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The chloroplast membrane proteins from four recessive nuclear gene mutants of barley were studied with sodium 
dodecyl sulfate gel electrophoresis. The protein patterns of two mutants, xantha-b ~2 and viridis-zd6L consist of a 
summation of the polypeptides present in the chloroplast and etioplast membranes of the wild type. The pattern 
of viridis-c 12, a mutant deficient in photosystem I1 activity was lacking two bands, one of which is considered to be 
a component of the reaction center of photosystem 11. The pattern of viridis-k 23 lacked three chloroplast specific 
hands, two of which are components of chlorophyll-protein complex II. The results are discussed in relation to 
previously established functional and structural characteristics of the mutant plastids. 

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

A survey of  chlorophyll  deficient  seedling mu- 

tants in barley for alterations in the electropho-  

retic patterns of the chloroplast  thylakoid pro- 

teins was carried out by N. C. NIELSEN (6, 13, 

14). Among  the recessive nuclear  gene mutants 

(20) studied by solubilization of their plastid 

membranes  with phenol-acet ic  acid-urea two 

groups could be distinguished. Mutants  with 

leaky blocks in chlorophyll  synthesis and there- 

fore limited capacities to form grana had redu- 

ced amounts  of  a membrane  protein band 
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designated as J. Mutants with a tendency for 
stacking of thylakoids into giant grana and defi- 
cient in stroma thylakoids were deficient in the 
high molecular weight chloroplast membrane 
protein B. 
In continuation of studies on the characteriza- 
tion of thylakoid proteins from barley mutants 
using membrane solubilization with sodium do- 
decyl sulfate (SDS) (12) and various conditions 
for electrophoresis (8) we report here on the 
thylakoid membrane pattern of four lethal nu- 
clear gene mutants. Two of these are represen- 
tative for the above mentioned two groups, mu- 
tant xan tha-b  '2 producing giant grana and mu- 
tant viridis-k z3 (like xantha-135) being defective in 
the conversion of Mg-protoporphyrin to pro- 
tochlorophyllide (7). The other two mutants, 
viridis-c ~2 and viridis-zd 69, are devoid of light in- 
duced CO2 fixation and oxygen evolution, al- 
though the mutant seedlings contain as much as 
20 per cent of the amount of chlorophyll pre- 
sent in wild-type seedlings (7, 9). 
Chloroplast preparations of mutant viridis-c ~2 

lack significant photosystem Ii actitity but 
could display photosystem I activity reaching 
one-third of wild-type rates (14, 17). HEr~NING- 
SEN (personal communication) found chlorop- 
last preparations of viridis-zd 69 lacking in pho- 
tosystem II actitity but active in a photosystem 
i dependent reaction with rates surpassing 
those of viridis-c ~2. 

2. M A T E R I A L  AND M E T H O D S  

Wild-type (Hordeum vulgare c.v. Sval6f's Bo- 
nus) and mutant barley seedlings were grown 
on tap water moistened vermiculite for 7 days 
at 20~ at constant illumination (1500 lux). The 
leaves were harvested just prior to homogeni- 
zation and treated according to the flow sheet 
on the next page. 
Electrophoresis was performed as described by 
HOYER-HANSEN, MACHOLD and KAHN (8) for 
the uniform gel system. 

