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The cytoplasmic membrane and the photosynthetic intracytoplasmic mem-
branes of Rhodopseudomonas palustris are spatially differentiated into regions of
extremely high intramembrane-particle density (4,400 to 9,800/pm?) and areas of
lower intramembrane-particle density (2,700 to 5,900/um?). The high intramem-
brane-particle-density areas were always seen in association with photosynthetic
membrane stacks. This differentiation was also seen in those areas of the
cytoplasmic membrane which adhere to the underlying intracytoplasmic mem-
branes, implying that the cytoplasmic membrane too is differentiated for photo-
synthesis in these regions. Changes in intramembrane-particle size distribution in
response to changes in light intensity during growth were measured. We found
that, as light levels were decreased from 8,500 to 100 Ix, the average particle
diameter in the protoplasmic face of stacked intracytoplasmic and cytoplasmic
membranes increased from 8.6 to 10.3 nm. We also observed a distinct periodicity
in the sizes of the intramembrane particles found in the stacked regions—7.5,
10.0, 12.5, and 15.0 nm—with the larger-size peaks becoming more pronounced as
light intensity decreased. This suggests that, as light levels decrease, subunits of
discrete size are being added to a core particle. A comparison of propane jet-
frozen cells versus fixed, glycerinated, and then frozen cells indicated that
ultrarapid freezing leads to a higher quality of fine-structure preservation than
does chemical fixation followed by glycerination and conventional freezing in
Freon-12 or propane. The intramembrane particles appeared to be more regular in
size, lacking the deformed or jagged appearance displayed in fixed preparations.

Rhodopseudomonas palustris provides an ex-
cellent procaryotic system for the study of mem-
brane differentiation. Like many other Rhodo-
spirillaceae, R. palustris is a facultative
photoheterotroph, capable of respiration under
aerobic conditions and photosynthesis under
anaerobic light conditions (5, 17, 32). In the
photosynthetic mode of growth, the cells exhibit
infoldings of the cytoplasmic membrane (CM)
which extend into the cell in the form of charac-
teristic stacks of flattened thylakoid membrane
sacks (47, 52). These thylakoids, termed intracy-
toplasmic membranes (ICMs), contain the pig-
ment proteins and other components associated
with photosynthetic activity in these cells (5, 17,
18). The synthesis of the ICMs and the compo-
nents of the photosynthetic apparatus is con-
trolled by the oxygen partial pressure in the
growth medium; low oxygen levels induce the
formation of the photosynthetic membranes (8,
18). The amount of ICM present by weight in the
photosynthetic cell is regulated at a secondary
level by light intensity. High light intensities
during growth yield cells with small arrays of

ICM, whereas low light intensity induces more
extensive ICM synthesis (8, 37). The mechanics
of ICM differentiation have recently been re-
viewed in detail by Drews (5), Kaplan (17, 18),
and Kaplan and Arntzen (19).

The photosynthetic apparatus of R. palustris
is made up of three major pigment proteins
which can constitute up to 80% of the ICM by
weight (29). These components are the reaction
center (RC), light-harvesting component I (LHI)
B875, and light-harvesting component II (LHII)
B800-850. The RC and LHI are found in a
relatively constant stoichiometric ratio, whereas
LHII varies, relative to the RC, inversely in
proportion to light intensity. That is, the lower
the light intensity, the more LHII per RC is
synthesized (8). Changes in the ratios of the RC,
LHI, and LHII can be monitored spectrophoto-
metrically since these components have charac-
teristic absorption peaks.

The thylakoids of R. palustris resemble algal
and higher plant thylakoids, at least at a gross
morphological level. Thin-section electron mi-
croscopy shows that chloroplast thylakoids are
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FIG. 1. Photosynthetic R. palustris cells grown at 900 Ix. (A) Longitudinal section of a cell in which large
stacks of ICM, the CM, and the cell wall (CW) are clearly resolved. Polyphosphate (poly P) granules and DNA
are visible in the central region of the cell. At the right, smaller arrays of ICM are seen in the budding daughter
cell. Bar, 0.2 pm. (B) Longitudinal cross-fracture of a jet-frozen cell containing very large stacks of ICM, the
ends of which (arrowheads) are seen to be closed. Bar, 0.2 um. (C) Cross-section of a cell. The ICMs are
arranged in a stack around the cell periphery with a small amount of cytoplasm (cyt) visible in the center. The
rather wide periplasmic space (pps) is filled with lightly staining material. A small area of CM,, is seen where the
two ends of the ICM stack meet. Bar, 0.2 pm.
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separated into grana stacks and unstacked stro-
ma membranes (44). The adhesion between gra-
na membranes has been shown to be mediated
by the chlorophyll a/b light-harvesting complex
(22, 27). A similar tight appression of stacked
membranes was also observed in R. palustris
(Fig. 1), but nothing is known about the mecha-
nism of adhesion or the molecule(s) which pro-
motes this type of membrane association. The
bottom (unappressed) membrane of an ICM
stack may correspond, at least structurally, to
the unstacked stroma membranes in chloro-
plasts.

