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SUMMARY 

Photophosphorylation of washed thylakoid membranes is inactivated during 
freezing for several hours at - 2 5  °C. Amino acids with an amino group attached to a 
carbon a tom in the fl or a higher position of the carbon chain effectively protected 
the membranes  against freezing damage in the absence of, and less so in the presence 
of, an inorganic salt such as NaC1. 

a-Amino acids, on the other hand, were ineffective in the absence of but protec- 
tive in the presence of NaC1. The extent of protection was a function of the amino 
acid/salt ratio and of the length of the carbon side chain. In balanced salt solutions 
glycine, a-alanine and a-aminobutyric acid were found to be protective, while a-amino 
caproic acid was incapable of exerting protection. Protection was increased by 
peptide formation, but still depended on the nature of the side chains. 

INTRODUCTION 

Thylakoid or mitochondrial membranes  are useful as model systems to study 
harmful effects of freezing on cells or organisms by  processes such as photophospho- 
rylation and oxidative phosphorylation, both vital properties of intact cells, and both 
inactivated by  freezing in vitro and in vivo l. With thylakoids, inactivation which is 
enhanced by a number of compounds, for instance inorganic salts, can be prevented 
by  the presence of sufficient amounts of other compounds which are chemically as 
unrelated as sorbitol 2, 3, dimethylsulfoxide 4, some amino acidsS, ~, oligosaccharides 1, 2, 
Heber 's  protein Factors I and I17, and others. In view of the diversity of compounds 
capable of preventing inactivation it appears doubtful that  a common mechanism 
underlies all protection phenomena. The effects of amino acids on thylakoids during 
freezing to --25 °C were particularly complex in that  some amino acids such as proline 
or threonine protected very well in the absence of inorganic salts and less so in their 
presence, while others such as a-alanine or serine protected thylakoids only if inorganic 
salts were also present in a certain ratio to the amino acidsS, ~. Still other amino acids, 
for instance valine or phenylalanine,provided no significant protection with or without 
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salts present and rather abolished protection by other cryoprotectants ~. This different 
behaviour was mainly at tr ibuted to differences in membrane toxicity of individual 
amino acids, even though the participation of eutectic phenomena could not be 
ruled out. In accordance with the proposals of Lovelock s, protection by amino acids 
could be explained in part by their colligative properties which permitted them to 
reduce unspecifically the concentration of toxic components in the system at any one 
freezing temperature. However, individual interactions of amino acids with the 
membranes appeared to contribute also to protection. It  was not clear to what extent 
the molecular structure and in particular the position of the amino group affected 
specific interactions. The experiments to be reported are intended to throw light on 
the latter problem. 

MATERIALS AND METHODS 

Chloroplasts were isolated from spinach leaves in a NaC1 containing buffer 1,10 
and washed with water to rupture the chloroplasts and reduce the NaC1 concentration 
in the resulting thylakoid suspension to below 5" lO-3 M. The buffers, necessary for 
isolation of thylakoids, as well as the solutions of amino acids for the thylakoids 
t reatment  were adjusted to pH 7.8. In all cases the pH adjustment was accomplished 
with diluted HC1 or NaOH. Equal volumes of a thylakoid suspension and of a solution 
of amino acid and/or NaC1 were mixed and after  15 min preincubation at o °C frozen 
for 4 h at - 2 5  °C. After thawing in a water bath, cyclic photophosphorylation was 
measured with phenazine methosulfate as a cofactorl, 1°. For controls thylakoids 
were used which were kept for 4 h at o °C with or without amino acids and/or NaCI 
also present. The photophosphorylation activity of the controls ranged between 400 
and 600 jumoles/mg chlorophyll per h. Data given in any one figure were obtained 
in one single experiment, except those from Figs 2, 3 and 4- 

Amino acids were obtained from Fluka, Buchs SG and Merck, Darmstadt.  

