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Reversible changes in the conformation of  thylakoid membranes 
accompanying chloroplast contraction or expansion 

I t  has been established that  chloroplasts incubated in weak-acid anion so- 
lutions ~ 4 manifest a shrinkage upon illumination, which is reversed by turning off 
the light. A reversible photo-shrinkage of isolated chloroplasts suspended in strongly 
dissociated ions like NaC1 can also occur, if phenyhnercuric acetate (PMA) is present, 
as reported by SIEGENTHALER 5. In these instances the decrease in chloroplast volume 
is associated with a tightly packed grana lamellar membrane structure 6. In this paper 
new evidence is presented from analysis of thickness, spacing, and electron density 
changes of the thylakoid membrane, that  reversible changes in the conformation of 
the membrane accompany contraction or expansion of the thylakoid membrane- 
bounded compartment.  

The effect of light, phenazine methosulfate (PMS) and PMA on the light scat- 
tering and transnfission of a chloroplast suspension is shown in Fig. I. The basic light 
scattering was increased on illumination by 5 5'o' and was further increased to Io oo 
by adding PMS. The simultaneous record of transmission showed a small decrease 
followed by a gradual increase. The decrease in transmission corresponded to an 
increase in light scattering. The increase in transmission continued somewhat even 
after extinguishing the red light but ceased on the addition of PMA. In the presence 
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Fig. I. S t imu la t i on  of l igh t - induced  l igh t  s ca t t e r ing  and  t r an smi s s ion  changes  of chloroplas t  sus-  
pens ion  by  PMA. Chloroplas ts  were isolated f rom sp inach  leaves in 5 ° mM Tris-HC1 buffer  (pH 8.o) 
con ta in ing  175 mM NaC1. L i gh t  sca t t e r ing  a t  9 °°  and  t r a n s m i s s i o n  of t he  suspens ion  were measu red  
a t  546 m/~ in t he  B r i c e - P h o e n i x  l ight  sca t t e r ing  p h o t o m e t e r  1, to which  a cuve t t e  wi th  a c i rcu la t ing  
wa te r  (25 °) j acke t  was fit ted. The  546-m/~ l igh t  s ca t t e r ing  a n d  t r a n s m i s s i o n  level of t he  chloroplas ts  
in t he  da rk  was ad j u s t ed  as ioo %. T h e n  i l l umi na t i on  by  red l ight  (600-700 m/*) f rom a side 
t u n g s t e n  l amp  was m a d e  to induce  ch loroplas t  con fo rma t iona l  changes .  Chloroplas ts  (I 8 ltg chloro- 
phy l l  per  ml) were su spended  in 175 m M  NaC1-5  o m M  T r i s - H C l  a t  p H  8.0. 

Abbrev ia t ions :  PMA, p h e n y l m e r c u r i c  ace ta t e ;  PMS, phenaz ine  methosu l fa te .  
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of both PMS and PMA, the light scattering increase and transmission decrease induced 
by illumination were remarkably enhanced; an 80 % scattering increase and 24 % 
transmission decrease were observed. 

Fig. 2. Changes in the structure of the chloroplast membrane system upon illumination. (A)rDark, 
before illumination and (B) light. × 5715o. 

The ultrastructure of the chloroplasts in these different scattering-transmission 
states was examined by the electron microscope. Chloroplasts suspended in a medium 
containing 50 mM Tris-HC1, 175 mM NaC1, 15 t*M PMS and 20/~M PMA at pH 8 
were fixed for at least I h by adding an 8 % glutaraldehyde solution to the suspension 
in the dark state before or after illumination, or at the maximum response in the 
light. The final concentration of glutaraldehyde was 1%. The chloroplasts were sus- 
pended for 2 h in 1% osmium tetroxide (50 mM sodium phosphate buffer at pH 7.4) 
and then embedded in an Araldite-Epon mixture. Chloroplasts examined in the dark, 
either before or after an interval of illumination, show normal morphology, though 
the membrane system, especially the outermost thylakoids of the grana, and inter- 
grana thylakoids are slightly swollen. This is probably due to the slightly hypotonic 
conditions employed in these in vitro experiments. Upon illumination a flattening of 
the membrane system was induced, and both grana and intergrana thylakoids became 
tightly packed (Fig. 2). The thickness, spacing and electron density of the membrane 
in a grana stack as well as intergrana region (arrows) are reduced by illumination. 
Thickness of the grana membrane measured on enlarged photographs (20000 × io) 
was 135 ± 8, lO 4 ~ 5 and 133 ± 8 A, respectively, for the dark condition before 
illumination, in continuous light and in the dark period after illumination. 