Both morphological and biochemical tech-
niques were used to analyze the structural and
functional differentiation of chloroplast thyla-
koids associated with the stacked (grana) and
unstacked (stroma) membrane regions. In terms
of detailing the structural differentiation of pho-
tosynthetic membranes, freeze-fracture electron
microscopy has proven to be the most informa-
tive approach. This method provides a means
for visualizing individual functional membrane
complexes in the form of discrete intramem-
brane particles (IMPs), and in recent years,
considerable progress has been made in correlat-
ing specific size classes of particles with func-
tional units in the thylakoid membrane (19, 42).
The goals of the present study were to extend
the understanding of the structural correlations
with function in the procaryotic photosynthetic
membrane of R. palustris in the following ways:
(i) to see whether structural differences between
photosynthetic and non-photosynthetic mem-
brane areas could be resolved, thereby provid-
ing a means for mapping the distribution of
photosynthetic membrane components in these
bacteria; (ii) to characterize any differences be-
tween appressed and nonappressed membranes
of the thylakoid stacks; (iii) to correlate any
structural differentiation with possible biochemi-
cal functions of the membrane systems.

As the main thrust of this work is based on
electron microscopy, it is important to keep in
mind some of the caveats of the techniques
involved. One problem inherent in electron mi-
croscopy is that of stabilizing (fixing) the sample
for examination in the microscope. Chemical
fixatives achieve this end, but they do not act
instantaneously and so allow time for artifactual
rearrangements of cellular components. A re-
cent study indicated that it may take 6 to 9 s for a
3% glutaraldehyde solution to fix a one-cell-
thick capillary wall (J. Boyles, N. L’Hemault,
H. Laks, and G. E. Palade, J. Cell Biol. 91:418,
1981, no. 24048), which is ample time for mem-
brane lipids or proteins to diffuse the entire
length of a bacterial cell (9, 36). Most of the past
freeze-fracture work has been done with the
sample first subjected to glutaraldehyde fixation
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followed by infiltration with glycerol to reduce
ice crystal formation during freezing (13, 21, 24,
34). Both the fixation and cryoprotection steps
can produce artifacts of membrane structure in
bacteria (27), as well as in plant and animal cells
(34), making these steps sometimes unsatisfac-
tory for fine-structure analysis of membranes. In
the present study, we tried to circumvent these
problems by a method of ultrarapid freezing
using a propane jet freezer (20). Cooling rates of
approximately —10,000°K/s are possible with
this apparatus (Gilkey and Staehelin, unpub-
lished data). This extremely fast rate of cooling
fixes the cells instantly and reduces ice crystal
formation to a minimum, thus eliminating the
need for either glutaraldehyde or glycerol with
their possible artifacts. The ultrarapid freezing
method used produces a more accurate picture
of cellular architecture than is possible with
more conventional specimen preparation tech-
niques and, therefore, is our preferred method of
cell preservation.

MATERIALS AND METHODS

Cells and culture conditions. The cells used were R.
palustris 1e5, a gift from Gerhart Drews, Freiburg,
Germany. The cells were grown in a phosphate-buff-
ered malate medium with 0.1% yeast extract added.
Photosynthetic cells were cultured in completely filled
250-ml screw-top bottles at 28 to 30°C, illuminated by
four 15- or 100-W incandescent light bulbs at 900 or
8,500 Ix, respectively, or four 15-W bulbs shielded by
several layers of gauze for 100 Ix of illumination.
Aerobic cells were cultured in a large, flat-bottomed
flask on a shaker, with air (140-mm pO,) bubbling into
the culture, and illuminated with a fluorescent lamp to
prevent pigment synthesis. The cells were harvested
for use at a culture optical density at 650 nm of 0.6.

Electron microscopy. The cells used for electron
microscopic analysis were harvested by centrifuga-
tion, then ultrarapidly frozen by a propane jet freezer
without prior fixation or glycerination. Freeze-fracture
and platinum-carbon replication were done at —104°C
by standard procedures, using a Balzers 360 freeze-
etch device.

