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ABSTRACT

The synthesis of the major chloroplast membrane polypeptides has been studied
during synchronous growth of Chlamydomonas reinhardtii. Under these condi-
tions, chlorophyll is synthesized during the latter part of the light period and
cell division takes place during the dark period. The profile of the chloroplast
membrane polypeptides of C. reinhardtii has been well characterized and
shown to contain two major classes by size (Hoober, J. 1970. J. Biol. Chem.
245:4327). Polypeptides of group I have a mol wt range of 50,000-55,000
daltons. The second region consists of at least three polypeptide groups,
I1a, 1Ib, and Ilc, having mol wt of 40,000, 31,000, and 27,000 daltons, respec-
tively. The synthesis of these polypeptides has been measured using a double-
labeling technique and a computer-aided statistical analysis. The rate of labeling
of group I polypeptides is highest during the early light period and decreases
after 6 h of growth. Group Ila is labeled from the beginning of the light period,
but little synthesis of IIb occurs before 3 h, and significant amounts of label
are not found in Ilc before 5 h of growth. After approximately 8 h of light,
groups IIb and Ilc are synthesized at rates significantly greater than those
of the other membrane polypeptides. The synthesis of the major polypeptide
groups ceases in the dark. We conclude that the biosynthesis of the chloroplast
membranes is a sequential or stepwise process.

Much information has recently become available
concerning the physical properties of biological
membranes. Less, however, is known about the
processes of synthesis and integration of com-
ponents required for the production of func-
tional membranes, especially in eukaryotic cells.
First, it is not known whether there exists an
obligatory coupling of the synthesis of one or
more of the proteins and lipids involved in the
formation of membranes under conditions of nor-
mal cell growth, and, second, it is not known
whether the association of specific lipid and
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protein components is required for their integra-
tion into the membrane. With regard to the
first question, experiments with bacterial mutants
have indicated that the synthesis of membrane
lipids and proteins is closely coordinated (1-4).
On the other hand, the turnover of lipids and
proteins of rat liver cell endoplasmic reticulum
appears to occur at different rates (5, 6), and
studies with the y-1 mutant of Chlamydomonas
reinhardtii have shown that the ratios of various
chloroplast membrane components vary during
the greening process (7-9). These results sug-
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gest that the association between lipids and pro-
teins is less rigid in hepatocyte and chloroplast
membranes and that new membrane components
can be inserted into the membranes independ-
ently. Evidence relevant to the second question
comes from the observations (10, 11) that the
integration of chlorophyll into the chloroplast
membranes of the alga C. reinhardtii does not
occur until after the pigment has been com-
plexed with protein newly synthesized on cyto-
plasmic ribosomes.

In view of the accumulated knowledge regard-
ing the structure, function, and composition of
the chloroplast membranes of C. reinhardtii
(11-14), a study of the synthesis of the com-
ponents of the chloroplast membranes has the
potential for providing answers to the impor-
tant questions concerning the relationship be-
tween the synthesis of membrane lipids and pro-
teins and concerning a specific association of
lipids and proteins before integration into the
membrane.

C. reinhardtii can be grown in a synchronous
12-h light, 12-h dark cycle, and an entire culture
can be treated as a single cell under these condi-
tions. Changes in many enzyme activities, in-
cluding several membrane-associated activities,
and the synthesis of the several cellular nucleic
acids throughout the synchronous cycle have
been measured (15, 16). The electrophoretic
profile of polypeptides from C. reinhardtii chlo-
roplast membranes has been characterized by
Hoober (17) and shown to contain two major
size classes. We have found that group I poly-
peptides lie in the mol wt range of 50,000-55,000
daltons and that group Il polypeptides have
mol wt between 27,000 and 40,000 daltons. Pre-
vious results from this laboratory with digitonin
fractionation of chloroplasts from both spinach
and C. reinhardtii (18) have indicated that the
group I polypeptides are concentrated in a mem-
brane fraction enriched for photosystem I ac-
tivity and that group II polypeptides are asso-
ciated with a membrane fraction enriched for
photosystem II activity. For the most part, the
function of these polypeptides is unknown. It
appears, however, that some of those of group
I are related to the stacking of the chloroplast
membranes into grana (19, 20). Furthermore,
during electrophoresis of green, lipid-containing
chloroplast membrane preparations, chlorophyll
runs coincidently with several of the group II
polypeptides and with a high molecular weight
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polypeptide fraction which, when extracted with
acetone, runs in group 1 (21). It is thought that
at least two of the polypeptides of group II are
part of the light-harvesting chlorophyll-protein
complex (21-24) and that polypeptides of group
1 are derived from the chlorophyll-protein com-
plex of photosystem I (21-23, 25).

