height. Fur-
thermore, 83.3% of the total particles measured
distributed within a size range of approx. 7.9 nm
in the asynchronous culture versus a size range of
approx. 6.2 to 6.7 nm for the synchronous sam-
ples. It is essential that we point out that the
method of rotary shadowing is not as accurate as
unidirectional shadowing for measuring particle
diameter; see Discussion. However, it is important
to note that although the distribution of particle
sizes between asynchronous and synchronous sam-
ples differed, the absolute range of particle sizes,
from approx. 5 to 18 nm, was identical for samples
derived from both cultures.
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Fig. 4. Histograms of particle size classes on the PF face of
chromatophores isolated from synchronous cultures grown at
500 ft-cd. Arrow indicates the mean particle size. Horizontal
bar and number in parentheses show the size range in which
83.3% of the total particles measured were distributed around
the mean. The protein/phospholipid ratios of samples in A-F
were 3.1, 3.4, 3.8, 4.2, 4.1 and 5.1, respectively.

Effect of light intensity on structure and size distri-
bution of intramembrane particles

We isolated chromatophores from asynchronous
cultures grown at light intensities of 4000, 500 or
30 ft - cd (light energy measured was 120, 10 and 3
W ,/m?), respectively and the protein/phospholi-
pid ratio and the specific BChl content of the
purified chromatophores were determined.
Freeze-fracture replicas of fused chromatophores
derived from the three samples were also analyzed
and the results are summarized in Table II. It is

TABLE II
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Fig. 5. Particle size histograms of intramembrane particles on
the PF faces of chromatophores isolated from asynchronous
cultures grown at 4000, 500 and 30 ft-cd, respectively. Arrow
indicates the mean particle size. Horizontal bar and number in
parentheses indicate the range of particle size distribution in
which 83.3% of the particle population measured were distrib-
uted with the median data point positioned at the mean.

evident that a decrease in the light intensity led to
an increase in the generation time, an increase in
the specific BChl content of the chromatophores
and an increase in the mean particle size of the
intramembrane particles on the PF face of the
fused chromatophores, while the mean particle
density remained unchanged at 4000 and 500 ft - cd
and increased 10% at 30 ft - cd.

Although the appearance of a new size class
peak was not observed (Fig. 5), the frequencies of

SUMMARY OF BIOCHEMICAL AND FREEZE-FRACTURE DATA FOR FUSED CHROMATOPHORES DERIVED FROM
CELLS GROWN AT DIFFERENT LIGHT INTENSITIES

Asynchronous cultures of R. sphaeroides were grown at 4000, 500 or 30 ft-cd, respectively, and harvested at the same culture turbidity.
The BChl, protein and phospholipid content of purified chromatophores isolated from these cultures were determined as described in
Materials and Methods. Particle size and density of intramembrane particles on the PF faces of purified fused chromatophores were

measured also as described.

Light Generation g BChl/ Average pg Protein/ Average number
intensity time mg protein particle size ug phospholipid per 10* nm?
(ft-cd) (h) (nm)
4000 2.5 47.0 8.25+0.09° 2.83 68.3+1.32
500 35 65.0 9.08+0.12 3.70 66.3+1.7
30 17.0 78.3 9.75+0.12 343 74.8+0.7

2 Mean+ S.D.



smaller particle size classes decreased and those of
larger particle size classes increased as the light
intensity was lowered. At 4000 ft - cd, 83.3% (20)
of the intramembrane particles measured were be-
tween 5.5 to 10.8 nm in diameter with the largest
particles observed being approx. 13 nm, at 500
ft - cd the equivalent (20) particle size range was
5.3-13.2 nm with under 5% of the particles being
greater than 14 nm and at 30 ft-cd, the corre-
sponding (20) particle size range was 7.0-15.8 nm
with approx. 10% of the particles being greater
than 14 nm.