The cells were prepared for thin sectioning by
fixation with 0.5% glutaraldehyde for 45 min in the
growth medium, washed, and then postfixed with 1%
OsO, for 1 h. The cells were washed and then stained
en bloc with 0.5% aqueous uranyl acetate for approxi-
mately 18 h at 4°C. Dehydration in acetone and
infiltration and polymerization with Spurrs resin were
done by standard procedures. Silver interference-col-
or sections were cut on an American Optical-Richert
ultramicrotome with a SAG International or Du Pont
diamond knife. The sections were stained with a lead
stain containing three lead salts (35) for 3 min.

All samples were examined in a JEOL/JEM 100C
microscope at 80 kV or a Hitachi H-600 at 75 kV.

Membrane isolation. Photosynthetic membranes
were isolated by homogenizing whole cells with glass
beads for 20 min at 4°C in a Virtis homogenizer. Whole
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FIG. 2. Diagram illustrating the nomenclature for the freeze-fractured membranes of R. palustris.

cells, cell wall fragments, and glass beads were pellet-
ed (1,000 X g) and discarded. The pellet from an
11,000 x g centrifugation contained large pigmented
vesicles and thylakoids. The pellet from a 30,000 x g
centrifugation contained a clear suspension of small
pigmented vesicles, which were used for spectrosco-

y.

Analytical methods. (i) Particle measurements. Mem-
brane fracture faces were labeled by the nomenclature
of Branton et al. (1). For measurements, 200,000x
enlargements were used, and IMPs were measured by
the method of Staehelin (42). A minimum of 500
particles were measured for each fracture face from
several cell preparations. The particle densities were
determined by counting the number of particles on
each fracture face within a 1-um? grid.

(ii) Spectroscopy. Bacteriochlorophyll (Bchl) was
determined by the method of Cohen-Bazire et al. (4).
Absorption spectra were taken from membrane frag-
ments (30,000 X g pellet) of cells grown at 100, 900,
and 8,500 Ix with a Perkin-Elmer 360 UV/vis-near-
infrared spectrophotometer (1-cm path length).

RESULTS

General morphology. En bloc staining with
uranyl acetate (0.5% aqueous) gives excellent
resolution of membranes relative to other cellu-
lar structures (Fig. 1A and C). The images thus
obtained indicate that photosynthetic mem-
branes are appressed to one another in the ICM
stacks and also where the ICMs abut against the
CM (Fig. 1A to C). The appression of the ICM
and the CM is also apparent in cross-fractured
freeze-etch preparations, and the closed ends of

the ICM sacks are seen (Fig. 1B). The arrange-
ment of the ICMs around the periphery of the
cell and the appression to the CM are most
readily seen in cross-section views (Fig. 1C).
The clear spaces in the ICM stack are the
luminal spaces of the ICM sacks. The lumen
may be contiguous with the periplasmic space,
as connections from the ICM to the CM can
occasionally be resolved (see Fig. 3A).

The uranyl acetate staining procedure also
clearly reveals polyphosphate (6, 22) and DNA
in the central region of the cell (Fig. 1A; see also
Fig. 3A). Another feature observed is the stain-
ing of material in the periplasmic space, between
the CM and the outer cell wall membrane (Fig.
1A and C; see also Fig. 3A). This material is not
as readily apparent with other preparation pro-
cedures (21, 52), and the composition of the
stained material is unknown.

When subjected to mechanical stress, frozen
cell membranes split between the halves of the
bilayer, revealing the hydrophobic inner surface
of the membrane leaflets (2). The leaflets, or
fracture faces, are labeled according to their
proximity to either the protoplasm, P-face (PF),
or the exoplasm, E-face (EF), as explained by
Branton et al. (1). Figure 2 represents a R.
palustris cell with the fracture faces labeled; the
different types of fracture faces (s, stacked; u,
unstacked) are documented in Fig. 3 to 7.

Invaginations connecting the CM with the
ICM were seen in photosynthetically growing
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FIG. 3. Electron micrographs of photosynthetic R. palustris cells grown at 900 1x. (A) Longitudinal section
showing how the CM is connected to the ICM (arrowhead). poly P, Polyphosphate. Bar, 0.2 um. (B) PF view of
the CM of a jet-frozen cell. The invaginations (arrowheads) correspond to regions where the CM is continuous
with the ICM as shown in (A). The typical differentiation of the CM into PF, and PF, regions is clearly seen. Bar,
0.2 pm. (C) PF views of the CM and ICM of a jet-frozen cell. The arrowheads point to invaginations of the CM.
The PF; and PF, regions of the CM are labeled. On the left, the fracture plane passes from the cell surface
through the entire ICM stack to the bottom, unstacked membrane. Bar, 0.2 pm.