RESULTS 

Fig. I shows the effect peptide formation may have on the protection of 
thylakoids against freezing. Glycine alone was incapable of preventing inactivation of 
photophosphorylation by freezing but rather increased the damage. In proper 
combination with NaC1 protection was observed. However, glycylglycine was 
protective even without NaC1. With NaC1 also present, protection was decreased at 
low glycylglycine concentrations, but significantly increased at higher concentrations. 
At ratios of glycylglycine to NaC1 higher than unity, protection of photophosphory- 
lation against freezing was practically complete. 

Protection as a function of the position of the amino group, with or without 
inorganic salt also present, and of the chain length of the hydrocarbon chain is shown 
in the following figures. ~-Alanine resembles the behaviour of glycine in freezing 
experiments in that  it was not protective if added alone to a thylakoid suspension 
(Fig. 2). However, /5-alanine provided considerable protection, even though it was 
less effective than sucrose, which has been used as a reference throughout the freezing 
experiments. Depending on the NaC1 concentration, photophosphorylation was 
protected completely by sucrose (i.e. was similar to photophosphorylation before 
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freezing and occasionally higher than photophosphorylation of unfrozen controls 
owing to slow aging of the unfrozen samples) at concentrations of o.I or 0.2 M. 
The hydrochloride of ~,/5-diaminopropionic acid (~,/%alanine) occupied a middle 
position between ~- and/5-alanine in that  it was protective at low but not at high 
concentrations. 

NaC1 considerably altered the protective properties of alanines as shown in 
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Fig. i .  P ro tec t ion  of washed  thy l ako ids  aga i n s t  f reezing b y  glycine,  g lycylglycine  or  glycyl-  
pheny la l an ine ,  w i th  or w i t h o u t  BtaC1 added.  Freez ing  t i m e  4 h a t  - -25  °C. P h o t o p h o s p h o r y l a t i o n  
a t  o °C a b o u t  570 # m o l e s / m g  chlorophyl l  per  h. • - - J k ,  glycine;  A - - & ,  glycine + o . i  M NaC1; 
0 - - - ( 3 ,  g lycylg lyc ine ;  0 - - - 0 ,  g l y c y l g l y c i n e +  o. i  M NaCI;  X - - X ,  g lycy lpheny la l an ine ;  
+ - -  + ,  g lycy lpheny la l an ine  + o.o2 M NaC1. 
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Fig. 2. P ro tec t ion  of wa shed  t hy l ako i d  m e m b r a n e s  aga ins t  f reezing by  ~-alanine , /~-a lanine  and  t h e  
hydroch lo r ide  of ~¢45-diaminopropionic acid (c~,/~-alanine). P ro tec t ion  b y  sucrose is shown  for 
compar i son .  Freez ing  t i me  4 h a t  - -25  °C. P h o t o p h o s p h o r y l a t i o n  a t  o °C a b o u t  43 ° f fmoles /mg 
chlorophyl l  per  h. + - - - + ,  ,¢-alanine ; × - - × , /~-a lan ine ;  • . . . .  • ,  ~ ,~-alanine ; & . . . . .  &, sucroce.  
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Fig.  3. W i t h  o . i  M NaC1 p r e s e n t  in t h e  s y s t e m  a - a l a n i n e  p r o t e c t e d  t h y l a k o i d s  com-  

p l e t e l y a t  a c o n c e n t r a t i o n  of o.15 M, b u t  m u c h  less so a t  lower  or  h i g h e r  concen t r a t i ons .  