3. R E S U L T S  

Chlorophyll contained in SDS micelles moved 

as a band near the front during electrophoresis 
of the pigment-containing, SDS-solubilized 
plastid membranes from all four mutants. The 
green band of chlorophyll-protein complex II 
(CP I1) was visible for the membrane prepara- 
tions o f x a n - b  ~2 and vir-zd 69, whereas a band cor- 
responding to chlorophyll-protein complex I 
(CP I) could not be discerned. The preparation 
of vir-k z3 yielded no CP II band but a weak CP I 
band was visible at the beginning of the elec- 
trophoretic run and disappeared as electropho- 
resis proceeded. Mutant vir-c ~2 preparations 
gave neither CP 1 nor CP II bands. 
The polypeptide pattern obtained after separa- 
tion of acetone extracted and chemically redu- 
ced membrane proteins from the thylakoids of 
the four mutants is presented in Figure 1 toge- 
ther with the patterns from wild-type chlorop- 
lasts and wild-type etioplasts on either side. 
Aggregated polypeptides were found at the top 
of the gel with both wild-type and mutant 
membrane preparations. Such aggregates form 
upon removal of pigments from CP I (4, 11) and 
it is therefore possible that all four mutant 
membranes as well as those of the etioplasts 
(cf.8) contain the apoprotein of CP I. In Figure 
2 the top portion of electrophoretograms from 
SDS-solubilized but not pigment extracted 
membrane preparations after staining with 
Coomassie blue are given. Only the wild-type 
membranes yielded a distinct CP I band corro- 
borating the above mentioned observations of 
chlorophyll containing bands. The etioplasts 
and mutant plastids yielded aggregates not visi- 
ble in the wild-type. Band I with an apparent 
molecular weight of 69,400 dalton representing 
the apoprotein of CP I (4, 8, 11) is present in 
chloroplast membranes of the wild-type but ab- 
sent in those of etioplasts. It is present but less 
intense in mutants xan-b  ~2, vir-k 23 and vir-zd 69, 

and only represented by a very weak band in vir- 

c 12 (Figs. 1,2). 

The two bands E and F (60,600 and 56,500 dal- 
tons respectively) ascribed to two subunits of 

the coupling factor (11, 21) are present in the 
membranes of the four mutants. Their intensity 

Abbreviations: SDS - sodium dodecyl sulfate, CPI - chlorophyll-protein complex 1, CPII - chlorophyll-protein 
complex 11 
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Supernatant I 

Supernatant II 
discard 

20-25 g leaves 

Homogenize in 100 ml 0.075 M TRIS-HCI, pH 7.8, 0.5 M sucrose, 4 mM 
mercaptoethanol. Filter through 2 layers of nylon-cloth + 2 layers of 
Miracloth, Centrifuge 250xg 4 min. 

Precipitate 1 
Centrifuge 1500xg discard 

Supernatant III 
discard 

Supernatant IV 
discard 

10 min. 

Supernatant V 
discard 

Supernatant VII 
Add sucrose 10% (v/v) 
and when acetone 
extracted add 2% 
mercaptoethanol 

4, 
Electrophoresis 

Supernatant VI 
discard 

Precipitate II (crude chloroplasts) 
Wash in 80 ml 0.01 M TRIS-HCI, pH 7.8 

0.5 M sucrose, 4 mM mercaptoetbanol 

Centrifuge 1500xg 15 rain. 

Precipitate I11 
Repeat wash. Centrifuge 2000xg 15 min. 

Precipitate IV 
Shock the chloroplasts with 200 ml cold 
distilled water, 4 mM mercaptoethanol. 
Centrifuge 2300xg 30 min. 

4, 
Precipitate V 
(swollen thylakoids) 
Resuspend pellet in 20 ml cold 
destilled water, 4 mM mercaptoethanol. 
Centrifuge 48,000xg 30 min. 

- -  Precipitate VI 
Extract with 80% acetone, if desired. 
Extract proteins with 
SDS-sodium-borate buffer (pH 8.9 
containing 1% SDS + 
5 M urea) 30 min. for pigment 
containing extracts and 90 
min. for acetone-extracted. 
Centrifuge 140,000 xg 30 min. 

Precipitate VII 
discard 

relative to the other bands varies being highest 
in the pattern o f v i r - k  23 (Fig. 1). 
A comparison of the band pattern for polypep- 

tides with an electrophoretic mobility higher 
than the coupling factor subunits E and F re- 
veals drastic differences between the chloro- 
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Figure I. Electrophoretic separation of membrane proteins from wild-type chloroplasts, wild-type etioplasts and plastids 
of the mutants xantha-b ~2, viridis-c ~2, viridis-k 23 and viridis-zd 69. Membrane were extracted with acetone prior to 
SDS-solubilization and reduction with mercaptoethanol. Electrophoresis was carried out with the uniform gel 
system. 

plast and etioplast internal membranes. These 
have been described in (8) and the major band 
differences are diagramed in Figure 3, which is 

directly comparable to Figure 1. A band by 
band comparision reveals the pattern of xan-b ]2 
and vir-zd 69 to be a summation of the band pat- 
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Figure 3. Diagram of electrophoretogram shown in Fi- 
gure 1. 
~ b a n d  present in chloroplast pattern only or in 

chloroplast and etioplast patterns 
band present in etioplast pattern only 
aggregates 

terns of wild type thylakoid polypeptides and 
etioplast internal membrane polypeptides. 