Chromatophore-liposome fusion

Recently, Miller [31] has elegantly demon-
strated that in Rhodopseudomonas viridis, the pho-
tosynthetic units form a crystalline array of pre-
cisely repeating subunit structure. Although this is
not so striking with R. sphaeroides, analysis of the
particle distribution by the method of De Laat et
al. [43] reveals that the particles are highly ordered
and distributed within the plane of the membrane
in a manner which is substantially better than
random, i.e., uniform.

In order to provide a suitable control for these
as well as earlier observations relating to the distri-
bution of intramembrane particles, it was reasoned
that we could artificially alter the protein/phos-
pholipid ratio of chromatophores and, therefore,
presumably the particle density and distribution

TABLE III

49

by fusing chromatophores with phospholipid
vesicles. Furthermore, artificially altering the pro-
tein /phospholipid ratio permitted an examination
of particle density and size distributions within the
PF face of the chromatophores. This was espe-
cially important, since dilution of the particles by
lipid could provide information on the integrity of
the particles.

Fusion of chromatophores with liposomes was
performed with three different phospholipid input
weight ratios, 1:1, 1:5 and 1:10 (chromatophore
phospholipid/ liposomes phospholipid), respec-
tively. The fusion products were resolved into dis-
tinct membrane fractions on discontinuous sucrose
gradients by equilibrium density centrifugation.
Major fractions from the gradients were collected
and the protein and phospholipid contents of each
sample were determined and are listed in Table
II1. The protein/phospholipid ratio of the three
major peaks (A-II, B-II and C-II) decreased pro-
gressively as increasing amount of liposomes were
incubated with chromatophores during fusion. The
ratio also decreased progressively from fraction 111
to fraction I in each of the three fusions. These
trends are consistent with changes in the sucrose
concentration at which each of these fractions
band within the gradients.

The liposomes were relatively homogeneous in
vesicle size (30.0-80.0 nm) with an average diame-
ter of 52.8 nm. Liposomes, upon fusion with one

SUMMARY OF PROTEIN/PHOSPHOLIPID RATIO, PARTICLE DENSITY AND SIZE, CALCULATIONS OF AREA
OCCUPIED BY PARTICLES AND PARTICLE DISTANCE IN FREEZE-FRACTURE PREPARATIONS OF MEMBRANE
FRACTIONS DERIVED FROM CHROMATOPHORE-LIPOSOME FUSIONS

1 1I I v Vi
Sample pg Protein/ Average Average Area Particle
£8 phos- number of particle occupied distance
pholipid particles per size (nm) by particles (Center
104 nm? (%) to Center)
(nm)
A-Il® 3.18 70.7+£0.6° 9.33+0.09° 483 13.50
B-11? 1.55 37.8+0.7 9.33+0.09 25.8 19.42
C-11* 1.36 40.8+0.4 9.08 +0.10 26.4 18.56
B-1 1.14 26.3+0.9 9.254+0.11 17.7 24.22

# Major absorption peak.
® Mean+S.D.
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Fig. 6. High magnification electron micrographs of chromatophore-liposome fusion products. A, B and C represent Fraction A-II,
B-II and C-II, respectively. Protein/phospholipid ratio was 3.18, 1.55 and 1.36, respectively. D and E represent fraction B-I
(protein /phospholipid ratio was 1.14). Bar represents 100 nm. x 120000.



another, formed a heterogenous population of ves-
icle sizes ranging from 35.0 to 300.0 nm with a
mean diameter of 101.5 nm, whereas the average
diameter of purified chromatophores is 66.7 nm,
as previously determined [9]. Samples obtained
after liposome-chromatophore fusion consisted of
vesicles of various sizes ranging from 35.0 to 300.0
nm with an average between 85.6 and 97.2 nm.

Freeze-fracture replicas were prepared from the
three major pigmented peaks and B-I (Fig. 6) and
the fracture faces showed a progressive decrease in
particle density from the sample with high pro-
tein/phospholipid ratio to the low ratio sample.
Since many more particles were observed on the
concave faces than on convex faces, the former
were analyzed for intramembrane particle density
and size. The fracture faces of fused liposomes
were smooth and did not show any intramembrane
particles. The results of these studies are shown in
Fig. 7 and Table 111 (columns II-IV). It is evident
that as the fused chromatophores-liposomes were
enriched with phospholipids, the particle density
of the intramembrane particles decreased corre-
spondingly, whereas particle size did not change at
all.

