
























such arrays, indicating that the actual binding site 
for the CF~ may be a discrete structure at the 
membrane surface which is displaced by the for- 
mation of these regular arrays. The conditions 
which cause the formation of these arrays are not 
understood. 

Exclusion of CF~ from Certain Regions 
of Partially Unstacked 
Membrane Preparations 

Fig. 16 shows part of a thin section of isolated 
chloroplasts partially unstacked by a single, brief 
(30 min) wash in 50 mM Tricine buffer at 4~ 
This sample was processed according to the 
method of Oleszko and Moudriankis (35) and CF~ 
molecules are visible as discrete particles on the 
surface of the thylakoids. Unstacking is not com- 
plete in this preparation, and in areas where 
stacked thylakoids have apparently just begun to 
separate (see Fig. 16), the newly unstacked mem- 
branes can be observed free of any surface parti- 
cles. If particles were present in stacked regions, 
upon stacking, they might be expected to be- 

come at once apparent. Instead, these newly un- 
stacked regions are apparently devoid of particles 
visible in thin section. 

D ISCUSSION 

Identification of Carboxydismutase and 
CF1 Molecules 

The picture of the thylakoid outer surface 
presented here is in general a more complicated 
one than other studies have indicated. Two classes 
of large particles, each removable by a separate 
washing procedure, a complement of smaller parti- 
cles, and occasionally small, regular arrays of 
ridges are each observable on the outer surface. 
The distribution of at least one of the classes of 
large particles seems restricted to the noncontacted 
regions of the thylakoid surface. 

It seems quite likely that the subset of large 
particles removable by washing in sodium pyro- 
phosphate may represent individual molecules of 
carboxydismutase. Particles of similar size have 
been reported in association with thylakoid mem- 

FIGURE 15 Thylakoid outer surface showing the rows of ridges which appear inexplicably in some 
preparations of chloroplast membranes. These ridges usually occur in rows as shown, and show a spacing of 
75 /~. These structures protrude only slightly from the membrane surface, and are visible only at low 
shadowing angles. Arrows mark two such rows on the micrograph, x 100,000. 
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FIGURE 16 Thin section thru a preparation of isolated chloroplast membranes partially unstacked by brief 
suspension in low-salt buffer. Although CF~ particles (cf) are clearly visible over much of the thylakoid 
surface, several regions where the membranes appear to be in the process of separation are devoid of 
particles (arrows). This indicates an absence of particles from stacked regions. • 120,000. 

branes (7), other workers have presented immuno- 
logical evidence for the presence of this enzyme on 
the thylakoid surface (16), and its removal by 
pyrophosphate washings is consistent with the 
findings of Strotmann et al. (44) that such wash- 
ings remove carboxydismutase. Exactly why such 
a small proportion of the total carboxydismutase 
complement of the chloroplast should be bound to 
the thylakoid surface is unclear. Nevertheless, in 
contrast to other observations (10, 35), these 
results indicate that a fraction of the large particles 
on the thylakoid outer surface cannot be identified 
with CF~, and is removable under conditions 
reported to remove carboxydismutase. 

There are substantial differences between our 
values for particle density on the outer surface and 
those recently reported by Berzborn et al. (2). We 

find it likely that differences in washing procedures 
applied before fixation or freezing could remove 
different amount of carboxydismutase molecules 
from the membrane surface. As pointed out by 
others (16), only a small fraction of the total 
chloroplast carboxydismutase is membrane-bound 
and, depending on the ionic composition of the 
washing media, different proportions of the mole- 
cules could become detached from the membranes. 
Since the membrane-binding parameters of car- 
boxydismutase are still poorly defined compared 
to those of the CF1 (44), the actual extent of 
binding of carboxydismutase to thylakoids re- 
mains unresolved. Further elucidation of the func- 
tional significance of membrane-bound carboxy- 
dismutase is definitely needed. 

On the basis of results presented here and 
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elsewhere, the CFt can be identified as the comple- 
ment of large particles remaining after the removal 
of a subset of large particles (probably carboxydis- 
mutase) from the thylakoid outer surface. We 
regard the most conclusive evidence in this regard 
to be the fact that the readdition of purified CF~ 
results in a reappearance of the large particles on 
the outer surface. Identical results were reported 
earlier by Oleszko and Moudrianakis (35) and 
Garber and Steponkus (10), although the former 
did not use purified coupling factor, and in neither 
case were both the ATPase level and particle 
density restored to control levels. 

