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S U M M A R Y  

When cells of the ac-5 mutant strata of Chlamydomonas reinhardt are cultured 
mlxotrophically, their chloroplast membranes are unstacked and they lack a group 
of membrane polypeptldes that have been reported to be associated with a membrane 
fractmn enriched for Photosystem lI act|vlty. On the other hand, the chloroplast 
membranes of cells grown phototrophlcally are stacked and they possess the mem- 
brane polypeptides. Since the unstacked membranes possess Photosystem i1 actwlty, 
we suggest that the polypeptldes must be present in the chloroplast membrane if 
stacking is to occur 

I N T R O D U C T I O N  

Bmloglcal membranes are most often found to be separated by distances of 
at least 100-200 A (ref. 1). When, however, plasma membranes are m close appo- 
sition, the regions of juxtaposed membrane are beheved to serve speclahzed func- 
tions which, in the case of tight junctions, may be concerned with permeabihty 2"3 
or, as m the case of gap junctions, with electronic coupling between cells 4'5. Further- 
more, it has been established 6 that the regions of membrane involved in gap junctions 
possess a structure and chemical composition distinct from the rest of the plasma 
membrane. 

The most extensive union between biological membranes occurs m the chloro- 
plasts of green algae and higher plants where numerous membranes are apposed into 
stacks or grana. These membranes are known from freeze-etch electron microscopy 
to be structurally distinct from unstacked chloroplast membranes v, but their function 
in photosynthesis is not clear Certain chemical distinctions also characterize chloro- 
plast membranes, for it has been shown that membrane fractions enriched for 
Photosystem lI activity possess a profile of polypeptides that is distinct from the 
membrane fraction enriched for Photosystem I activity s. In this paper we show that the 
Photosystem II-assoclated group of chloroplast membrane polypeptldes is affected in 
unstacked chloroplast membranes of the umcellular green alga, Chlann'domonas 
remhardl, and we propose that the presence of these polypeptides is essentml xn order 
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for membranes to join and to form stacks or grana*. We also show that neither 
the presence of these polypeptides nor the stacking of the chloroplast membranes is 
required for Photosystem II actiwty in wvo.  

METHODS 

The wdd-type strain of C. re inhardi  and the mutant strain ac-5 were used in the 
experiments described here. The mutant strain is chlorophyll deficient 7 and its chloro- 
plast membranes are unstacked when cells are cultured mixotrophically (in the 
light with acetate and CO2 as carbon sources) but stacked when they are cultured 
phototrophically 7. Mlxotrophically and phototrophically grown cells are equally 
chlorophyll deficient 7. 

For the experiments described here, cells were cultured either phototrophically 
in minimal medium 9 or mlxotrophlcally m minimal medium supplemented with 
0.2 °, o sodium acetate. Cultures were maintained at a light intensity of 4000 lux 
from daylight fluorescent lamps and at a temperature of 27 °C. Cells were harvested 
from cultures that were in the logarithmic phase of growth. 

The analysis of chloroplast membrane polypeptides by electrophores~s was 
carned out using chloroplast membranes prepared according to the procedure of  
Hoober ~°. For certain experiments the membranes were unstacked by washing them 
5 times in 0.05 M Tncme-NaOH buffer (pH 7.3) 11. When the polypeptides from 
total cell membrane protein, soluble cell protein, and total cell protein were analyzed, 
the cells were disrupted in a French press lz. 

Chloroplast membrane polypeptides were obtained from purified chloroplast 
membranes by the method of Hoober l° except that the proteins were solubihzed in 
sodmm dodecylsulfate and urea by placing the mixture in a boihng water bath for 
90 s. Electrophores~s on sodium dodecylsulfate polyacrylamlde gels was carried out as 
previously described 8. Total cell protein, total membrane protein, and soluble cell 
proteins were prepared according to the method described by Hoober ~z. 

The amino acid analys~s of chloroplast membrane proteins was carried out 
with the aid of a Beckman Model 120c amino acid analyzer 13. 

The chlorophyll content of cells or of chloroplast membranes was determined 
by a modification ~ 4 of the procedure of Maccinney 15. Protein was determined by the 
method of Lowry et  al. 16 Cell number was determined with the aid of a hemacytom- 
eter. 