As  c o m p a r e d  w i t h  Fig .  2, t h e  e f fec t iveness  of f l -a lan ine  was  dec reased  a t  low con-  

c e n t r a t i o n s ,  whi le  cons ide rab le  p r o t e c t i o n  was  st i l l  p r o v i d e d  a t  h ighe r  c o n c e n t r a t i o n s .  

a , f l -Alan ine  was  sca rce ly  p r o t e c t i v e  in t h e  p re sence  of NaC1. I t  is s igni f icant  t h a t  NaC1- 

suppressed  p r o t e c t i o n  b y  sucrose  was  g r e a t e r  t h a n  i ts  ac t ion  aga ins t  t he  p r o t e c t i o n  

b y  e q u i m o l a r  a m o u n t s  of f l -a lanine  ( compare  F igs  2 a n d  3). 
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Fig. 3. Effect of NaC1 on protection against freezing of washed thylakoid membranes by a-alanine, 
fl-alanine, a,fl-alanine (hydrochloride) and sucrose. Freezing time 4 h at --25 °C. Photophosphoryl- 
ation at o °C about 43 °/~moles/mg chlorophyll per h. + .... + ,  a-aianine + o.i M NaC1; X - - X ,  
fl-alanine + o.I iV[ NaC1; • . . . .  • ,  ¢¢,fl-alanine + o.i M NaC1; & . . . . .  &,'._sucrose + o.i M NaC1. 
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Fig. 4- Protection of washed thylakoid membranes by combinations of a- and fl-alanine, ~,fl-alanine 
and sucrose. Freezing time 4 h at --25 °C. Photophosphorylation at o °C about 43 °/zmoles/mg 
chlorophyll per h. + - - - + ,  a-alanine + o.i M fl-alanine; X - - × ,  fl-alanine + o.i M a-alanine; 
• . . . .  • ,  a,fl-alanine + o.i M a-alanine ; & . . . . .  A, sucrose + o. I M a-alanine. 
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The stimulating effect of NaC1 on the protective action of a-alanine obviously 
is not specific, since a combination of fl-alanine in a concentration insufficient ior 
complete protection with varying concentrations of a-alan•he resulted in almost 
full protection of the thylakoids at low a-alan•he levels (Fig. 4). In the presence 
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Fig. 5- P ro tec t ion  of w a s h e d  thy l ako ids  aga i n s t  f reezing b y  a-, fl- and  ? - a m i n o b u t y r i c  acid and  by  
a , ? - d i a m i n o b u t y r i c  acid (monohydrochlor ide)  as compared  w i th  t h a t  by  sucrose.  Freez ing  t ime  
4 h a t  - -25  °C. P h o t o p h o s p h o r y l a t i o n  a t  o °C a b o u t  40o p m o l e s / m g  chlorophyl l  per  h. X - - X ,  
a - a m i n o b u t y r i c  acid;  • . . . . . .  • ,  f l - aminobu ty r i c  acid;  A . . . .  A ,  ? - a m i n o b u t y r i c  acid;  + - - - + ,  
a , y - d i a m i n o b u t y r i c  acid;  A . . . . .  A ,  sucrose.  
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Fig. 6. P ro tec t ion  of washed  t h y l a k o i d s  aga i n s t  f reezing b y  a-, r -  and  ? - a m i n o b u t y r i c  acid, and  by  
x , ? - d i a m i n o b u t y r i c  acid (monohydroch lo r ide )  in t h e  presence  of o. i M NaC1 as a f unc t i on  of amino-  
bu ty r i c  acids  concen t ra t ion .  P ro tec t ion  b y  sucrose  is s h o w n  for compar i son .  Freez ing  t ime  4 h 
a t  - -25  °C. P h o t o p h o s p h o r y l a t i o n  a t  o °C a b o u t  400 #mo le s / r ag  chlorophyl l  per  h.  X - - - X ,  
a - a m i n o b u t y r i c  acid + o.I M NaC1; • . . . .  i ,  f l - aminobu ty r i c  acid + o . i  m NaC1; A . . . . .  A ,  
? - a m i n o b u t y r i c  acid + o . i  M NaC1; + - - + ,  a , ? - d i a m i n o b u t y r i c  acid + o.I M NaC1; A . . . . .  A ,  
sucrose + o. i  M NaC1. 
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of o.I M ~-alanine protection of photophosphorylation by fl-alanine or sucrose was 
decreased at low, but not at higher concentrations of the latter compounds (Fig. 4). 

