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Thylakoid membranes from cucumbers and peas have been examined by high- 
sensitivity differential scanning calorimetry. Data was collected during both 
heating and subsequent cooling scans in order to observe reversibility. Cucumber 
thylakoids exhibited almost no reversibility; a very small reversible exothermic peak 
was observed at approximately 12°C in cooling scans. However, thylakoids from 
peas had reversible transitions at 50 and 68°C, as well as other transitions which 
were visible as shoulders in a second heating scan. When pea grana thylakoids 
were unstacked, the high temperature transitions were sharpened and their 
reversibility was enhanced. This is the first report of chloroplast thylakoid 
membranes exhibiting reversible high temperature transitions. The results indicate 
that considerable variation can occur in the calorimetric profiles of thylakoids from 
different plants. ~ 1989 Acadelalc Press, I n c .  

High-sensitivity differential scanning calorimetry (DSC) has been used 

recently to look for thermal transitions in chloroplast thylakoid membranes which 

correlate with temperature-induced changes in chloroplast structure and 

photosynthetic function. A thermal transition at approximately 45°C has been 

associated with the denaturation of the oxygen evolving complex (1,2), and a 

transition at 65°C has been assigned to the denaturation of the coupling factor (3). 

The transitions at 45 and 65°C were reported to be irreversible. In addition a 

large endotherm at approximately 20°C in tomato thylakoids has been reported (4). 

Numerous reports have also been made of DSC studies of lipid extracts of whole 

leaves and chloroplasts, and fractionated lipids (5,6,7). 

We report here the first high-sensitivity DSC study of thylakoid membranes 

combining data collection in both heating and subsequent cooling scans; thus 

allowing one to look directly at reversibility of the transitions. Cucumbers and 
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peas were  chosen because  of  an in te res t  in the rmal - induced  changes assoc ia ted  with 

chi l l ing-sens i t iv i ty  and ch i l l ing- to le rance ,  respec t ive ly .  In con t ras t  to spinach (1,2) 

and cucumber  thylakoids,  pea thylakoid membranes  have severa l  revers ib le  high 

t empe ra tu r e  t ransi t ions.  We also repor t  the  e f f e c t s  of  ionic s t reng th  and e thy lene  

glycol on the c a l o r i m e t r i c  profi les .  

MATERIALS AND METHODS 

Plant  mate r ia l .  Pea  (Pisum sat ivum L. cv. Alaska) and cucumber  (Cucumis 
sat ivus L. cv. Long Green) plants  were  grown as previously descr ibed  (8). Pea  
leaves and cucumber  cotyledons  were  ha rves ted  a f t e r  I0 days of seedl ing growth.  

Thylakoid isolation.  Chloroplast  thylakoids  were  i so la ted  as previously 
descr ibed (9) excep t  tha t  they  were  washed only once in the  isola t ion buf fe r  and 
then subjec ted  to fur ther  washings in media  tha t  would preserve  grana s tack ing  or  
would lead to des tacking of the  grana.  For  c a lo r ime t r i c  runs above 0°C the 
thylakoids were  washed as follows: (A) Phosphate  wash. Thylakoids were  washed 
twice  in 50 mM Sorensen~s phosphate  buffer  (pH.7.4) and 50 mM NaC1 with l0  rain 
cen t r i fuga t ions  a t  9,000 x g. (B) MOPS + Mg z+ wash. Thylakoids were  washed 
twice  in 5 mM MOPS-NaOH (pH 7.4) and 5 mM MgClo with 10 rain cen t r i fuga t ions  
at  9,000 x g. (C) MOPS wash. Thylakoids were  wgshed twice  in 5 mM MOPS- 
NaOH (pH 7.4) with 30 min cen t r i fuga t ions  at  45,000 x g. In all  cases  the  
thylakoids were  f inal ly resuspended in a minimal  volume of  the  r e spec t ive  final 
wash buffer  and chlorophyll  de t e rmined  according to the  method of  Arnon (10). 
For  ca lo r ime t r i c  runs below 0°C the thylakoids  were  washed as in (C) excep t  tha t  
the final wash and resuspension buf fe r  was a l : l  (v/v) mixture  of  e thy lene  glycol  
and two t imes  concen t r a t ed  buffer .  