Samples of chloroplast membranes were tested for protease activity according 
to the method of Kunitz 17 in which the membranes were placed in a solution of  
casein and bovine serum albumin and any digestion of the proteins was detected by 
measuring the absorbance of the supernatant at 280 nm after the solution had been 
exposed to the membranes for various lengths of time. 

02 evolved in a Hill reaction by whole cells using p-benzoquinone as an 
electron acceptor was measured with a Yellow Springs Instrument Co. oxygen mo- 
rotor and Clark electrode. Light was supplied from a tungsten 1000-W projection 
lamp, and it was attenuated using neutral density filters or screens. 

* A portion of the research described here was presented m Aprd 1973 at the Fifth Stadler 
Genetics Symposium, UmversLty of Missouri, Columbia, Mo 
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Whole cells and preparations of chloroplast membranes were momtored 
by electron m~croscopy using fixation and embedding procedures described else- 
where 7, ~ s. 

RES U LTS 

The photosynthetic properties of chloroplast fragments of ac-5 and of wild 
type have been described elsewhere 7. We have measured the m t, tvo Hill reaction 
using p-benzoqumone as the electron acceptor, and Fig. 1 depicts rates typical 
for wild-type cells and cells of the mutant strain. None of the observations with ac-5 

suggest that there is any major difference in the photosynthetic capacity of stacked 
versus  unstacked membranes. The lower in vit, o Hill reaction rate on a cell barns 
obtained for the mutant strata can be attributed to e~ther a deficiency of the number 
of  reactLon centers per cell or to an impairment of photosynthetic electron transport. 
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Fig 1 Photosystem H actwlty of ml×otropMcally and phototrophlcally gro~n cells of  wildtype 
and ac-5 C remhardl 0 - 0 ,  ml×otrophleally grown wild-type O - - - O ,  phototrophJcally grown 
~dd type. A - A ,  mlxotrophtcally grown ac-5. A . -  . A  phototropMcally-grown at-5. The reacnon 
m~xtures were 6 2 mM phosphate buffer (pH 7.0) and 6.4 mM KCI. They contained 1 32 ffmoles of 
p-benzoqumone  and cells equwalen t  to 10-15 fig chlorophyll .  The volume of  each reaction mixture 
was 2.2 ml. Samples were placed in a water- jacketed vessel and  the temperature  was ma ln t a | ned  at  
25 "C A separate sample was used for measurements  at each light mtens | ty  Each sample was al lowed 
to equd~brate in the dark  for at  least  1 mm before the hght  was turned on. O2 evolut ion m the hght  
was recorded for 3 ram, and the rate of  02  evolu t |on  was calculated from the mmal  slope of  the re- 
cording.  An Es te rhne -Angus  Speed Servo recorder was used. It was cahbrated for 20 mV full scale. 

The profiles of polypeptldes obtained from the chloroplast membranes of 
m~xotroph~cally and phototrophlcally grown cells of the wild-type strata are shown m 
Rg 2, in both cases the membranes join and form stacks 19, and m both cases the 
polypeptlde profiles are decidedly similar. The polypeptides labeled lla, lib, and lie 
m the profiles are of particular interest for they comprise the group of polypeptides 
that are associated w~th a membrane fractzon rich in Photosystem ii actw~ty 8. 

F~g. 3a shows a typical gel scan of chloroplast membrane polypepDdes ob- 
tained from mlxotroph~cally-grown ac-5 cells whose chloroplast membranes are not 
stacked 7, and ~t ~s seen that Polypept~des a, b, and c are deficient. In contrast, these 
polypept~des are readily apparent among the chloroplast membrane polypeptldes 
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Fig 2 Electrophorenc separanon of chloroplast membrane polypeptldes from wdd-type C remhardt. 
a Mlxotrophlcally grown cells, 80 / tg  protein b Phototrophlcally-grown cells, 90/~g protein Protein 
was subjected to electrophoresJs on sodium dodecylsulfate polyacrylamide gels as described by 
Hoober  ~° except that power was apphed by a pulsed power supply operating at 160 V and 25 mA 
and 105 pulses/s. The gels were stained w~th CoomassJe Blue and scanned at 555 nm I, Group I 
polypepndes ,  [la,  I lb,  Ilc, Group I[ polypeptldes 
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Fig 3 Electrophoretlc separation of  chloroplast membrane polypepndes  from the ac-5 mutant 
strata of  C remhardt a Mlxotrophically grown cells, 92 ttg protein b. Phototrophically grown cells, 
100 ltg protein 

obtamed from phototrophically-grown ac-5 cells (Fig 3b) whose chloroplast mem- 
branes are stacked 7. 