In principle amino butyric acids behave similarly to alanines, a-Aminobutyric 
acid increased the freezing damage in the absence of (Fig. 5), but was protective 
within a certain concentration range in the presence of NaC1 (Fig. 6)./3- and 7-amino- 
butyric acids were as protective as sucrose without and even more protective in the 
presence of NaC1 (compare Figs 5 and 6). Depending on the NaC1 concentration, 
a,~-diaminobutyric acid (hydrochloride) was scarcely, if at all, effective. 

A further increase in the chain length completely abolished effectiveness of 
hydrocarbonic acids having an amino group in the a-position, a-Aminocaproic acid, 
like valine, leucine and isoleucine, was not protective even in the presence of NaC1. 
With the amino group further removed from the carboxyl group, effectiveness 
returned, e-Aminocaproic acid was as protective as sucrose in the absence of NaC1. 
In its presence protection was reduced, but less so than with sucrose as protective 
agent (Fig. 7). 
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Fig. 7. Effect of ~-aminocaproic acid (nor]eucine) and of e-aminocaproic acid, wi th and wi thout  
I~aCi added during freezing of washed thy lakoid membranes. Protection by  sucrose is shown for 
compar i son .  Freez ing  t i me  4 h a t  - -25  °C. P h o t o p h o s p h o r y l a t i o n  a t  o °C a b o u t  6 8 0 / , m o l e s / m g  
chlorophyl l  per  h. • . . . .  • ,  ~-aminocaproic  acid;  [] . . . .  El, a -aminocapro ic  acid + o. i  M NaC1; 
© - - - © ,  e -aminocaproic  acid;  0 - - - 0 ,  e -aminocaprol ic  a c i d +  o. i  M NaC1; + - - + ,  sucrose;  
X - - × ,  sucrose + o. i  M NaC1. 

DISCUSSION 

Protection of thylakoids against the effects of freezing as observed in this work 
can most  easily be explained by  unspecific colligative action of cryoprotectants 
combined with specific effects. This will become clear from a brief consideration of the 
data  shown in Fig. 3. NaC1 is known to damage thylakoid membranes at elevated 
concentrations, whether or not the system is frozen ~,1°. Freezing of thylakoids 
suspended in o.I M NaC1 mainly serves to concentrate the system as water is removed 
by  ice formation. The increased salt concentration in the unfrozen part  of the system 
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leads to inactivation of the membranes. The extent  of dehydratation, or concentration 
will, above the eutectic temperature, be a function of the freezing temperature. 
If a nontoxic solute is present besides Nat1, it will also be concentrated during freezing. 
Since the freezing temperature determines the total  concentration of solute in the 
unfrozen membrane suspension, which is in or close to equilibrium with ice, the actual 
salt concentration will be a function of the ratio of nontoxic solute to toxic salt. If this 
ratio is high enough, the salt concentration will remain so low during freezing as not 
to damage the membranes. In consequence, protection will be observed. Points 
of 50 % protection in Fig. 3 occurred at a ratio of organic solute to NaC1 of approx. 
0.75 fora-  and fl-alanine; of 1.6 for sucrose; and of 2. 7 for an excess of a-alanine. 50 % 
protection was never reached with the hydrochloride of a,/5-alanine. If protection 
were caused solely by colligative, unspecific action of cryoprotectants, sucrose should 
be as effective as, for instance, fl-alanine, which is not the case. This observation, in 
addition to others, suggests the assumption of specific effects contributing to pro- 
tection. 