We report in this paper the results of studies of
the synthesis of group I and II polypeptides dur-
ing the synchronous cycle. We have used a double-
labeling technique and polyacrylamide gel elec-
trophoresis to identify the membrane polypep-
tides. The data indicate that the synthesis of
the group I polypeptides precedes the bulk of
chlorophyll synthesis and that the initiation of
synthesis of the various group II polypeptides
occurs at different times. We conclude that the
biosynthesis of the chloroplast membranes of
C. reinhardtii is a stepwise process.

MATERIALS AND METHODS

A clone from wild type strain 137c of C. reinhardtii
was selected for its suitability for synchronous growth
by the method of Surzycki (15). Cells were grown
in 3-liter cultures of minimal medium (26) and syn-
chrony was induced by a 12-h light, 12-h dark cycle
according to the procedure of Armstrong et al. (16).
Cell density was estimated with the aid of a hema-
cytometer. Chlorophyll was measured by a modifica-
tion (27) of the method of Mackinney (28). Protein
was determined by use of the Folin reagent (29). Ribu-
lose-1,5-diphosphate (RuDP)-carboxylase activity was
measured as 'CO, fixed by the various fractions in
the presence and absence of RuDP, as described pre-
viously (30).

Synthesis of membrane proteins was measured by
a double-labeling technique. In general, such tech-
niques provide a high level of sensitivity for experi-
ments measuring the synthesis or turnover of various
cellular components (31). We have used two double-
labeling procedures to examine the synthesis of mem-
brane polypeptides in C. reinhardtii. In the first pro-
cedure, cells were labeled for 1 h during the syn-
chronous cycle simultaneously with [**Clacetate (1
puCi/umol) and [*H]arginine [5 uCi/umol (5)] or
with [*H]acetate (17 uCi/umol) and [*3S]sulfate
(0.5 pmole/ml), (1.2 mCi/mmol). These experiments
were designed to compare the labeling of polypeptides
by acetate with that of other labels for proteins. In a
seccond double-labeling experiment designed to mea-
sure the synthesis of new membrane polypeptides,
cells were labeled to uniform specific activity with
[**Clacetate (0.3 uCi/ml growth medium) before
growth in synchronous cultures. At various times dur-
ing the synchronous cycle, these cells were labeled for 1
h with [*H]acetate (17 uCi/umol). In this experi-
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Chlorophyll concentration of the cells and cell concentration of the culture during synchrony.

The light period is 0-12 h and the dark period is 12-24 h.

ment, the synthesis of new material was measured by
the [*H]acetate incorporated; the labeling profiles ob-
tained were analyzed by the computer method de-
scribed below. In all acetate pulse experiments the
final acetate concentration was 100 yM. The incor-
poration of acetate never exceeded 2% of the total
acetate added in these experiments. All radiochemicals
were obtained from New England Nuclear, Boston,
Mass.

After labeling during the synchronous cycle, samples
of cells were harvested, washed, and disrupted by
sonic oscillation, and the membranous fraction was
obtained (32). Membrane polypeptides were analyzed
by polyacrylamide gel electrophoresis by the methods
described by Hoober, including extraction with 90%
acetone to remove lipids and addition of mercapto-
ethanol to prevent oxidation of sulfhydryl groups (17).
Gels were divided into 1-mm slices and radioactivity
in the slices were measured by counting in toluene-
Omnifluor containing 3% Protosol (New England Nu-
clear). The data were analyzed by a computer program
(33) which carried out a regression analysis of the
counts of one isotope on the counts of the second
isotope for each gel and which then plotted the re-
sults.

Acrylamide, methylenebisacrylamide (both electro-
phoresis grade), and urea were obtained from Aldrich
Chemical Co., Inc., Milwaukee, Wis. Sodium lauryl
sulfate was obtained from Sigma Chemical Co., St.
Louis, Mo.