These two mutants thus appear to contain in 
their plastid membranes the polypeptides speci- 
fic to the chloroplast, those specific to the 
etioplast and those common to the internal 
membranes of both chloroplasts and etioplasts. 
The membrane patterns of mutants vir-c ~2 and 
vir-k 23 also contain chloroplast specific, etioplast 
specific and common polypeptides. The memb- 
rane pattern of mutant vir-c ~2 contains all chlo- 
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Figure 2. Electrophoretic separation of the high molecu- 
lar weight polypeptides of thylakoids from wild-type 
chloroplasts and plastids of four mutants. Membranes 
disintegrated in their native state with SDS. 

roplast specific bands with the exception of two 
bands. A band with an apparent molecular 
weight of about 46,000 dalton is not detectable 
(arrow in Fig. 2). A polypeptide of this size has 
previously been implicated as a photosystem II 
reaction center protein (3, 10). Another chlo- 
roplast specific polypeptide with a somewhat 
higher electrophoretic mobility (double headed 
arrow in Fig. 2) is likewise missing or at least 
strongly reduced in this mutant. A reduction in 
the intensity of this particular band is observed 
for vir-gd 69. 

The pattern of vir-k 23 is missing three bands. 
Two of these, lla and II b are the two polypepti- 
des contained in chlorophyll-protein complex 
11 (12). The third is a chloroplast specific poly- 
peptide with a somewhat higher electrophoretic 
mobility. 

4. D I S C U S S I O N  

The polypeptide patterns of the SDS-solubilized 
plastid membranes of the four mutants con- 
tained no unique bands, i. e., apparently no po- 
lypeptides with an altered electrophoretic mo- 
bility. All bands present in the mutants had 

counterparts either in wild-type chloroplast 
thylakoids or etioplast membranes or both. The 
membrane patterns of the mutants vir-c ~2 and 
vir-k 23 were lacking two and three bands respec- 
tively. The simultaneous presence of chlorop- 
last specific and etioplast specific polypeptides 
in the membrane patterns of the four mutants 
implies that the internal membranes of the 
mutant plastids can be viewed as a mixture of 
etioplast,and chloroplast membranes. A general 
consequence of the four mutations thus is the 
continued synthesis of etioplast specific poly- 
peptides in the light. This is associated with re- 
tarded plastid development (7) and suggests 
that the characteristic morphologhy of the 
membranes in etioplasts and mutant plastids, 
such as their arrangement in prolamellar bo- 
dies, is an expression of the presence of these 
etioplast specific membrane polypeptides. At 
this point it cannot be ruled out that the etio- 
plast specific polypeptides represent conta- 
minations from other cellular membranes. 
Evidence is accumulating that CP I contains at 
least part of the reaction center of photosystem 
I (2,19). Measurements of photochemical acti- 
vities during greening of etiolated barley have 
shown that photosystem I is functioning within 
the first hour of illumination (5,15). Thus a very 
rapid induction of synthesis of photosystem I 
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protein components after onset of illumination 
is required, if the components are not present 
already in the etioplast. If the polypeptide asso- 
ciated with the reaction center of photosystem 1 
indeed corresponds to the band 1 polypeptide, 
and if this polypeptide is preformed in etioplast 
membranes, it could be present and hidden in 
the aggregated protein regularly found at the 
top of the gels after electrophoresis of etioplast 
membranes. The mutants xan-b  L2, vir-c ~2, vir-zd 69 

yielded no CP I and vir-k 23 an unstable CP I 
upon membrane solubilization. The mutant 
membranes contained the 69,400 dalton band, 
which has been identified as the CPI apoprotein 