Distribution of Coupling Factor Molecules 

if we consider the identification of CFt particles 
to be a settled question (reasonable, we think, in 
light of the evidence), interest then turns naturally 
to its distribution over the expanse of the thylakoid 
membrane outer surface. Ferritin labeling of 
stacked and unstacked thylakoids (see Figs. 10 and 
11) seems to indicate that no coupling factor is 
present in regions of membrane stacking. But these 
results can also be interpreted as indicating that 
CF~ is indeed present in stacked regions, but no 
label can penetrate in stacked systems because of 
the close appression of adjacent thylakoids. In- 
deed, some have suggested (35) that CF~ present 
on the membrane surface may be pushed deeper 
into the membrane matrix by the stacking process, 
and therefore may be distributed over the entire 
expanse of the membrane system. These workers 
predict that such a process would alter the internal 
fracture faces of the thylakoid membrane, and 
suggest that searching for such alterations would 
be a useful area of inquiry. 

We believe that the data presented in this paper, 
together with the observation of Ojakian and Satir 
(34) that the size categories of fracture face 
particles are preserved when thylakoids are experi- 
mentally unstacked, render such a point of view 
untenable. Our work, in agreement with that of 
others (16), shows that all measurable CF~ activity 
of a stacked membrane preparation can be inhib- 
ited by the addition of specific antiserum (see 
Table I I). This means that all active CFt molecules 
are at least accessible to the antiserum, if not to 
antiserum coupled with ferritin. We must consider 
the possibility, however, that CF~ in stacked 
regions may be inactive, or, more importantly, 
may not be accessible to activation procedures 

used for the ATPase assay used to measure CF~ 
activity. 

If this were the case, then unstacking the 
thylakoid membranes should expose new sites for 
ATPase activity by making the enzyme molecules 
which previously were unavailable to either the 
antiserum of ATPase assay procedure. Repeated 
experiments comparing the measurable ATPase 
activity in stacked, unstacked, and restacked mem- 
branes, however, have failed to detect any differ- 
ences in ATPase activity (Table III). We must 
conclude: (a) that all CF~ molecules contribute to 
the measurement of ATPase activity, since no new 
activity appears upon unstacking; and (b) that all 
CF~ molecules are accessible to the antiserum 
prepared against them, since total inhibition of 
ATPase activity by the antiserum is observed. 

One possible difficulty with this finding is that 
our methods of measuring coupling factor activity 
involve incubation of the activated enzyme in a 
Ca§ buffer solution (20). Ca ++ pro- 
motes membrane restacking, and this fact casts 
doubt on the measurements of ATPase activity in 
unstacked membranes. However, the membranes 
are clearly unstacked when trypsin-activated, and 
therefore the accessibility of the large trypsin 
molecule to previously stacked regions is guaran- 
teed. In addition, other results (Staehelin, unpub- 
lished results) indicate that restacking is a slow and 
gradual process which takes as long as one hour to 
complete, while our membrane samples were incu- 
bated in the Ca§247 buffer for only the 
10 min required to measure ATPase activity (20). 

Additional evidence to support this interpreta- 
tion is provided by the analysis of surface changes 
accompanying unstacking and restacking. Our 
experiments show that thylakoid membranes ex- 
hibit a large apparent decrease in particle density 
on their outer surfaces when unstacked, a decrease 
not accompanied by any loss of ATPase activity. If 
CF1 molecules were present in significant numbers 
in stacked regions, unstacking would not be ex- 
pected to bring about such a dramatic decrease in 
particle density. The magnitude of the decrease 
correlates very well with measurements of the 
percentage of total thylakoid surface area involved 
in contact in stacked and restacked preparations 
(Table ii1), and can only be explained by assuming 
that the CF~ particles are excluded from regions of 
thylakoid contact during stacking. Similarly, the 
fact that the restacking of thylakoid preparations 
brings about a renewed increase in apparent patti- 
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cle density leads to the same conclusion. In light of 
the fact that the washing and reconstitution experi- 
ments discussed earlier establish the identity of the 
large particles remaining after sobium pyrophos- 
phate washes as the CF~, the behavior of these 
particles during unstacking and restacking experi- 
ments leads to the unavoidable conclusion that 
they are excluded from regions of membrane 
stacking. 