RESULTS
Synchronous Growth
Under the light-dark regime we employed,

cells of C. reinhardi synthesized chlorophyll be-
tween hour 6 and hour 12! (Fig. 1). A small

! For convention, the light period is denoted 0-12 h
and the dark period 12-24 h of growth during the
third 24-h light-dark cycle.

D. P. BEck AND R. P. LEVINE

increase in chiorophyll was observed after the
dark period had begun (12-14 h). Cell number
remained relatively constant in those cultures
throughout the light and early dark periods,
and cell.division occurred during a short interval
of approximately 3 h, between hours 15 and 18.
This rapid increase in cell number was reflected
in the sharp decrease in the ratio of chlorophyll
per cell. The degree of synchrony of these cul-
tures could be assessed by one or both of the
parameters described. Cultures which showed
little or no chlorophyll synthesis before the 6th
h of growth or whose curve of cell number showed
that the period of cell division was closely con-
fined to a 3-h period were accepted for use.

Labeling of Membrane Proteins

Since we chose to measure synthesis of pro-
teins by introducing an isotope into the cells
during a relatively short time interval, it was
necessary to find a carrier molecule which could
meet several criteria: first, it must enter the cells
rapidly and be incorporated into protein at a
high rate; second, its concentration must be high
enough so that it would not be exhausted during
the pulse interval but, most importantly, not so
high that it would disrupt the dependence of
cell growth on phototrophic metabolism. Cells
of C. reinhardtii were known to have a high af-
finity for acetate, and we chose this molecule
for use in labeling studies. Preliminary experi-
ments had indicated that the rate of acetate
utilization by C. reinhardtii changes during
growth in the light, so we chose growth times
when we expected maximal differences in acetate
uptake and determined the dependence of in-
corporation on acetate concentration at those
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times (Fig. 2). For cells 2 and 10 h old, incor-
poration of acetate into protein was highly de-
pendent on concentration below 100 pM acetate.
Incorporation was nearly maximal at 100 gM
acetate in cells of the ages tested and only a
small increase in labeling was found at higher
acetate concentrations. Accordingly, all pulse
labeling with acetate was carried out at a con-
centration of 100 uM.

During synchronous growth of C. reinhardtii,
the majority of the membrane protein was made
in the light period (Fig. 3). The highest rates of
incorporation of [®*H]acetate occurred between
hours 4 and 10, and the rates of incorporation in
the dark were only 25% of the maximal rates in
the light. Synthesis of membranes proteins dur-
ing the light period was also reflected in the
dilution by newly formed protein of the '*C
label which was present for the double-labeling
experiments described below. The specific ac-
tivity of *C in the membrane protein decreased
continuously during the light period to approxi-
mately one third the value of the 1st h.

Electrophoretic Analysis of
Membrane Proteins

We subjected labeled membrane polypeptides
to separation on polyacrylamide gels by the
method of Hoober (17) and analyzed the gels
by slicing, counting, and a computer-aided sta-
tistical analysis. A comparison of the two labels
in double-labeled samples was obtained from
the regression of counts of one isotope on counts
of the other isotope (*H on the background
C in the pulse experiments) and by plotting
the deviations from the regression line versus
slice number (33). Differences between the levels
of the isotopes in a given slice appear as positive
or negative deflections on a plot of the deviations
(e.g., Fig. 4 B). A pair of horizontal lines is
drawn on the plot at + 1.96 ¢ for arbitrary ref-
erence points.

For vegetative cells of C. reinhardtii, acetate
was an efficient label, and it was readily trans-
ported and metabolized at all stages of the syn-
chronous cycle. In order to determine whether
acetate was an appropriate label for membrane
proteins, labeling experiments were carried out
in which cells were pulsed simultaneously with
[*H]acetate and [®°S]sulfate or with [*H]ace-
tate and ['*Clarginine. The membrane proteins
were isolated and separated on gels, and the
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FIGURE 2 Dependence of acetate incorporation into
protein on acetate concentration. Cells of 2 and 10 h
old were incubated for 1 h with various concentrations
of [*H]acetate of constant specific activity. After har-
vesting the cells, cellular protein was precipitated by
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FIGURE 3 Synthesis of chloroplast membrane pro-
tein during the synchronous cycle. Cells of C. rein-
hardtii were double labeled with [*H]acetate and
[**Clacetate, the chloroplast membranes were isolated,
and the membrane protein was extracted and counted
as described in Materials and Methods.