There is the question why some of the amino acids effectively protected photo- 
phosphorylation against inactivation during freezing in the absence of NaC1 and 
less effectively in its presence, while others were protective only when NaC1 was 
present in a certain ratio to the amino acid and still others under no circumstances 
prevented damage to the membranes. The most reasonable explanation is that  
protection is observed whenever the added solute is nontoxic to the membranes and 
soluble enough not to crystallise during freezing, since crystallisation would remove it 
from the system and decrease effectiveness. The results show that  amino propionic 
acids, amino butyric acids and amino caproic acids having an amino group in any 
except the a-position satisfy these requirements. They protect well in the absence 
of added salt and in its presence whenever the ratio of amino acid to salt is high 
enough to prevent salt damage to the membranes, a-Amino acids such as glycine, 
a-alanine, a-aminobutyric acid and a-amii~ocaproic acid, on the other hand, are 
ineffective when added alone to washed thylakoid membranes. They may even increase 
the damage. In the presence of salt only the a-amino acids having a short aliphatic 
side chain are protective. Figs I and 3 show that  glycine and a-alanine have in the 
presence of o.I M NaC1 a rather broad range of protection, while that  of a-amino 
butyric acid (Fig. 6) is considerably smaller, a-Aminocaproic acid is not protective 
in any combination with salt (Fig. 7). Obviously these amino acids are either membrane 
toxic at exessive concentrations reached during freezing in the absence of salt or when 
the ratio of amino acid to salt is high, or their solubility is such as not to permit any 
protection during freezing. Of course, both possibilities may be realised in the same 
instance. 

The low effectiveness as cryoprotectants oi the hydrochlorides of 2,3-diamino- 
propionic acid and of 2,4-diaminobutyric acid (Figs 2, 3, 5 and 6) is probably due in 
paIt to the a-position of the amino groups and in part to the chloride anion which is 
known to be membrane toxic at high concentrations 9. 

Not only the length and the polarity of the side chain influence protective 
properties of amino acids. Fig. i shows that  peptide formation may lead to increased 
protection. While in the absence of added NaC1 glycine even contributes to damage, 
glycylglycine is protective. With NaC1 present, less glycylglycine is necessary for 
prGtection as compared with glycine and no inactivation of photophosphorylation is 
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obse rved  a t  high ra t ios  of g lycylglycine  to  NaC1. However ,  even wi th  pep t ides  t i le  
na tu re  of the  side chain  is impor t an t .  In  con t r a s t  to  g lycylglycine  g lycylphenyl -  
a lan ine  is no t  p ro t ec t ive  in the  freezing tes t .  

I t  appea r s  t ha t  the  d ie lec t r ic  increment ,  a measure  of po lar i ty ,  m a y  be useful 
as  an  a p p r o x i m a t e  cr i te r ion  of whe ther  and  to  wha t  ex t en t  amino  acids  m a y  be 
p ro t ec t ive  dur ing  freezing of biological  membranes .  The d ie lec t r ic  inc rements  of the  
s - a m i n o  acids  t e s t e d  range be tween  22.6 and  23.2, t h a t  of the  fl-, 7-, e -amino acids  
f rom 32.4 to  77.511. Glycine,  wi th  i ts  l im i t ed  c a p a c i t y  to  act  as  a p ro t ec t i ve  agent ,  
has  a d ie lec t r ic  inc rement  of 22.6; glycylglycine,  which is much b e t t e r  sui ted,  70. 
However ,  the  impor t ance  of d ie lec t r ic  increments  should no t  be overs t ressed.  
Glycy lphenyla lan ine ,  hav ing  an  d ie lec t r ic  inc rement  of 70.4, is no t  p ro t ec t ive  in the  
freezing tes t ,  while prol ine wi th  a d ie lect r ic  inc rement  of 21 is a good  c ryopro tec tan t .  
I t  has been shown elsewhere~, 6, t h a t  prol ine and  hydroxypro l ine  and  threonine  and  
serine charac te r i s t i ca l ly  differ in the i r  p ro tec t ive  proper t ies  even though t hey  are 
s t ruc tu ra l ly  closely re la ted.  This  m a y  be v iewed as ano the r  example  of the  influence 
of molecular  s t ruc ture  on c ryopro tec t ion .  
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