FIG. 4. Photosynthetic cells of R. palustris grown at 900 1x. (A) PF view of the CM and ICMs of a jet-frozen
cell illustrating the physical continuity of the two membrane systems (arrowheads). The fracture plane goes from
the CM-PF, to the bottom ICM-PF,. Bar, 0.2 pm. (B) PF view of the CM and ICMs of a cell fixed with
glutaraldehyde and glycerinated before freezing. Note the jagged appearance of the particles in comparison with
those in (A). Membrane connections are shown by arrowheads. Bar, 0.2 um. (C) EF view of the CM and a small
ICM stack of a glutaraldehyde-fixed cell. The multiple, flattened tubular connections between the CM and the
bottom ICM are clearly resolved (arrowheads). Bar, 0.2 um.
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FIG. 5. Aerobic R. palustris cells grown at 140-mm pO,. PF and EF views of a glutaraldehyde-fixed cell are
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shown; note the lack of invaginations in the CM. Bar, 0.2 um.

cells. This is illustrated in Fig. 3A. On the CM-
PF of fractured cells, these connections are
detected as roughly C-shaped indentations going
down into the cell (arrowheads in Fig. 3B and
C); on the CM-EF, protrusions are seen where
the ICMs have been broken away from the
remainder of the cell (Fig. 7B). Occasionally, the
fracture plane follows the membranes through
an invagination, and a clear connection between
the ICM and the CM can be seen (Fig. 4A to C).
In aerobically grown cells no ICMs are made,
and no invaginations of the CM are observed
(Fig. 5). Figure 8 summarizes several features
observed in the electron microscope and dia-
grams the spatial relationship of the cell wall,
CM, and ICMs.

A comparison of fixed with jet-frozen samples
shows that the IMPs of the fixed cells are
irregular and jagged in shape as though small bits
of material were stuck to them or they were
deformed during the fracturing process (Fig. 4B
and C). Jet-frozen, as well as unfixed but glycer-
inated, samples have regular, more smooth-
appearing IMPs (Fig. 3B and C, 4A, 6, 7), but
glycerination appears to reduce the number of
CM-ICM connections (Staehelin, unpublished
data). Jet-freezing also has the advantage of an
aqueous medium, which is much more amenable
to deep-etching, which reveals membrane sur-
faces without leaving a latticework of glycerol
behind.

Membrane area, pigment content. Ratios of
linear tracings of nonappressed CM to ICM and
appressed CM clearly indicate the increase of
photosynthetic membrane as light intensity de-
creased (Table 1). At the lowest light intensity
(100 Ix), the ICM/CM ratio was 3.15, indicating
that the surface area of the ICMs is approxi-
mately three times that of the CM. At 8,500 Ix,
the ICM/CM ratio decresed to 0.76, indicating
25% less ICM than CM area. The aerobically
grown cells show no evidence of ICM (Fig. 5),
and no pigment is detectable. These light-depen-
dent changes in the ICM/CM ratio were paral-
leled by changes in the Bchl concentration (Ta-
ble 1).

The absorbance spectra of membrane frag-
ments are indicative of changes in the photosyn-
thetic apparatus as light levels were varied. At
low light levels, there was significantly more
LHII, indicated by the large absorbance peak at
805 nm (Fig. 9, solid line). As light is increased,
LHII decreases relative to the RC-LHI peak,
865 to 875 nm (Fig. 9, dotted lines). In contrast,
the absorbance in the carotenoid region in-
creases greatly as light intensity is increased.
This is consistent with the observation that
carotenoids serve a protective function for pho-
tooxidation, as well as acting as antenna pig-
ments associated with the RC (3, 38). The absor-
bance increase may simply reflect the relative
increase in the RC or an increase in the carot-
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Ix. A PF; view of adherent membranes of an ICM stack

of a jet-frozen cell is shown. The close-packing of particles is evident. Bar, 0.2 um.

enoid content of LHI at higher light levels; our
results do not allow us to determine the precise
reason for the carotenoid increase.
Freeze-fracture morphology of the membranes.
In photosynthetic cells, PF views of the CM
reveal a mosaic-like structure of particles, with
very high particle density areas lying adjacent to
areas of lower particle density (Fig. 3B and C).
The high-particle-density areas are most often
seen bounded by invaginations of the CM which
connect to the membranes of the ICM stacks
(arrows in Fig. 3B and C, 7B). When a fracture
plane goes through a high-particle-density area
and continues into the cell, ICMs are seen
underneath the CM (Fig. 3C, 7A). These obser-
vations were made at all light levels tested, thus
suggesting that the distribution of particles in the
CM is affected by adjacent, underlying ICMs.
When the plane of fracture goes through the
central part of the ICM stack, areas of high
particle density are seen in the PFs of these
photosynthetic membranes (Fig. 6). That is, the
ICMs in the internal part of the stack which are
appressed together exhibit the same high parti-
cle density as do the adjacent CM regions. In

contrast, the bottom, unappressed membrane of
the ICM stack has a lower particle density (Fig.
3C and 4A), a distribution much like that of the
unappressed regions of the CM. Table 1 summa-
rizes the particle density values of the various
fracture faces at all light levels and for aerobical-
ly grown cells.

