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Fractions enriched in outer aad immr elgoroFlaSt envelope membranes were isolated from the alga 
C i d a m y d a m o ~  reinlmrd6i. Ftmolionally active ddoroprasts were bsed after equilibration in a hyperlonie 
solution and outer aml Inner envelopes were separated. The protein content of each fractilm was analysed by 
two-dimensimud gel e l l i s  esin 8 isoeleeWie focusing/SDS imlyaerylamide gel eleetmphoresis, The 
methed is capable of selmradag eomp(meals over a wide range of molecular mass and p l  withottt 
interfereace by lipid binding. Each f r a~on  coalained a dtaraeteristie protein lmttem. A 32 kDa protein was 
fontal exclusively associated with the inner envelepe indicating that algal chloroplast envelopes share a 
common feature with those of higher #trots. 

The two membranes which form the chloro- 
p|nst envelope play a vital role in several aspects 
of chloroplast metabolism. They are *.he ~ite of 
synthesis of v~-'ious ~hloropla~t lJl~ds ttl, they 
regulate the exchange of rnetabolltes between the 
cytosol and chloroplast [2] and they arc involved 
in the transfer of proteins of cytnsolic origin into 
the chloroplast [3]. 

The complexity of the operations talcing place 
on the envelope and the Mrgc number of proteins 
involved makes a better knowledge of the en- 
velope constituents more and more necessa,~y. Pea 
[4] and spinach [5,6] envelopes have been sep- 
arated into fractions enriched in outer and inner 
membranes and their respective constituents have 
been analysed by various gel electrophoresis tech- 
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niques. None of these has proved entirely satisfac- 
tory. Often solubilisadon problems resulted in gel 
patterns ~,'hlch gave incomplete iJfforma~ion ,~ 
the constituents of the samples. 

We describe a separation of Chlamydomon~ 
reinhardtii envelopes into fractions enriched in 
outer and inner membranes and the analysis of 
the protein constituents by two-dimensionai (2D) 
gel clectrophoresis using isoelectric focusing (IEF) 
as the first dimension. The procedure applied here 
is adapted to me.m_.brane proteins and results in an 
excellent soLubillsation of the envelopes and 
negligible interference b7 the high lipid content Of 
the envelope. 

Chloroplasts were i~olated from a cell-wail-less 
strain of Chtamyderaonos reinhardtii (CW 15-277, 
from the Chlamydomonas Genetics Center, De- 
partment of Botany, Duke University) Durham, 
NC, U.S.A,), using the method of Mendiola- 
Morgenthaler et al. [7]. Cells were harvested in the 
second hour of illumination when the chloroplasts 
are still relatively small and compact as bigger 
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chloroplasts incubated in a hypertonic solution 
broke before their membranes had time to sep- 
arat~ Envelopes membranes were obtained by 
lysis at - 2 0 0 C  of intact chloroplasts in a hyper- 
tonic solmion containing 10 raM Tricine, pH 7.8, 
2 mM EDTA and 0.6 M sorbitol. The eaavelopes 
were recovered by flotation on a step gradient of 
sucrose as described by Keegstra et al. [4]. Total 
envelope membranes were recovered in the lighter 
sucrose layer, as a yellow dump devoid of eyespot 
contaminantS, and further separated into two dis- 
tinct fractions by isopycnic centrifugation on a 
linear sucrose density gradient (0.3 M-I.1 M 
sucrose). They were recovered as two yellow bands 
at buoyant densities of 1.05 g/ml fo-~ !be lighter 
fraction and 1.1 g/m1 for the heavy fraction. 

The yield of the lighter fraction is smali as only 
10% of ',he total envelope proteins are associated 
with it. As the chloroplasts ate not broken during 
~eir incubation in 0.6 M sorbitol but undergo a 
change of their elongated crescent shape towards a 
more compact form. it is possible that the sep- 
aration of the two envelope membranes is not 
uniform. Furthermore, freeze-fracture electron mi- 
croscopy of uhrasapidly frozen Chlamydornonas 
cells b---~ cevealed the existence of large particles 
linking together the two e~avelope membranes [8]. 
This p a t ' L i ~ F y  of ~'een algae which is not so 
marked in higher plant envelopes, could explain 
partly the poor separation of the two envelopes 
and the recovery of most of the material in the 
tae~'y fraction. When envelope membranes frac- 
tionated after lysls of chloroplasts in an hyper- 
tonic solution were analysed by one-dimensional 
(1D) gel eleetrophoresis, the bands were rather 
diffuse in part of the gels. Lipid extraction from 
the samples frequently changed the relative in- 
tensity of several bands. The disappearance of two 
bands at high molecular mass associated with a 
strong enhancement of a band at 57 kDa was 
observed. However, on 1D gets, the most striking 
difference between light and heavy fractions was 
the absence from the tight one of a major 32 kDa 
protein which was found exclusively in the heavy 
fraction (data not shown). 

The complexity of the gel patterns of envelope 
membranes and the poor resolution of the bands 
in a 1D gel system led us to apply 2D gel eleetro- 
phoresis using the method of O'Farrell [9] adapted 

to membrane proteins by Ames and Nikaido [10], 
with slight modification as a more sophisticated 
method of analysis. In the samples, the concentra- 
tion of SDS was raised to 2.2% SDS, at which the 
envelope components were completely solubilised, 
and that of the non-ionic detergent was adapted to 
8.8% Nonidct P-40; the arnpholytes were Servalyt 
2-11 (Scrva, Heidelberg,. The second dimension 
was carried out as Lae,'nmli gels with gradients 
from 7.5~ to 20~ acrylamide. The silver staining 
method of Morrissey [11] was used to detect the 
proteins. 