results were analyzed with the aid of a com-
puter as described above. Fig. 4 shows an exam-
ple of a dual pulse experiment with acetate
and arginine at 4 h of growth.! Similar profiles
of the crossover- and background-corrected
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FiGures 4-8 Computer-generated traces of double-labeled polypeptides on polyacrylamide gels.
Part A of each figure shows the background- and crossover-corrected counts for the *H and 'C
labels. Part B of each of these figures shows a plot of the deviations from the regression line versus
slice number. Differences between the levels of the isotopes in a given slice appear as a positive or
negative deflection on a plot of the deviations. A pair of horizontal lines is drawn on the plot at + 1.96
o (the 95% confidence levels for significant deviation) for arbitrary reference points.

FIGURE 4 Labeling of membrane polypeptides during simultaneous pulses with [!**Clacetate and
[*H]arginine. Cells were grown for 4 h and then incubated for 1 h with the labeled precursors as
described in Materials and Methods.
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counts were obtained (Fig. 4 A). The statistical
analysis (Fig. 4 B) shows that there are no
significant differences between the amounts of
*H and '*C in the various polypeptide bands
on this gel. At the several growth times ex-
amined, the same labeling pattern was obtained
with sulfate and arginine as had been obtained
with acetate, and the regression analysis indi-
cates that there were no significant differences
between acetate-and arginine-labeled polypep-
tides.

Since acetate is a nonspecific label, it was
necessary to consider the possibility that cel-
lular components other than protein, which might
also become labeled, would not interfere with
the radiometric profiles of our gels. In one
experiment, we added 3ZP-labeled lipids to a
protein sample and subjected an aliquot to gel
electrophoresis. As expected, all the lipid ran
with the dye front and no **P counts were found
elsewhere in the gel. In a second experiment, we
examined the behavior of starch added to acryl-
amide gels. Gels on which had been loaded pro-
tein samples or protein samples containing added
starch were run under the normal electrophoresis
procedure and stained with a solution of 0.01 M
KI and 0.01 M I;. No starch was found in the
gels containing only the membrane polypeptide
sample, and all the starch from the sample con-
taining added starch remained at the top of the
gel. It appeared that any lipid remaining after
acetone extraction and any starch remaining
after differential centrifugation would not inter-
fere with our gel profiles. Furthermore, one
would not expect significant penetration of 8%
gels by ribosomal RNA’s (34), which would rep-
resent the major type of nucleic acid contamina-
tion.

Experiments designed to indicate the time of
synthesis of the various membrane polypeptide
groups were carried out as follows: a starter
culture of cells was labeled to uniform specific
activity with ['*Clacetate and then transferred
to experimental flasks in the growth chamber;
at the appropriate times in the synchronous cycle,
[*H]acetate was added to the flasks for 1 hr;
cells were then harvested and the membrane
proteins prepared. Radiometric profiles of the
gels containing these proteins are shown in Figs.
5-8. In these experiments, the uniform '*C label
is equivalent to an optical scan of a gel stained
for total protein with Coomassie blue. The major
membrane peaks are indicated in Fig. 5 A; group
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I is seen as at least one peak having a mol wt of
55,000 daltons; group II consists of at least three
peaks, Ila, IIb, and Ilc, which have mol wt of
40,000, 31,000, and 27,000 daltons, respectively.
Several molecular weight calibrations have been
carried out with different sets of protein stan-
dards. The locations of one set of standards is
shown in Fig. 5 A.

Results concerning the time of synthesis of
membrane polypeptides were obtained by ex-
amination of several series of computer plots;
several plots from one of these series are shown
in Figs. 5-8. Fig. 5 A shows the labeling of
membrane polypeptides between 0 and 1 h in
the light. ®H is incorporated into I, into a
shoulder on I, and into Ila. A small amount
of label appears in IIb and almost no °H is
observed under Ilc. The statistical analysis shown
in Fig. 5 B indicates that more label is located
under 1 and its shoulder at this time than under
any of the other peaks on the gel, that an
average amount of label appears in Ila, and
that the labeling of IIb and Ilc is markedly
lower than the rest of the polypeptides. By hour
6 (Figs. 6 A and 6 B), the rate of labeling of
IIb had reached the mean rate for the remainder
of the gel, and group 1 continued to be labeled
at high rates although its shoulder is no longer
seen. The labeling of Ilc remained significantly
lower than that of the other polypeptides. At
8 h (Figs. 7 A and 7 B), significant changes in
the labeling profile appear. The labeling of I
dropped nearly to the mean level and the incor-
poration into IIb and Ilc was proceeding at
markedly higher rates than for the remainder of
the gel. Incorporation into Ila continued at a
mean level. By hour 10 (Fig. 8 A and 8 B), there
was a marked deficiency in the labeling of I and
the relative rates of IIb and Ilc had reached
even higher levels.