In order to determine whether Polypepndes IIa, IIb, and llc were in some frac- 
Uon other than the one containing chloroplast membranes, the polypeptides obtained 
from soluble cell proteins, total cell membrane proteins, and total cell proteins of 
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mixotrophically grown wdd-type cells were compared by electrophoresls. The three 
polypeptides were not detected in any of the protein fractions that were obtained 
from mixotrophically grown at-5. 

Since the surfaces of the unstacked membranes obtained from the mixotrophl- 
cally grown cells of ac-5 are more exposed than those of stacked membranes, it was 
considered possible that some or all of the polypept~des in question might be solu- 
bihzed and lost during the isolation of the chloroplast membranes. In order to test 
for this posslbihty chloroplast membranes isolated from mlxotrophlcally grown cells 
of wild type and phototroph~cally grown ac-5 were unstacked according to the method 
of Izawa and Good 11 by washing them 5 times m 0.05 MTric ine-NaOH buffer 
(pH 7 3). An aliquot of washed membrane preparation was examined by electron 
m~croscopy and it was seen that the membranes were unstacked. The remaining 
material was used for electrophoresis. As Fig. 4 shows, there is no szgmficant loss of 
Polypeptldes Ila, lib, or llc. 
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F~g 4 Electrophoret~c separation (92/~g protein) of polypeptldes from unstacked chloroplast 
membranes of mlxotrophlcally grown wild-type ceils. Chloroplast membranes were unstacked by 
'~ashmg them 5 times m 0 05 M Trlcme-NaOH buffer (pH 7.3) 

The absence of the three polypeptides from cells with unstacked membranes 
might be accounted for by the greater exposure of the membrane surfaces to proteo- 
lytlc enzymes during the isolation procedure. However, when stacked wdd-type 
membranes and unstacked ac-5 membranes were incubated w~th bovine serum 
albumin and casein for times up to 19 h at room temperature, there was no s~gmficant 
effect upon these substrates when measured spectrophotometncally as the release 
of small peptides. 

Since catlons appear to play a role m the umon and stacking of chloroplast 
membranes ~'2°, they may interact wlth or affect amonic sites on the membrane 
surfaces The free carboxyl groups of aspartlc and glutamlc acids and the phosphate 
groups of phospholiplds are hkely candidates for these amomc sites. An analysis of 
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the amino acid composition of chloroplast membranes obtained from mlxotrophlcally 
grown wild-type and ac-5 cells revealed no significant difference in either aspartlc or 
glutamic acids" the wild-type membranes were found to contain 6.77 and 8.08 mole °,, 
aspartic and glutamic acids, respectively: the values found for ac-5 membranes were 
7.53 and 8.86 mole °o. The phospholipld composition of the membranes is currently 
under investigation. 

DISCUSSION 

Studies of the chloroplast membranes of ac-5 permit us to make several state- 
ments regarding the stacking of membranes and the membrane polypeptldes that are 
affected in the mutant strain. Arntzen et al21 published a study of the internal 
structure of spinach chloroplast membranes as revealed by freeze-etch electron 
microscopy. It was known from the studies of Park and Branton zz that chloroplast 
membranes possess tightly packed arrays of unusually large particles, and Arntzen 
et al.  21 demonstrated that when spinach chloroplasts were treated with digitonln to 
yield several membrane fractions, a fraction rich in Photosystem lI activity was also 
the exclusive location of the large particles. This observation suggested that the large 
particles corresponded to Photosystem lI. Since the Photosystem II-rlch fraction 
was also rich in stacked membranes, however, it was recognized 7 that the large 
particles might instead represent a structural conformation assumed during membrane 
fusion. A test of these alternatives was possible by studying the freeze-etch structure 
of ac-5 membranes, since it was known that the membranes possessed the full Photo- 
system II  activity whether stacked or unstacked. The results of this study 7 showed that 
the large particles were in fact absent from the unstacked membranes and present 
in the stacked membranes 