The lateral distribution of intramembrane par-
ticles was assessed according to the quantitative
method described by De Laat et al. [43] and
appeared random, except for sample A-II which
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Fig. 7. Particle density on the concave fracture faces of chro-
matophore-liposome fusion products plotted as function of the
protein/phospholipid ratio. Areas of fracture faces analyzed
were equivalent to 75-148 test circle areas of 3500 nm?. Bars
represent 99% confidence limits.
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was uniform. This is different from what was
observed in the case of chromatophore-chromato-
phore fusions where the intramembrane particle
distribution was significantly better than random,
i.e.,, consistent with there being some form of
substructure. Sample B-I, which had the lowest
protein /phospholipid ratio among all samples
analyzed, showed a slight tendency toward particle
aggregation (see Discussion). The grid size (corre-
sponding to 50 nm X 50 nm) employed in assess-
ment of particle distribution was three-times the
size of the largest particles measured [43].

Discussion

In this paper, we have analyzed the changes in
the structural organization of the photosynthetic
membrane of R. sphaeroides that occur during the
cell division cycle, as well as those changes result-
ing from a change in incident light intensity. The
technique of rotary shadowing of fractured faces
enabled the visualization of intramembrane par-
ticles with greater clarity than is possible with
unidirectional shadowing, although the former
method is not as reliable for particle size measure-
ment. For determination of particle density and
size in the current study, small vesicles and tilted
fracture faces with cast shadow were excluded. For
those fracture faces large enough to be employed
in particle density determination (see Materials
and Methods), the test circle was applied only to
the center of the fracture face, thus reducing the
error in estimating surface area to less than 6%
[39]).

The correlation between chromatophore pro-
tein /phospholipid ratio and chromatophore in-
tramembrane particle density strongly suggests that
the insertion of new photoactive protein com-
plexes into the intracytoplasmic membrane results
in the appearance of new, distinct intramembrane
particles and that there is a continuous increase in
these particles within the intracytoplasmic mem-
brane as new protein is inserted into preexisting
intracytoplasmic membrane throughout the divi-
sion cycle [20-22,44].

It is generally accepted that intramembrane
particles revealed by freeze-fracture are protein in
nature [45,46]. Our data (Fig. 2), showing the
correlation between membrane protein/phospho-
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lipid ratio and intramembrane particle density,
coupled with the biochemical and kinetic evidence
already published [19-24], strongly implies that
the intramembrane particles are protein. We do
not suggest that BChl is not associated with pro-
tein in the intramembrane particle, although only
the contribution made by protein has been consid-
ered for the purposes of these discussions. For
simplicity, we have assumed that the particles are
spheres. Table IV (column VI) shows that the area
covered by intramembrane particles ranged from
32.5 to 53.0% in synchronous samples with corre-
sponding protein/phospholipid ratios changing
from 2.5 to 5.1. This increase in surface area
occupied by the intramembrane particles can be
accounted for by a doubling in the mass of associ-
ated protein which is precisely what is observed.
Since the lateral distribution of intramembrane
particles was determined to be uniform in chro-
matophore-chromatophore fusions, we calculated
the center-to-center particle distance from 12.34 to
16.53 nm on the basis of particle density data
(Table 1V, column VII). Such a change might be

TABLE IV

expected to result in changes in the functional
activities of vesicles with different protein/
phospholipid ratios.

The observed increase in both the numerical
density of particles associated with the PF face of
the intracytoplasmic membrane as well as other
intracytoplasmic membrane proteins not associ-
ated with the PF face as the protein/phospholipid
ratio increases is consistent with the increase in
membrane microviscosity [23], since it is expected
that an increasing fraction of the membrane lipid
would become immobilized as an increasing num-
ber of proteins (or protein complexes) are inserted
into the membrane [47-51].