Pulse labeling of membrane proteins between
hours 12 and 13, the Ist h in the dark, showed
a marked decrease in the synthesis of all the
major chloroplast membrane polypeptides as well
as several minor ones. Labeling of polypeptides
greater than approximately 60,000 daltons, how-
ever, continued at a relatively high rate.

Data from these curves are summarized in
Fig. 9. We have plotted the deviations from the
least squares regression line for group I, Ila,
IIb, and Ilc for several experiments. These plots
indicate the maximum differences between the
newly labeled polypeptides and the background

THE JOURNAL ofF CELL BIOLOGY - VOLUME 63, 1974



10.580
>
I
c
c
X
'—_L

33.5

I
d l .
o IIC -]
~
3 :
~ g
[ ]
) S
s Ip oy
. | @X
EW -
E x
£
s Ly
~ o1 Lg"I
m
iG]
2 E
o
3 R
- -
3 3
“a 18 54 72 98 108 126 134"
SLICE NUMBER
8
s B HOUR 1
-
n
"_\‘.
#
@
z
ag
—e
¢I
Z
ad
o
i
51: v
N
1}
&
$
] 10 36 54 72 g9 108 126 148
SLICE NUMBER

FIGURE 5 Membrane polypeptides pulse labeled between 0-1 h. Arrows at the top of the figure
indicate position reached by proteins of known molecular weight run on a companion gel. These proteins
and their mol wt were, left to right, 8-galactosidase (130,000), phosphorylase a (93,000), bovine serum
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label for a series of 1-h pulses, and thus show
the changes in the rates of synthesis of the
membrane polypeptides. Fig. 9 A shows the
rates of synthesis of the group I polypeptides
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superimposed on a plot of the chlorophyll con-
tent of the culture. The rate of synthesis of group
I was highest at hour 4, decreased steadily after
this time, and proceeded more slowly than the
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FiGURE7 Membrane polypeptides pulse labeled between 7 and 8 h.

group II polypeptides after 7 h. The chlorophyll
content of the culture remained constant for
the first 5-6 h and then increased continuously
for the remainder of the light period. Labeling
of group IIb polypeptides (Fig. 9 B) occurred

D. P. BeEck AND R. P. LEVINE

at a low but constant level from the beginning
of the light period, although significant amounts
of label were not incorporated until after 4 h of
growth. The rate of synthesis of IIb increased
continuously for the remainder of the light period.

Synthesis of Chloroplast Membrane Polypeptides 767
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Synthesis of group Ilc polypeptides proceeded cate that the labeling of the group Ila polypep- s
at a rate even lower than that of IIb for the tides proceeded at the mean rate throughout the

first 4 h; but in the 5th h its rate of labeling in- light period.

creased rapidly, reaching its maximal value be- We have carried out two experiments con-

tween 10 and 12 h. The regression analyses indi- cerning the fate of the newly synthesized mem-

768 THE JourNAL ofF CELL BioLOGY - VOLUME 63, 1974



DEVIATIONS

»
A}
o
NN (w / |1Aydoolyd) 6rf

B AN

[%2}
Z
Q
s
>
8
-2k
-6
-201 X X
_24 x>, 1 S —
[} 2 4 6 8 10
HOURS

FIGURE 9 Summary of maximum deviations from
least squares regression line for membrane polypeptides
during synchrony. Deviations from several series of
experiments are plotted together. Since the values of
the deviations express the relationship between the
pulse label and the background label after a 1-h puise,
they may be viewed as expressions of the relative
rates of synthesis of the various membrane polypep-
tides. Part A shows group I polypeptides and the
chlorophyll content of the culture. Part B shows the
group I1 polypeptides.