The work of Goodenough and Staehehn 7 therefore indicates that stacked 
membranes contain arrays of large particles that can be visualized by freeze-etch 
microscopy and that unstacked membranes of ac-5 do not contain these particles. The 
unstacked membranes of the mutant strain also lack at least three principal chloro- 
plast membrane polypeptldes. When the membranes of the mutant strain become 
stacked in cells growing phototrophlcally, the particles and the polypeptldes are both 
present. Thus there is a correlation between the stacking of the membranes, the pres- 
ence of large particles, and the presence of certain polypeptldes. The relationship 
between these features of membrane structure is as yet unknown, but it seems reason- 
able to adopt as a working hypothesis the concept that the polypeptides must be 
present in the chloroplast membranes if stacking is to occur and if large particles 
are to form as a consequence of the stacking process. 

What httle is known about the stacking of chloroplast membranes suggests that 
the ~onic nature of the membrane surface plays an important role, since the stacking 
of chloroplast membranes in vitro depends in part on cation concentration 7'11'2° 
and the separated membranes can be re-stacked upon the addition of MgCI2, NaCI, 
methylamlne hydrochlorlde, or KC1. Also, unpublished work from this laboratory 
shows that the addition of the polycatlon, protamine sulfate, to a suspension of 
unstacked wild-type chloroplast membranes of C. reinhardt is effective m bringing 
about their stacking, perhaps in a manner similar to the union that occurs between 
mammalian cell membranes when they are exposed to polycations 2~'2s. 
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In wew of the effects that cations have on the stacking of chloroplast mem- 
branes, it is tempting to assume that the membrane surfaces are studded with anionic 
sites whose charge or conformation must be altered in order for membranes to 
stack. It is further tempting to assume that the amontc sites are the free carboxyl 
groups of aspartic and glutamic acid residues of  chloroplast membrane proteins and 
that proteins rich in these amino acids are affected in ac-5. I f  such is the case, however, 
the situation in mixotrophically grown ac-5 is not a simple one, for the amino acid 
analysis of its chloroplast membrane proteins does not show any striking difference 
when compared with that of  wild-type chloroplast membranes. 

The relationship between 1he stacking of chloroplast membranes and photo- 
synthesis remains controversial. So far ~t has not been possible to find any distinctive 
qualitatwe differences between the photosynthetic properties of stacked and unstacked 
chloroplast membranes; this might suggest that stacking is irrelevant to the photo- 
synthetic process. The fact that blue-green algae possess unstacked membranes and 
perform normal photosynthesis would support this point of view. It has been 
suggested z6 that the in vitro effic~tency of Photosystem II is lower in the unstacked 
chloroplast membranes of bundle sheath cell chloroplasts of certain grasses than it is 
in the stacked membranes of the chloroplasts from mesophyll cells from the same 
plants; this does not appear to be the case for C. reinhardi, at least for the m vivo 
Photosystem II activity of at-5, since the rate versus light intensity curves for the 
p-benzoquinone Hill reaction are identical for phototrophically and mzxotrophlcally 
grown cells. Despite the fact that the existing experimental evidence does not yet 
support such a view, it seems reasonable to assume that the gathering of membranes 
Into stacks or grana would enhance the probability of trapping photons, for the stacks 
would provide for relatively high local concentrations of photosynthetic pigments as 
well as the reaction centers where excitation energy is utilized to drive the photo- 
synthetic electron transport chain. It is of  interest in this regard to note that the grana 
stacks are exceedingly large in the chloroplasts of several species of  plants that grow 
on the floor of tropical rain forests z7 where the light energy in the waveband available 
for photosynthesis is but a very small fraction of the energy that reaches the leaves of  
the trees that comprise the forest canopy 28. 
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