(4,1 I) and have an active photosystem 1 (7, 9, 
14, 17 and HENNINGSEN, personal communica- 
tion). Photosystem I activity of vir-d 2 is low on a 
chlorophyll basis. Interestingly, the 69,400 dal- 
ton band is weak in intensity in the membrane 
polypeptide pattern of this mutant. We inter- 
pret the absence or transitory presence of a CP 
i band in the patterns of the solubilized mutant 
membranes to be due to a decreased stability of 
the chlorophyll-protein complex I towards SDS 
rather than a deficiency of its protein compo- 
nent. 
It is generally accepted that CP II does not con- 
tain the reaction center protein of photosystem 
11 (1,3, 18, 19). In previous studies it was shown 
that the four allelic chlorophyll b-less mutants, 
chlor ina- f  2, -2800, -2808 and -3613 had good 
photosystem II activity (16, 18) in spite of the 
absence of CP II. In urea-containing gels CP II 
is resolved into the two protein bands, Iia and 
lib, and the membranes of chlorophyll b-less 
mutants were found to lack lla but to contain 
lib (12). In the present study it is shown that 
mutant virk-k ~3 is deficient in both polypeptides 
Ila and lib, but nevertheless, it exhibits signifi- 
cant Hill activity (14,17). On the other hand, 
vir-c~2and vir-zd 69 membranes, which are devoid 
of significant photosystem II activities have 
both the polypeptides lla and llb. From these 
three observations it is concluded that neither 
Ila nor lib can be a reaction center protein for 
photosystem II. 
The location of the reaction center protein of 
photosystem 11 in electrophoretic patterns of 
solubilized thylakoids has been investigated by 
CHUA 8r BENNOUN (3) with mutants of 

Chlamydomonas .  They found the absence of a 
protein with an apparent molecular weight of 
47,000 to be correlated with lack of photosy- 
stem il activity. According to KLEIN & VERNON 
(10) a band corresponding to a polypeptide with 
a molecular weight of 44,000 is prominent in in- 
tensity in electrophoretograms of Triton X-100 
membrane particles of spinach enriched in pho- 
tosystem !I activity. If the apparent molecular 
weight of the reaction center protein of barley 
is similar to that of spinach and Chlamy-  

domonas,  the 46,000 dalton band, marked 
with an arrow in Figure 1 is a candidate for 
this protein. This band is absent from the pat- 
tern of vir-c ~2, a mutant which is deficient in 
photosystem II activity. Mutant vir-zd 69, which 
also is defective in photosystem II activity does 
contain the 46,000 dalton band. As mentioned 
above the pattern of vir-c~Zis missing a second 
chloroplast specific band (double-headed arrow 
in Figure 1), which is reduced in intensity in 
vir-zd 69. This band thus might also be important 
for photosystem II activity. Alternativly the 
vir-zd 69 mutation might cause an amino acid 
substitution in the 46,000 dalton polypetide and 
thereby render it inactive. Is has been suggested 
that CP I1 is necessary for thylakoid stacking 
(1,18). We have pointed out (12) that polypep- 
tide lla is not needed for stacking, as the chlo- 
rophyll b-less mutants, which lack this polypep- 
tide, form considerable amounts of grana. The 
grana deficient mutant vir-k 23 investigated here 
lacks both the polypeptides lla and lib. It is 
therefore not excluded that polypeptide lib 
functions in stacking. Since this mutant lacks an 
additional chloroplast specific polypeptide with 
a somewhat higher electrophoretic mobility (cf. 
Figs. 1,3), it is worth exploring with additional 
grana deficient mutants if this latter polypeptide 
is needed for stacking. Further studies are ne- 
cessary to determine which of the three bands 
missing in the pattern of SDS-solubilized mem- 
branes from mutant vir-k 23 corresponds to the J 
band found affected when the membranes are 
solubilized in phenol-acetic acid-urea. Mutants 
xan-b  12, v ir-d  2 and vir-zd ~9 are rich in grana and 
relatively deficient in stroma thylakoids. 
NIELSEN (13) found the membranes of such mu- 
tants deficent in protein B. The relative low in- 
tensity of the high molecular weight protein I 
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band in the three mutants investigated here sug- 
gests that the B band corresponds to the protein 

I of  the chlorophyll-protein complex I. 
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