brane polypeptides. In order to determine if a
newly synthesized membrane polypeptide ap-
pears initially in a soluble form before integration
into the membrane, we have examined the frac-
tion of soluble proteins for the presence of the
major membrane polypeptides. After sonic dis-
ruption of the cells, all membranous material
was sedimented by centrifugation at 144,000 g
for 2 h, and the protein was precipitated from
the supernate with 10% trichloroacetic acid
(TCA). At no time during the synchronous cycle
were we able to detect any newly synthesized
(labeled) group II polypeptides in a soluble
form. Group I polypeptides run on these gels
in the position of the large subunit of RuDP-
carboxylase (mol wt 55,000), a readily solubi-
lized protein. The presence of the carboxylase
subunit material effectively obscured the group

D. P. BEck AND R. P. LEVINE

I position in the soluble fraction, and we could
thus gain no information about group I in this
experiment. In a second experiment, we followed
the fate of newly synthesized and incorporated
membrane polypeptides by carrying out pulse-
chase experiments throughout the synchronous
cycle. Cells were labeled for 1 h and then washed
and reincubated in the light. Once labeled and
incorporated into the membrane, the polypep-
tides appeared to be highly stable. They retained
for at least several hours the same total number
of counts that they had at the end of the puise
period.

DISCUSSION

We conclude from the results described above
that the assembly of the chloroplast membranes
proceeds asynchronously. Not only does the syn-
thesis of the various polypeptides begin at differ-
ent times, but the rates of their synthesis change
in different ways. Group I polypeptides are made
early in the light period, while groups I1b and Ilc
are made at maximal rates somewhat later. Fur-
thermore, although the increase in the rate of syn-
thesis of Ilc polypeptides begins at the same time
as that of IIb, it proceeds more rapidly between
hours 4 and 10 than the increase in synthesis of
1Ib.

The polypeptides of Groups I and II are ob-
served in a membrane fraction from sonically dis-
rupted cells, and we believe that they are integral
membrane components. We have considered the
possibility that Group I represents solely the
large subunit of RuDP-carboxylase, which has a
mol wt of 55,000 (11). However, carboxylase has
been shown to be removed from the chloroplast
membranes of spinach by washing with water (35)
and is routinely prepared from homogenates ob-
tained with the aid of a French pressure cell with-
out further extraction of the membranes (11, 36).
Furthermore, we have performed several experi-
ments which bear on the question of the nature of
the Group I polypeptides. (¢) We have carried
out an immunological assay for carboxylase pro-
tein in our membrane preparations. Under the
same conditions in which an antibody to RuDP-
carboxylase from spinach? will form a precipitate
with the supernate from the membrane prepara-
tion and with an aliquot of membrane polypep-
tides to which has been added purified carboxyl-

2The antibody to spinich RuDP-carboxylase was ob-
tained from Dr. L. Bogorad.
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ase, no precipitate will form with a sample of
membrane polypeptides alone. () RuDP-carboxyl-
ase activity has been assayed in the several frac-
tions obtained in a membrane preparation. We
have found that 93% of the enzyme activity re-
covered is in the supernate, while only 7% is in the
membrane fraction. (¢) Very little material ap-
pears on our gels (Figs. 4-8) in the region where
the small subunit of the carboxylase would be ex-
pected to appear. (d) The polypeptides of Group
I are observed in the membrane fraction even
after several washes with 3 mM EDTA.

In addition, gel electrophoresis of membrane
preparations of C. reinhardtii which have not
been extracted with 90% acetone show that chlo-
rophyll runs coincidently with several polypeptide
bands, one of which is at a high molecular weight
position (21). This band has been excised, ex-
tracted, and rerun; the polypeptides of this band
now appear in the mol wt range of 55,000, in coin-
cidence with the group I polypeptides of acetone-
extracted preparations. Finally Hoober® has
found that washing membranes with 8 M urea
containing 1 M KCl will remove group I polypep-
tides.

For the above reasons, we believe that the ma-
terial in the group I region is closely associated
with the chloroplast membranes, and that the loss
of RuDP-carboxylase activity and small subunits
from the membranes indicates that the carboxyl-
ase itself is lost from the membranes during their
isolation. It may be suggested that during isola-
tion the carboxylase dissociates and that a large
amount of the large subunit alone remains tightly
bound to the membranes; however, this does not
appear to be a likely explanation since this poly-
peptide peak is not removed by washing with 3
mM EDTA. We conclude, then, that the isotopic
label observed in the membranes is a measure of
both the synthesis and integration of the polypep-
tides into the membranes. Therefore, these mea-
surements of the labeling of membrane polypep-
tides show that the concentration of major mem-
brane components can be varied in a completely
functional membrane.