Particle density analysis for chromatophore-
liposome fusions showed similar results to those of
chromatophore-chromatophore fusions. As the
protein content of chromatophore was artificially
lowered by fusion with liposomes, the particle
density decreased correspondingly, while the par-
ticle size remained constant. Once again, our data
suggest that the intramembrane particles observed
are protein in nature.

SUMMARY OF PROTEIN/PHOSPHOLIPID RATIO, PARTICLE DENSITY AND SIZE, CALCULATIONS OF AREA
OCCUPIED BY PARTICLES AND PARTICLE DISTANCE IN FREEZE-FRACTURE PREPARATIONS OF FUSED CHRO-

MATOPHORES
I I 11 v \' A2 Vi
Sample Light ug Protein/ Average Average Area Particle
inten- ug Phos- number of particle covered by distance
sity pholipid particles size particles (Center to
(ft-cd) per (nm) (%) Center)
104 nm? (nm)
Syn 500 2.5 49.7 9.12 325 16.53
Syn 500 31 61.0 8.94 38.3 14.68
Syn 500 31 60.3 9.10 392 14.78
Syn 500 34 67.9 9.11 44.3 13.81
Syn 500 3.8 70.8 9.04 45.4 13.49
Syn 500 38 72.4 9.00 46.1 13.32
Syn 500 42 73.4 9.05 47.2 13.21
Syn 500 41 75.4 9.13 49.4 13.02
Syn 500 5.1 82.9 9.02 53.0 12.34
Asy 4000 2.8 68.3 8.25 36.5 13.77
Asy 500 3.7 66.3 9.08 42.9 14.00
Asy 30 34 74.8 9.75 55.8 13.07

Syn, Synchronous sample;
Asy, Asynchronous sample.



Based on biochemical data of R. sphaeroides
grown at 500 ft - cd it has been calculated that the
chromatophore contains approximately 42 reac-
tion center complexes, assuming the average outer
chromatophore diameter as 55 nm and the inner
diameter as 48 nm [4]. Our observation of 66.3 +
1.7 particles per 10* nm? in an asynchronous sam-
ple is equivalent to 55+ 1.4 particles per chro-
matophore of such size. Therefore, it is tempting
to suggest that the observed intramembrane par-
ticles represent photosynthetic units consisting of
reaction centers, LHC I and LHC II protein-pig-
ment complexes. Even if the smallest of the par-
ticles observed were to represent cytochrome b-c,
complexes, then we would have approximately 38
photosynthetic units and 19 b-¢, complexes.

It has been shown for R. sphaeroides that the
reaction center and LHC I are in fixed stoichiome-
try, while LHC II varies inversely to the incident
light intensity [1,2]. In addition Takemoto and
Kao [52] reported that the relative amounts of
LHC polypeptides varied inversely with the light
intensity. Recently Chory and Kaplan [53] demon-
strated that the rates of synthesis of the LHC
polypeptides associated with LHC II complexes
(but not those associated with LHC I complexes)
increased 4-5-fold following a 10-fold downshift
in light intensity from 30 to 3 W/m? (500-30
ft - cd). This is commensurate with an increase in
mean particle size as well as an increase in the
BChl level we observed under similar culture con-
ditions (Table II).