Ca lor imet ry .  Di f fe ren t i a l  scanning c a l o r i m e t r y  was pe r fo rmed  using a Har t  
Sc ient i f ic  Model 7707 DSC (Provo, UT). Data  col lec t ion  and cont ro l  of the  
ca lo r ime te r  was done with a WICAT Model 150-6 mic rocompute r  (Orem, UT). Da ta  
pairs,  t e m p e r a t u r e  and thermopi le  vol tage,  were  co l l ec t ed  a l  10 s in terva ls .  
Heat ing  and subsequent cooling scans were  made a t  30°C h - .  Samples  were  
equi l ibra ted  at  the  low t e m p e r a t u r e  l imit  for 1.0 h, scanned up, held at  the  high 
l imit  for approx imate ly  45 rain, scanned down, held at  the  low l imi t  for  1.5 h, and 
then the up and down scans were  r epea ted .  Consequently,  each exper iment  
consis ted of two hea t ing  and two cooling scans.  Samples  were  thylakoid  membrane  
prepara t ions ,  consist ing of 4 to 12 mg of chlorophyll ,  sea led  in Has ta loy  C 
ampoules with a working volume of  1.5 ml. An equivalent  weight  of  buf fe r  was 
p laced  in the  r e f e rence  ampoule.  

RESULTS 

Fig. 1 i l lus t ra tes  the  d i f fe rences  be tween  pea and cucumber  thylakoids  and 

the d i f fe rences  be tween the f i rs t  and second heat ing and cooling scans for  each. -  

These exper iments  were  pe r fo rmed  in mode ra t e  ionic s t rength  phosphate  buf fe r  

(monovalent  ca t ion  concen t ra t ion  of approx imate ly  140 mM) in which the thylakoids  

are  predominant ly  s t acked  ( l l ) .  Pea  thylakoids  show a much more complex  p a t t e r n  

of thermal  t ransi t ions  than do cucumber  thylakoids;  however,  both have the i r  

larges t  peak be tween 60 and 70°C. This peak is at  68°C in peas,  62°C in 

cucumber ,  and at  65 to 68°C in spinach (1,3). The most s t r ik ing d i f f e rence  

be tween pea and cucumber  thylakoids is the revers ib i l i ty  seen in hea t ing  and 

cooling scans subsequent to the ini t ia l  hea t ing  scan. Pea thylakoids  exhibi t  a 

number of revel"sible the rmal  t rans i t ions  in the  30 to 80°C t e m p e r a t u r e  range.  

Prominent  peaks occur  at  50 and 68°C in the  second hea t ing  scan for peas,  

whereas  cucumber  thylakoids  have only a single revers ib le  t rans i t ion  a t  
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Figure 1. Heat capacity of thylakoid membrane preparations from pea and 
cucumber seedlings. The membranes were suspended in phosphate buffer (50 mM 
Sorensenls phosphate (pH 7.4) and 50 mM NaC1). The Roman numerals indicate 
first and second heating scans, when they are distinguishable. The scale in the 
right panel pertains to both panels and is in Joules per degree Celsius per gram of 
chlorophyll. Endothermic transitions cause an upward deflection. 

approx imate ly  12°C. This t rans i t ion  is very small  [approximate ly  I0 J (g 

chlorophyll)-1],  but i t  was cons i s ten t ly  presen t  and vis ible  above the basel ine.  Also,  

the  ini t ia l  hea t ing  scan for cucumbers  is much less complex  in t e rms  of  over lapping 

t ransi t ions.  The large posi t ive  change in hea t  c a p a c i t y  be tween  70 and 100°C was 

reproducible  and unique to cucumber  thylakoids.  

Figs. 2 and 3 i l lus t ra te  the  e f f ec t s  of buffer  composi t ion on the  hea t  

c apac i ty  of  pea and cucumber  thylakoids,  respec t ive ly .  Magnesium ions at  

concen t ra t ions  g r ea t e r  than approx ima te ly  3 mM mainta in  s tacking  of  the  thylakoids  

as does phosphate  buffer  of  m o d e r a t e  ionic s t rength  (12). There fo re  we expec t ed  

any e f f e c t s  of  s tacking  on the the rmal  t rans i t ions  to be the  same in MOPS + Mg 2+ 

buffer  (Figs. 2 and 3) as in phosphate  buf fe r  (Fig. 1). Qual i ta t ive ly ,  pea thylakoids  

in phosphate  and MOPS + Mg 2+ buffers  appear  very  s imi lar  (cf. Figs.  1 and 2). 