This conclusion is further supported by the thin 
sections of chloroplasts subjected to a brief un- 
stacking treatment followed by the fixation and 
staining treatment of Oleszko and Moudrianakis 
(35) to make CF~ molecules visible. Such images 
show the apparent coupling factor molecules to be 
absent from the freshly unstacked membrane 
surface (Fig. 16). 

A concentration of CF~ in unstacked (stroma) 
lamellae is further suggested by the biochemical 
studies of Arntzen, Dilley, and Newmann (1), who 
demonstrated that chloroplasts which contained 
greater amounts of stromal membranes (young 
lettuce leaf chloroplasts, sorghum bundle sheath 
chloroplasts) have high photophosphorylation ac- 
tivities when compared to chloroplasts typified by 
a lesser proportion of stromal membranes. The 
capacity to accumulate protons, presumably 
through electron transport, shows a reverse distri- 
bution, however. 

CF1 Distribution and the Generation 

of  A TP 

Whether the exclusion of CF~ molecules from 
stacked membrane regions presents few or many 
difficulties in explaining the generation of ATP 
during photosynthesis depends very much on how 
one views the coupling of electron transport to 
photophosphorylation. On one hand, much evi- 
dence has indicated that the mechanism of cou- 
pling is indirect (8, 15, 28), i.e., ATP synthesis is 
actually driven by a proton gradient generated as a 
by-product of electron transport. I f this is the case, 
then it is not hard to understand how ATP-synthe- 
sizing sites restricted to unstacked membrane 
regions would still be able to make full use of the 
proton gradient generated mainly in grana regions 
(1), since this gradient should develop rapidly in all 
regions of the lumen of the interconnected thyla- 
koids. In contrast, if a tighter integration of the 
CFa into the electron transport chain is envisaged, 
as in the chemical intermediate hypothesis of 

Slater (42), then the restricted distribution of CFt 
and its spatial separation from most photosystem 
II sites presents certain topological problems that 
are difficult to explain. Thus our observations tend 
to support the chemiosmotic theory of photophos- 
phorylation. 

Other Surface Structures 

The identity of the small particles which remain 
at the thylakoid surface after the removal of larger 
particles presents an interesting problem for fur- 
ther work. We consider it likely that this particle 
may correspond to protruding elements of the 
integral proteins visible on the fracture face 
formed by the outer leaflet of the thylakoid 
membrane (Cu-face in some literature: (I 1, 26), 
but at present we have no firm experimental 
support for this point of view. The arrays of 
regular structures occasionally visible on the outer 
surface (Fig. 15) have been shown elsewhere to 
correspond to elements of a large integral particle 
spanning the thylakoid membrane (25, 37). 

Structural Differentiation During 

Thylakoid Stacking 

The results reported here concerning exclusion 
of coupling factor from stacked membrane regions 
complement certain other observations made con- 
cerning similar rearrangements in particle distri- 
bution. Ojakian and Satir (34) have reported thai 
the stacking of chloroplast  membranes in 
Chlamydomonas brings about a migration of 
particles seen on the internal fracture faces of the 
thylakoid. Staehelin and Miller (43) have also 
reported that thylakoid stacking in spinach brings-; 
about a concentration of multisubunit particles on 
the inner membrane surfaces in stacked regions. 
When these observations are combined with what 
we have reported here, it becomes apparent that 
the seemingly random intermixing of components 
which occurs in unstacked membranes is abolished 
by the stacking process. The coupling factor is 
excluded from stacked regions, particles on the 
inner surface of the membrane are concentrated in 
such regions (43), and distinct particle migrations 
seem to take place among particles visible on the 
fracture faces (34). Mechanisms behind these 
movements may involve the mechanical exclusion 
of surface components, the existence of ionically 
mediated binding sites on adjacent membrane 
surfaces, or other interactions between membrane 
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components  which take place during stacking. The 
physiological al terat ions which at tend this dra- 
matic  structural  change induced by thylakoid 
stacking remain unclear, and present a challenging 
problem for future work. 
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