Careful examinalion of the 2D gels after 
stainiz~g does not reveal any insoluble material 
carried into the second dimension f~om the origin 
of the first dimension. The bands of 1D gels are 
present in the 2D gels, most of them separated 
into several components with the same molecular 
mass but different pl.  A large number of distinct 
spots corresponding to different proteins present 
in small amounts are distributed throughout the 
gel but mostly in p l  ranges 5-6 and 7.5-8.5. The 
separation of the individual constituents is excel- 
tent, even those with molecular mass inferior to 15 
kDa, as practically no interference with proteins 
by lipids occurs. 

Comparison of 2D gels of fraotionated en- 
vdopes (Figs. 1 and 2) shows dearly that the two 
fractions contain distinct sets of proteins. The 
lighter fraction has fewer components than the 
heavier one and its gel patterns arc diffcre, nt. Its 
main constituents are proteins with molecular mass 
of 130, 114, 102, 96, 72, 64, 57, 44, 38, 30, 28 and 
13 kDa. The latter has a p l  of 5.2 and is a 
different protein from that of 13 kDa, p l  5.0, 
associated with the heavy fraction. All these com- 
ponents arc found in traces in the heavy fraction 
where the pattern resembles more the gel o[ total 
envelopes. 

The major band at 57 kDa in 1D gels is re- 
solved in 2D gels into seven components distrib- 
uted between light and heavy fractions (Figs. 1 
and 2): 5 weak spots with pl  9 (light fraction), 8.5, 
8 (heavy fraction), 6.5 (both fractions) and 5.4 
(heavy fraction) and two major ones at pl  6.1 
(light fraction) and 5.3 (both fractions). The com- 
ponent with pI  6.1 and molecular mass of 57 kDa 
was identified as the large subunit of the ribulose- 
1,5-bisphosphate carboxylase/oxygenase by ira- 
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Fig, L A~ly~is of outer envelope membranes by two-dime~oflM is0electric focusing/SDS polyacrylamide (7.5-20~ ~ra~cnt) gel 
ele~trophoresis. (A) pl  ranSe 8-9,5; (]~) p l  tal~ge 5-8- Arrow indicates ~© la~e subunlt of the ribulose-l,5-bisphosphste 

~ r b o x ' y l ~ e / o × y g e n a s e  of Chlamydomonu, s. 
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Fig, 2. Analysis of inner env~ope membranes by *,wo-~q~",~io-~ ise~tec~c facusinB/SD$ polyacrylamide (7.5-20~ gradient) gel 
electrophoresis. (A) pl remgc $-9,5; (B) pl r ~ , e  5-8. Arrows huficate 1h¢ spots reactlng with emdbodlc~ r~ised against the large 

subtufit of the fibel0f, e-l,s-bisph~phate cazbox'ylase/oxygena.se of Chlm'nydom~nas. 
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Fig. 3. Eleetrophoretic b!.~t on nitrocellulose of a twedimen* 
sioaal is0edcctri¢ focasing/gDS polyacrylamide gal nf whole 
cnv¢lot~ rncmbrangs poor to separation into outer and inner 
fractions. Rabbit antibodies raised against the large subunit of 
the ribalose-l,S-bisphosphate carboxylase/oxygenase of 

Chlurnydomonas were used as first antibodies, 

munoblotting of 2D IEF/SDS-PAGE gels with 
rabbit-antibodies raised against the large subunit 
of the Chlamydomonm, enzyme (Fig, 3). Its con- 
¢eniration varies between the different prepara- 
tions and is related to the concentration of two 
spots with high molecular mass and slightly more 
acidic pl. Both spots also react with the antibodies 
raised against the large subunit, suggesting that 
part of it is still involved in complexes. 

Three major proteins with molecular mass of 64 
~.~t a.ttu r,n 5..5, ~ : ,~,~t and p l  5.3 and 30 kDa 
and pI  8.5-9 are found in equM amounts in both 
fractions. The 30 kDa protein stains intensively 
with silver and is split into a doublet (Fig, 1A). At 
present it is impossible to apportion any of these 
three proteins to either fraction. The 32 kDa pro° 
rein of the heavy fraction is usuall3, not detectable 
in 2D gels run under the conditions used here for 

iscelectric focusing where the pH gradient range 
lies between 4 and 8. However, when the basic 
region of the first dimension is extended toward 
pH 10 by adding the appropriate ampholytes 
(Servalyt 9-11), the 32 kDa protein becomes 
deafly visible (Fig. 2A). 

Our results show that the methods of isolation 
and fraetionatinn of chloroplast envelopes de- 
ycleped Io~ higher plants are ~pplicable with some 
modifications to algae. As in pea and spinach, the 
lysis of Chlamydomonas cMoroplasts previously 
equilibrated in a hypertonic solution allows the 
separation of the envelopes into a light and a 
heavy fraction on a linear sucrose gradient. This 
property and the results of the analysis by gel 
electrophoresis are in close analogy with data ob- 
tained for higher plants" envelopes. The light and 
heavy fractions of Chlamydomonas chloroplast en- 
velopes described here possess the major features 
of preparations enriched in outer and inner en- 
velope membranes. 
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