A decrease in the light level at which anaero-
bic R. palustris cells were cultured led not only
to an increase in the ICM/CM ratio, but also to
an increase in the average size of the IMPs and
to changes in the size class distribution of the
particles. These latter changes are particularly
evident on the PF of appressed, or stacked,
membranes of the CM and ICMs. Particle size
histograms for all membrane faces under all
growth conditions are illustrated in Fig. 10 and
11. Of particular interest for the current study
are the PF histograms for the stacked membrane
regions of the CM and ICM (Fig. 10B and D). At
the lowest light level (100 1x), the CM-Pfdistri-
bution is trimodal, with peaks centered at 7.5,
10.0, and 12.5 nm; the ICM-PF; distribution is
tetramodal, with peaks centered at 7.5, 10.0,
12.5, and 15.0 nm. As light levels increase, the
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FIG. 7. Photosynthetic R. palustris cells grown at 8,500 and 100 Ix. (A) PF view of an 8,500-1x-grown cell that
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was jet frozen. The arrowheads indicate connections between the CM and underlying ICMs. CM-PF; is seen with
ICM-EF; underneath. Bar, 0.2 pm. (B) EF view of a 100-1x-grown cell that was jet frozen. The view shown is
complementary to that in (A). In this picture, the CM-ICM connecting region appears as an evagination of the
CM. CM-EF; is seen with remnants of ICMs on top. Bar, 0.2 pm.

peaks for the larger particle sizes diminish,
whereas those for the smaller sizes increase,
until at 8,500 Ix there is basically a bimodal
distribution for both the CM and ICM, with
peaks centered at 7.5 and 10.0 nm only. The
striking feature of these histograms is the dis-
tinct periodicity of the PF; particle sizes (2.5 nm)
and the similarity and parallel change of the

ICM-PF, and CM-PF; histograms at different
light levels.

At low light levels (100 1x), two regions of the
CM EF can be detected. In areas where the ICM
stack has been pulled away from the CM, expos-
ing the EF, areas of very large EF particles are
revealed, strikingly different in size from those
in the remainder of the CM-EF (Fig. 7B and
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FIG. 8. Drawing showing the spatial relationship between the cell wall, CM, and ICMs as revealed in this
study. Tubular connections between the CM and ICMs at different levels of the stack, as well as between
adjacent ICMs, are shown. A cross-section of a membrane connection is illustrated at the upper left.

11D). The size classes of these large particles
are nearly identical with the CM-PF, and ICM-
PF; (cf. Fig. 10B and D and 11D). At higher light
intensities, the differences between the two CM-
EF regions are less evident, possibly because at
100 1x, the particles in the stacked CM regions
are quite large and partition more readily with
the EF than do the smaller particles in cells
grown at higher light levels.

The PF histograms of the unstacked (nonap-
pressed) region of the CM of photosynthetic
cells (Fig. 10A) appear similar to the CM-PF
profile of the aerobic cells (Fig. 11C). This
correlates with the evidence that aerobic cell
and photosynthetic cell CMs (unappressed) are
similar in composition (31, 51).

It is evident that as light levels increase,
overall particle density increases along with a
decrease in average particle diameter (Table 1).

If aerobic cell membrane particle density is
taken as a control value, overall particle densi-
ties (as a percent control value) were 61% (100
1x), 79.5% (900 Ix), and 131.8% (8,500 1x) for the
PF of the nonappressed CM. For the corre-
sponding EF, the values were 66% (100 1x), 99%
(900 1x), 109.9% (8,500 1x).

Perhaps a more significant comparison is one
which takes into account the change in average
particle size, as well as particle density, as
growth conditions are varied. By calculating the
circular area of a single mean-size particle and
multiplying this area by the number of particles
per square micrometer, one can determine the
membrane surface area actually occupied by
IMPs in a square micrometer (the remaining area
is lipid bilayer). The IMP surface area values are
given in Table 2. It can be seen that for the CM-
EF, the values were very similar under all
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TABLE 1. Summary of freeze-fracture data for PFs

Particle density (per um?)