Transi t ions  a re  present  a t  the  same t e m p e r a t u r e s  in both the  hea t ing  and cooling 

scans,  but the  r e l a t ive  peak heights  and a reas  vary  somewhat .  For  cucumber  

thylakoids in phosphate  buf fe r  (Fig. 1) the  two major  t rans i t ions  were  a t  47 and 

62°C. In MOPS + Mg 2+ buffer  (Fig. 3) the  pa t t e rn  is s imi lar  with the  t rans i t ions  

at  51 to  52°C and 60°C. 

MOPS buffer  alone is of  su f f i c ien t ly  low ionic s t rength  tha t  the  thylakoids  

would be unstacked.  For  pea  thylakoids  in MOPS buf fe r  (Fig. 2) the  major  peak a t  

67°C is sharper  than with s t acked  prepara t ions  and the revers ib i l i ty  of the  

t ransi t ions  is enhanced,  as in fe r red  from the larger  peak area .  Exper iments  in a 
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FiGure 2. Heat capacity of pea thylakoid membranes. T I ~  membranes were 
suspended in MOPS buffer (5ram MOPS, pH 7.4), MOPS + Mg ~* (5 mM MOPS, 5 
mM MgCI9, pH 7.4) or MOPS plus glycol (5 mM MOPS, 50% (v/v) ethylene glycol, 
pH 7.4). "Other conditions as in Fig. 1. 

FiGure 3. Heat capacity of cucumber thylakoid membranes. The same buffers 
were used as in Fig. 2 and other conditions are as in Fig. 1. 

low ionic s t rength  phosphate  buf fe r  (2 mM SorensenVs phosphate,  pH 7.4, plus 2 mM 

NaCI), which would also lead to uns tacking of  the  membranes  (11), showed a very  

s imi lar  pa t t e rn  of  peaks (data  not shown). For  cucumbers  the  r e l a t i v e  peak  heights  

a re  d i f fe ren t  in MOPS and phosphate  buffers  (cf. Figs.  1 and 3) , and the  peaks  

occur  at  the  same  t empe ra tu r e s  in both MOPS and MOPS + Mg 2+ buffers .  

Ethylene glycol  was added to the  MOPS buffer  in order  to look a t  the  

t e m p e r a t u r e  region from approx ima te ly  - I 0  to  +10°C. As seen at  the  bo t tom of  

Figs. 2 and 3, the  samples  were  scanned up to  about 75°C in order  to assess  glycol  

e f f ec t s  on the  thermal  t rans i t ions  above 40°C. The presence  of  e thy lene  glycol  

had no major  e f f e c t s  on the  the rmal  t rans i t ions  of  pea  thylakoids  in MOPS buf fe r  

(Fig. 2). The same peaks and shoulders were  seen in MOPS buffer  with and 

without  e thy lene  glycol.  However,  the  peak a reas  of  the  second hea t ing  scan and 

the cooling scans were  marked ly  increased.  No addi t ional  t rans i t ions  were  observed 

in the  hea t ing  or cooling scans be tween  -20 and +20°C. In the  case  of  cucumber  

thylakoids (Fig. 3), a new peak appears  a t  44°C in the  presence  of  e thy lene  glycol  

but the  cooling scans remained  fea tu re less  excep t  for the  exo the rmic  t rans i t ion  a t  

12°C. 
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DISCUSSION 

Pea  and cucumber  thylakoids  present  some of  the most  d iss imi lar  DSC 

prof i les  of ch loroplas t  membranes  which have  been published (compare  for example  

the  spec ies  s tudied  in ref .  4). These d i f fe rences  a re  pa r t i cu l a r ly  emphas ized  by 

looking a t  the  cooling scans,  and point  to the  u t i l i ty  of  this  ins t rumenta l  capabi l i ty .  

Whereas cucumber  thylakoids  show almost  no revers ib i l i ty ,  the  thylakoids  from peas  

have revers ib le  t rans i t ions  at  50 and 68°C, as well  as o the r  t rans i t ions  which a re  

visible as shoulders in the  second heat ing scan. This is the  f i rs t  r epor t  of  

revers ib le  high t e m p e r a t u r e  t rans i t ions  of ch loroplas t  thylakoid  membranes .  