The procedure used for particle size determina-
tion here gives a size resolution of approx. 4 A.
The same level of resolution allows for the detec-
tion of more than one particle size class in chloro-
plast membranes of peas during the greening pro-
cess [54]. Therefore, the lack of appearance of new
particle size classes in R. sphaeroides as light inten-
sity was lowered was not due to the lack of proper
resolution. Both the intracytoplasmic membrane
average particle size (9.0 nm) and size distribution
range (5-18 nm) at 500 ft-cd were identical to
those observed in a closely related photosynthetic
bacterium, R. capsulata [55]. In those studies, the
particle size determinations were performed on
unidirectionally shadowed replicas. Similarly, the
very narrow distribution of particle sizes from
synchronous cultures clearly demonstrates the reli-
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ability of the methods we have employed. In fact,
all of the data provided reinforce the reliability of
these measurements. The probable reason for the
validity of these measurements stems from the
flatness of the fracture faces used in these studies.
The changes in particle size distribution as inci-
dent light intensity is decreased are reflected not
only in an increase in the mean particle size, but
also in the increased frequency of larger particles
and in the relative decreased frequency of smaller
particles. Furthermore, polydispersity of the par-
ticle size distribution (see Fig. 5, distribution range
of 83.3% of total particles) increased as the light
intensity was decreased. We suggest that the ob-
served increase in both particle size and polydis-
persity are due to the increased cellular synthesis
of LHC II which occurs at lower light intensities
and the random association of LHC II complexes
with both reaction center-LHC I complexes and
reaction center-LHC I-LHC II complexes. The
observation that the absolute range of particle size,
from approx. 5.5 to 18.0 nm, was the same regard-
less of light intensity, suggests that there is an
upper limit to the amount of LHC II that can be
associated with any reaction center-LHC I com-
plex. This upper limit may be dictated by the
efficiency of exciton transfer from the periphery to
the core of the photosynthetic unit [56—58].
Particle size analysis of fused chromatophores
derived from synchronous samples showed no sig-
nificant change in either the mean particle size or
the size distribution in spite of the obvious changes
in chromatophore protein/phospholipid ratio and
particle density. Since under these conditions only
the number of particles changes as a function of
the protein/phospholipid ratio, we suggest that
only newly synthesized reaction center and LHC 1
polypeptides are free to associate with one another,
thereby forming new nascent core particles. On the
other hand, the random incorporation and associa-
tion of LHC II polypeptides implies that these are
free to associate with both new and preexisting
membrane particles. The net result would be a
relatively constant pattern of size distributions
comprised of different proportions (related to light
intensity) of particle sizes despite the dynamic
process of formation of new particles as well as
addition of polypeptides to preexisting particles.
It is worth emphasizing that upon substantial
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dilution of the photosynthetic units with phos-
pholipid following chromatophore-liposome fu-
sion, the size of the particles remain constant,
suggesting either that.once formed, LHC II sub-
units do not leave or exchange with other particles
or that if such an exchange occurs, no free pool of
LHC 1I units is formed.

The pattern of lateral particle distribution was
determined to be uniform in chromatophore-chro-
matophore fusions, generally random in most
chromatophore-liposome fusions where consider-
able dilution of the intramembrane particles, oc-
curred, and slightly aggregative in sample B-I which
had the lowest protein/phospholipid ratio among
all samples analyzed. The kind of aggregative dis-
tribution suggests that the intramembrane par-
ticles have a somewhat limited degree of mobility
within the chromatophore bilayer. Samples for
freeze-fracture preparation were handled at room
temperature for at least 1 h immediately before
freezing, thus particle aggregation artifacts due to
downshifts in temperature before freezing are un-
likely. Furthermore, the phase transition.tempera-
ture for chromatophore-phospholipid has been
shown to be —20°C [59). The fact that chromato-
phore-chromatophore fusions revealed strongly
uniform particle distributions is indicative of a
unique spatial arrangement of the particles relative
to one another, suggesting the existence of a
structural entity. Nearest neighbor analysis of par-
ticles showed that on the average, approximately
six particles intersected with or were located within
a circle of appropriate diameter (center-to-center
particle distance) with one particle at the center of
the circle, suggesting a 6-axis symmetry of particle
arrangement. The very best example of such a
structural arrangement has been recently demon-
strated by Miller [31] for R. viridis.

In conclusion, we have presented detailed
structural evidence which reveals that within a
unique biological membrane, in situ, structural
changes accompany changes in the protein/
phospholipid ratio of the membrane. We have also
presented evidence in support of the notion that
the large intramembrane particles associated with
the PF face of photosynthetic membrane are the
structural counterparts of the functional photosyn-
thetic units.
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