Mean particle size (nm) = SEM

Membrane face

100ix  900Ix 85001x AT 100 Ix 900 Ix 8,500 Ix Acrobic

CM-PF, 4200 6,500 9,800 10.1 = 0.106 9.9 = 0.079 8.9 * 0.067
ICM-PF 4,400 6,700 8,800 10.3 £ 0.113 9.4 = 0.081 8.6 = 0.063
CM-PF, 2,700 3,500 5,800 4,400 8.0 £ 0.084 8.2 +0.095 7.5*0.063 7.6 = 0.085
ICM-PF, 3,200 3,600 5,900 9.4 +0.115 9.2 £ 0.079 8.4 = 0.067
ICM/CM surface 3.15 2.28 0.76

area
Bchl/cell wt 0.62 0.57 0.25

(mg/g)

growth conditions, indicating that even though
particle density increases with increasing light,
the actual area occupied by protein particles in
the bilayer which partitions into the EF remains
fairly constant. This does not hold true for the
CM-PF, or the stacked regions of either the CM
or ICM. Proteins are inserted into membranes
from the cytoplasmic side and usually remain
functionally biased toward this side. This bias is
reflected by the generally higher IMP density of
P-fracture faces of nearly all types of mem-
branes of both procaryotic and eucaryotic cells
(13, 14, 24, 33, 42-45); it is therefore logical to
assume that changes in membrane protein com-
position are primarily seen in the PF particles. In
these areas, particle density increased at such a
rate that, despite a drop in the mean particle
size, increasingly more membrane area was tak-
en up by protein as light was increased. The area
occupied by particles in the CM-PF increased 90

to 95% as light levels increased; for the ICM-PF,
the increase was 70 to 75%. These changes
appear to be related to the general increase in
cellular activities at increasing light levels. Cells
grown in high light have been shown to be more
efficient in ATP production and to function at a
higher metabolic rate than low-light-grown cells
(32).

DISCUSSION

In most species of the Rhodospirillaceae, the
photosynthetic apparatus is thought to be con-
tained entirely in the ICM, with little or no
evidence of extensive differentiation of the CM
into a photosynthetic membrane (30, 31, 39).
This does not seem to be the case for R. palus-
tris. The stacked, or appressed, region of the
CM is nearly identical to the ICM in freeze-
fracture morphology: particle density, average
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particle size, and most significantly, particle size
distribution are essentially identical and vary in
the same manner when light levels are changed.
There is not simply an overall increase in parti-

cle size in the PF; areas of the CM when light is
decreased, as seems to be the case for the CM-
PF, areas. Instead, a specific change in clearly
defined particle size classes is observed, exactly
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TABLE 2. Mean membrane surface area occupied
by IMPs

Mean membrane surface area (%)°
(3::)31“;3‘ occupied by IMPs on: i
tion CM-PF, CM-PF; CM-EF ICM-PF, ICM-PF
Aerobic  19.9 3.7
100 1x 13.6 33.6 3.2 22.2 36.7
900 Ix 20.3 50.0 4.0 23.9 46.5
8,500 1x 25.6 61.0 3.6 32.7 511

@ Calculated using mean particle size and particle
density for each membrane face.

the same classes which vary in the ICM where
known, light level-dependent changes in the
photosynthetic apparatus take place. Although
this tight correlation between the two membrane
systems does not prove that the CM is differenti-
ated for photosynthesis in large areas, all of our
findings are fully consistent with this interpreta-
tion. This idea is further supported by a recent
report (49) which showed that antibodies against
the RC of R. sphaeroides R-26 label the CM of
this organism, as well as the ICMs. This may be
significant in that R. sphaeroides R-26 has lamel-
lar ICMs (21) and perhaps structural similarity to
R. palustris.

It has been shown for R. palustris that the
molar ratio of RC Bchl to LHI Bchl remains
relatively constant, whereas the amount of LHII
varies with the light level (8). We propose that
the variation in particle size classes seen in the
P-fracture faces of the ICM (PF; and PF,) and
the CM-PF; is directly related to the light level-
dependent changes in the photosynthetic unit
size. At high light intensities, the RC-LHI com-
plex predominates; this is reflected by the absor-
bance spectrum of these cells with the large 875-
nm peak (Fig. 9) and the smaller average particle
size in the photosynthetic membranes (8.4 to 8.9
nm). When the light intensity is decreased, more
LHII is put into the membranes as shown by the
increase in the 805-nm absorbance peak (8, 15,
30, 37). Our particle size histograms reveal that
this increase in LHII in the membranes is paral-
leled by an increase in the diameter of the
average particle (9.4 to 10.1 nm) in the photosyn-
thetic membranes.

Particle density is also affected by the change
in particle size in that as particle size increases,
particle density decreases, although the particles
in the stacked regions are very close packed in
all cases. When the increases in the ICM surface
area are considered in conjunction with the
changes in the other three parameters discussed
above, we find that the particles occupy less of
the membrane area, on the average, in low-light
cells than in high-light cells (Table 2), indicating
a drop in cell activity. Light level-dependent
changes in particle size and density are also
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observed in the presumed non-photosynthetic
CM regions. The overall changes suggest that
the decrease in metabolic activity in low-light
cells is paralleled by a drop in particle density,
which has also been observed in other Rhodo-
spirillaceae (14, 37).