Transi t ions  which occur  a t  s imi lar  t e m p e r a t u r e s  of thylakoids  and photosys tem II 

p repara t ions  of  spinach are  i r revers ib le  (1,2} as is the  case  for cucumbers .  The 

t rans i t ion  which we observe at  68°C is due to coupling f ac to r  (H. Hopkins, personal  

communication} and thus appears  to be the  same as the  C 1 t rans i t ion  of  spinach 

(3). 

There was not a c l ea r  one - to -one  cor respondence  be tween  small  and large  

exo the rmic  peaks  in the  f i rs t  cooling scan and endothermic  peaks in the  subsequent  

hea t ing  scan of pea thylakoidso Comple te  revers ib i l i ty  was apparen t ly  p rese rved  for 

these  t rans i t ions  as ev idenced  by the i r  appea rance  in the  second cooling scans (see 

Figs. 1 and 2). Also, the  sum of the  i n t eg ra t ed  areas  of the  cool ing-scan 

exo the rmic  peaks was approx ima te ly  equal to the  sum of the  a reas  of the  

endothermic  peaks in the  second hea t ing  scan.  This indica tes  the  absence  of  any 

s ignif icant  slow thermal  processes  taking p lace  during the h i g h - t e m p e r a t u r e  and 

low- t empera tu re  incubat ions of  the  expe r imen ta l  cycle .  The exo the rmic  peaks  in 

the  cooling scans are  found at  t e m p e r a t u r e s  10°C below the  peak t e m p e r a t u r e s  in 

the second hea t ing  scan; this  is most  l ikely due to the  k ine t ics  of  the  processes  

tha t  t ake  p lace  during cooling scans being qui te  slow compared  to the  scan r a t e  

(13). The s lower k ine t ics  could also be responsible  for the  increased  de ta i l  

observed in the  cooling scan compared  to  the  second hea t ing  scan. 

In addi t ion to s imple  lipid phase t rans i t ions  and pro te in  dena tura t ion ,  the  

the rmal  response of  thylakoid  membranes  includes a modif ica t ion  of  the  usual grana 

s t ruc tu re ,  a reorgan iza t ion  of in t r ins ic  macromolecu la r  complexes ,  and the 

segrega t ion  of  non-bi layer  lipids into o ther  s t ruc tures ,  such as cy l indr ica l  inver ted  

mice l les  (14). Thus the  revers ib i l i ty  which we see mani fes ted  in the  cooling scans 

and the  second heat ing scan of  pea  thylakoids  is r e f l e c t i v e  of  events  in a much 

rea r ranged  membrane .  

Evidence has been published which is cons is ten t  with a dist inguishing 

t rans i t ion  near  15°C for e x t r a c t e d  polar  lipids of  ch i l l ing-sens i t ive  p lan ts  (6,7,15). 

However  the  molecular  basis for this  t rans i t ion  is not  c l ea r  (16) and i t  was not 

conf i rmed by d i r ec t  c a l o r i m e t r i c  measurement s  on thylakoid  membranes .  Al though 

there  is a t rans i t ion  seen at  approx ima te ly  12°C in the  cooling scans of  cucumbers ,  

the  s ize  of  this  peak is qui te  small  and is about  one- ten th  tha t  of the  endo the rmic  

peak a t  20°C r epo r t ed  for ch i l l ing-sens i t ive  and ch i l l ing- to le ran t  t oma toes  (4}. Thus 
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in agreement with Low et al. (4) we find no large thermal events in the region 

near freezing which would distinguish chilling-sensitive from chilling-tolerant plants. 

In contrast to the results of Smith et  al. (3) we do not observe a significant 

effect  of ionic strength on the major endotherm which occurs between 60 and 

70°C. Rather our results with pea thylakoids indicate that low ionic strength 

conditions enhance the reversibility of the transitions as evidenced by the increased 

detail observed in the cooling scans. Thus our results suggest that upon shifting 

from high to low ionic strength conditions there is a change in protein-protein 

and/or protein-lipid interactions such that more of the thermal transitions are 

reversible. Our results coupled with those of Smith et al. (3) clearly indicate that 

careful attention must be made to buffer composition and that considerable 

variation can occur in the calorimetric profiles of thylakoids from different plants, 

especially with regard to reversibility. 
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