Thickness and spacing of the grana membrane were measured by photo-densito- 
metric analysis of the original negatives (Table I). Illumination caused the thickness 
of the grana membrane to be reduced by 23 %, and a 32 % reduction was measured 
in the spacing. These changes were reversed completely when chloroplasts were per- 
mitted to swell again in the dark. When photo-shrinkage was induced by illumination 
in weak-acid anion solution (15 ° mM sodium acetate plus 15/~M PMS at pH 6.5), 
similar results were obtained, although the amplitude of the changes was smaller. 

The time course of light scattering and transmission changes induced by red 
light shows discrepancies when these two responses are compared. For example, in 
Fig. I, chloroplasts in NaC1 medium containing PMS and Tris-HC1 buffer show an 
initial small transmission decrease followed by a gradual increase while light scattering 
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Conditions of incubation were: NaCI PMA (175 mM NaCI, 5 ° m3.i Tris tlCI, i 5/,M I'MS aim 
2oltM PMA at pH ~.o). Sodium acetate (15o mM sodium acetate and t5t  tM PMS at plf 6.5). 
Mean values ( ;  S.I).) of half-width and peak-to-peak distance of density distribution curves on 
photo-densitometric records (finally magnified at ioooooo = 2oooo × 5 o) were designated, 
respectively, as the thickness and spacing of grana thvlakoid membrane. 

.lledi**m Thickness (:t) Spacing (A) 

Dark - +  Light -----~- Dark Dark .... ~ Light -~ Dark 

NaCI-PMA 131 i 1o lOl ~ 9 t3o ~ () 212 ± ~ ~44 2_ 9 2r4 ± 4 
Sodium acetate 129 t q 112 t: lO I96 ~ 4 i44 ~ 3 

shows the normal  response (increase). The phases of light scat ter ing increase and  small 
t ransmission decrease appear perfectly synchronized. In  NaC1 medium i l luminat ion  
is known to cause a swelling of the chloroplast as a whole, viz. an expansion of inner  
space of thylakoid v which is accompanied by  t ransmission increase 6. Therefore, trans- 
mission changes are apparent ly  correlated with the spacing change or f la t tening of 
the membrane  system. This conclusion is also supported by studies made by 
YAMASHITA e~ al. 8 of absorbance changes of chloroplasts upon i l luminat ion.  

F la t t en ing  of the membrane  system has been recognized as the u l t ras t ruc tura l  
basis of photo-shrinkage of chloroplasts a,4,6,9 1,. This invest igat ion now established 
that  at least two conformat ional  changes of the membrane  system itself, viz. decrease 
of thickness and  spacing, are involved in this f la t tening effect. We have noted that  
these changes are widely observed in chloroplasts in which shrinkage or cont rac t ion  
is induced by  different means, such as i l luminat ion  in either a NaC1 -PMA or sodium 
aceta te  medium, or by acidification of NaC1 medium in the dark. Hence, membrane  
thickness changes should be taken into account in considering mechanisms of con- 
format ional  change in chloroplasts, since reversible thickness and electron densi ty  
changes are a morphological expression of ter t iary  and/or  q u a t e r n a r y  s t ructural  
changes of nlacromolecules and  their organization. I t  is relevant  in this connection 
to consider refractive index changes of the membrane  suggested by  MUlCOHATA v" and  
DEA51ER et al. la to result in light scattering changes, viz. the thickness changes cause 
refractive index and hence light scat ter ing changes. In  support  of this view we have 
found that  the t ime course of thickness changes follows exactly the kinetics of light 
scat ter ing change. Fur ther  studies of conformational  changes of thylakoid membranes  

induced by  PMA and other means are in progress. 
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