The incremental change in the size classes of
particles in the photosynthetic membranes indi-
cates that a unit of discrete size is being added to
a core particle. Membrane particle size can be
related to molecular weight via particle volume
calculations and protein density in grams per
cubic centimeter. Using 7.5 nm for the thickness
of the membrane and the parameters of McDon-
nel and Staehelin (22) given in Table 3, we made
the following estimations of molecular-weight
ranges: 166,000 to 193,000 for a 7.5-nm spherical
particle, 443,000 to 514,000 for a 10.0-nm cylin-
drical particle, 692,000 to 803,000 for a 12.5-nm
cylindrical particle, 993,000 to 1,152,000 for a
15.0-nm cylindrical particle. Cylindrical vol-
umes are used for the large particles due to the
constraint of keeping the particle within the
thickness of the membrane, by maintaining a
constant height (7.5 nm) and increasing the
particle diameter.

Firsow and Drews (8) have isolated the LHI
and LHII complexes of R. palustris and, using
polyacrylamide gel electrophoresis, have deter-
mined minimum molecular weights of 13,000 for
LHI and approximately 20,000 for LHII pep-
tides. Since polyacrylamide gel electrophoresis
may not accurately estimate the weight of hy-
drophobic polypeptides (7, 46) and does not take
into account the pigment contained in the com-
plex, we will use slightly higher molecular
weights for our proposed model: 15,000 for LHI,
25,000 for LHII, and 90,000 for the RC. Using
these values, we propose that the 7.5-nm parti-
cle consists of an RC and six LHI complexes as
a core unit. The size increase to 10.0 nm would
then be due to the addition of 12 LHII complex-
es to the core. The 12.5-nm particle would have
24 LHII complexes added to the core, and the
15.0-nm particle would have 36 LHII complexes
plus the core. Table 3 summarizes the particle
size-molecular weight relationships and the pro-
posed composition of the particles. Figure 12
diagrams the proposed structural organization of
the RC, LHI, and LHII in the photosynthetic
membranes for different particle sizes. The large
photosynthetic units would be intermixed with
smaller core particles with little or no tightly
bound LHII, particularly in moderate- to high-
light-grown cells.

Evidence from a variety of sources indicates
that the proposed model is a reasonable way to
think about the organization of the RC, LHI,
and LHII in photosynthetic membranes from
structural, biochemical, and functional view-
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TABLE 3. Particle size, calculated molecular weight, and proposed composition of PF; particles

Particl Particl Calculated mol wt - Estimated
shal:ee diam '(;;'1) cu :‘ngef,no Proposed composition wt?
Spherical 7.5 166,000-193,000 RC + 6 LHI (core) 180,000
Cylindrical 10.0 443,000-514,000 Core + 12 LHII 480,000
Cylindrical 12.5 692,000-803,000 Core + 24 LHII 780,000
Cylindrical 15.0 993,000-1,152,000 Core + 36 LHII 1,080,000

% The molecular weight was calculated by the formula molecular weight = N,V where p = 1.25 — 1.45 g/lem?,
N = 6.02 X 102, V = volume (height of the cylinder = 7.5 nm).
b M, used: RC = 90,000; LHI = 15,000; LHII = 25,000.

points. It has been shown that the RC and LHI
are coregulated and that LHII is added to the
membranes as light levels decrease (8, 15, 37),
which would account for the existence of a high
proportion of 7.5-nm core particles at high light
levels and of increasing numbers of large parti-
cles as light decreases.

The sixfold symmetry of LHI around the RC
is supported by the work of Miller on R. viridis
(24, 25). This organism has only one type of LH
component in association with its RC (48), in
analogy with the core unit proposed here.
Freeze-fracture images of R. viridis ICMs reveal
a hexagonal arrangement of components in these
membranes, confirming early studies of Gies-
brecht and Drews (11). The hexagonal particle
lattice can also be seen in negatively stained
preparations of isolated thylakoid membranes,
and Miller (24, 25) has used optical diffraction
and digital image filtering of such micrographs to
elucidate the supramolecular organization of the
particles. According to this model, the repeating
unit, believed to correspond to a functional RC-
LH complex, consists of a large central particle
with six smaller subunits arranged around it. R.
palustris differs from R. viridis in having the
LHII antenna, in addition to the RC-LHI unit.
The presence of this additional complex in the
photosynthetic membrane of R. palustris proba-
bly prevents the RC-LHI complexes from form-
ing a lattice as seen in R. viridis thylakoid
membranes. It is interesting to note that work by
Woese et al. (53) indicates that R. palustris and
R. viridis are more closely related on an evolu-
tionary scale than are R. palustris and R. sphaer-
oides; therefore, the sixfold symmetry proposed
here may be a consequence of that relationship,
with the LHII being a later acquisition for R.
palustris.