Similar variations in the times and rates of syn-
thesis have been observed for several membrane
lipids in synchronously grown Chlamydomonas
(37). Although there are coincident periods of
synthesis of the various membrane polypeptide

*Hoober, J. K. Personal communication.
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and lipids as described in this study (37), the data
do not yet allow conclusions to be drawn about
obligatory associations between lipids and proteins
before or during integration into the membrane.
However, data obtained in our laboratory (21)
have demonstrated that, during electrophoresis
of unextracted (chlorophyll-containing) mem-
brane polypeptides, chlorophyll runs coincidently
with groups IIb and Ilc and that chlorophyll is
also associated with high molecular weight poly-
peptides which run at the group I position after
extraction with 90% acetone. We conclude from
these observations that a specific association ex-
ists in the membrane between certain of the major
membrane polypeptides and at least one of the
membrane lipids, chlorophyll. Furthermore ex-
periments on membrane lipid-protein associations
are being carried out.

The association of group I polypeptides with
photosystem 1 activity and group II polypeptides
with photosystem II activity (18), and the associ-
ation of both major polypeptide groups with chlo-
rophyll (21) suggests that a sequential, stepwise
assembly of the photosynthetic apparatus may
occur during membrane biogenesis. Group I,
which may be related to the photosystem I chioro-
phyll-protein complex and to the photosystem I
photochemical reaction center (21, 38), may be
inserted into the membrane structure before chlo-
rophyll and before the components of photo-
system II in C. reinhardtii. It has also been re-
ported (39) that photosystem I units are synthe-
sized and inserted into the membrane ahead of
photosystem II units during greening of etiolated
Phasoleus leaves. A possible function of such an
arrangement is the synthesis of ATP via cyclic
photosynthetic phosphorylation sensitized by
photosystem I sites before the development of the
entire photosynthetic apparatus is complete.

We have carried out several experiments to de-
termine the fate of membrane polypeptides subse-
quent to their synthesis. In experiments designed
to determine if any of the major chloroplast mem-
brane polypeptides appeared first in a soluble
form before their integration into the membrane,
we examined the electrophoretic profile of the
nonmembranous polypeptides and found no de-
tectable group II polypeptides in the soluble frac-
tion. This result suggests that, although it is likely
that IIb and Ilc exist in a nonmembranous form
since they are synthesized in the cytoplasm (11,
17), the lamellar polypeptides must be integrated
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into the membrane at high rates and that their
nonmembranous existence must be extremely
brief. Once incorporated into the membrane,
however, the new polypeptides are very stable.

Group Ila polypeptides are clearly different
from the other membrane polypeptides. Their
synthesis is only partially inhibited by chlor-
amphenicol and cycloheximide (17), they do not
appear to be associated with chlorophyll (21),
and, unlike I, IIb, and Ilc, their rate of labeling is
relatively constant during the light period. These
data indicate that, while Ila is an integral mem-
brane component, its role in the membrane may
be substantially different from the other mem-
brane polypeptides.

Finally, since these studies have employed syn-
chronously grown cells of wild type C. reinhardtti,
caution should be used in comparing directly the
results obtained with greening of the y-/ mutant of
C. reinhardtii. For example, since the wild type
cells are capable of synthesizing chlorophyll in the
dark (40), the same controls over chlorophyll and
membrane polypeptide synthesis may not be ap-
parent in the two strains. Furthermore, at the be-
ginning of the greening process, y-/ cells contain
only few membranes, and the composition of
these membranes is considerably different from
that of the normal green membranes (8, 41, 42).
Therefore, the rates of synthesis of new compo-
nents may reflect the demand for bringing the
markedly altered composition in line with that re-
quired for a fully functional membrane. Thus,
these rates may not indicate solely the synthesis
required for growth of functional chloroplast
lamellae. Greening of y-I cells does, however,
proceed through continuously changing mem-

brane compositions (42), suggesting that mem-'

brane assembly occurs in these cells by a sequen-
tial or multistep process. Such a conclusion is
consistent with the findings of Schor et al. (9) and
with these and other results (37) from our labora-
tory.
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