The work of Shiozawa et al. with R. capsulata
(40, 41) indicates that the smallest unit of LHII
which retains a native spectrum is probably a
tetramer (or possibly a trimer) of LHII stoichio-
metric units. We postulate that each LHII stoi-
chiometric unit may have two hydrophobic
bonding domains which must be occupied by
two other units to form a stable complex with a
native spectrum. In our proposed model, the

bonding domains are occupied by other LHII
complexes or the LHIs of the core. As long as
the bonding domains of the LHII complexes are
occupied, they would yield a native spectrum; in
vitro, this is achieved by the association of two
LHII dimers, whereas in vivo this is accom-
plished either by an association with other LHII
units or by association with the core complex.
Energy-transfer considerations also make this
model appealing. Fluorescence studies of the
LHII of R. sphaeroides show that the energy
transfer from carotenoid to Bchl is up to 100%
efficient in wild-type cells (3). The next feature
of our model, i.e., the transfer of energy from
LHII to LHI, has been shown to be remarkably
efficient by Hunter et al. (16) in that when LHII
and LHI are associated in vitro, nearly all ab-
sorbed energy seems to be passed to LHI since
LHI fluorescence is all that is detected. These
investigators have also speculated that this is a
reflection of the organization of the two antenna
components in the membrane. Van Grondelle
and Rijgersberg (50) have examined energy
transfer between the pigments of the antennae
and proposed that LHI surrounds the RC and
LHII surrounds LHI for a stepwise transfer of
energy from LHII to LHI to the RC. Our model
lends structural support to the above proposals
by a modification of the ‘‘lake’’ model. Monger
and Parson (26) examined the lake versus ‘‘pud-
dle’’ models in R. sphaeroides by fluorescence
kinetics. They found the lake model to be more
consistent with their results—that there are not
discrete photosynthetic units as would be seen
in a “‘puddle” arrangement, but rather a large
pool of LHI surrounding and interacting with
several RCs, and that the LHI pool is, in turn,
surrounded by a large LHII lake. Superficially,
the model that we propose for the photosynthet-
ic unit of R. palustris seems to contradict the
lake model of Monger and Parson. However, the
two models may actually be more complemen-
tary than contradictory in nature. The large
particles, 12.5 to 15.0 nm, which we propose as
the photosynthetic units, are only seen in appre-
ciable amounts in low-light cells. With moderate
to high light conditions, the most prevalent
particles are in the 7.5- to 10.0-nm size range
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FIG. 12. Diagram of proposed organization of RC,
LHI, and LHII in R. palustris photosynthetic mem-
branes. The size of the complex varies with the
amount of bound LHII, giving rise to particles on
freeze-fractured membranes that fall into distinct size
classes as indicated.

(Fig. 10), that is, the core (RC-LHI) particles.
Other possible particles in this size range are
core particles (7.5 nm) with additional LHI,
rather than bound LHII. This abundance of core
particles with high light conditions is consistent
with a large LHI pool surrounding the RCs.
Only when light becomes limiting (100 1x or
less), do the discrete units of RC-LHI-LHII
begin to be seen in significant numbers. But
even at low light levels, a large proportion of 7.5-
to 10.0-nm particles are present, suggesting that
lake- and puddle-type organizations may coexist
in the membrane. As more LHII is added to the
membranes, more may become attached to the
core particles, in addition to perhaps acting as a
mobile energy carrier analogous to the mobile
chlorophyll a/b light-harvesting component pro-
posed for higher plants (20a). The model that we
propose for the arrangement of LHII-LHI-RC of
R. palustris bears a striking resemblance to the
arrangement of the antenna-RC complexes seen
in cyanobacteria and red algae, in that antennae
are arranged for sequential absorbance and ener-
gy transfer down a line to the RC (10, 12). An
analogous model has also been proposed for the
relationship between antenna structures and
RCs in green bacteria (45).

The proposal offered here does not preclude
the possibility of some LHII existing as separate
units (trimers or tetramers) in the membrane,
perhaps with different geometry or stoichiom-
etry than when associated with the core com-
plex. The model is also accessible to testing if
the larger particles (10.0 to 15.0 nm) can be
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isolated intact and examined for energy-transfer
capabilities and protein and pigment composi-
tion.
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