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I. Backpround 

It i s  g e n e r a l l y  recognized t h a t  water  assumes a h ighly  anomalous p o s i t i o n  among l i q u i d s  because of 
its s t r u c t u r a l  p roper t ies .  
mena. 

Furthermore, these  p r o p e r t i e s  p lay  a n  important r o l e  i n  many b i o l o g i c  pheno- 

I n  t h e  p r e s e n t  paper we s h a l l  be concerned w i t h  t h e  ex is tence  of "anomalies w i t h i n  the  a l ready  
anomalous propert ies ' '  of water :  
p r o p e r t i e s  of water  a s  a func t ion  of temperature has  revealed t h e  ex is tence  of more o r  less abrupt  changes 
i n  thermodynamic and t r a n s p o r t  parameters a t  d i s c r e t e  temperatures. 
t ransverse  pro ton  s p i n  r e l a x a t i o n  time a s  a func t ion  of t h e  inverse  absolu te  temperature as determined by 
Brown (1958). The range of  d a t a  
shown i n  t h i s  i l l u s t r a t i o n  was from 40 t o  100°C. 
t h e  v i c i n i t y  of 42 and 18OC. 
f o r  sodium chlor ide  i n  water  i s  p l o t t e d  a s  a func t ion  of  temperature. 
from Harned and Owen's monograph "The Phys ica l  Chemistry of E l e c t r o l y t i c  Solut ions" ,  (1958). 
we have d e l e t e d  the  o r i g i n a l  curves  and i n s t e a d  drawn curves which we b e l i e v e  present  a more reasonable 
f i t  t o  the  a c t u a l  da ta .  One notes  here  t h e  divergence of t h e  p o i n t s  below 40 and above 60°. 
i t  appears  t h a t  the  d a t a  above 60° f a l l  on very  n e a r l y  s t r a i g h t  l i n e s .  
reversed curva ture  i n  the  reg ion  from 30 t o  40'. 

11. Higher Order Phase T r a n s i t i o n s  

i n  p a r t i c u l a r ,  anomalous temperature dependencies. P l o t t i n g  a number of 

A s  a n  example, Figure 1 shows t h e  

One n o t i c e s  a remarkable change i n  s lope i n  t h e  v i c i n i t y  of 60°Celcius. 
Brown, however, noted t h a t  anomalies appeared a l s o  in 

Here t h e  mean a c t i v i t y  c o e f f i c i e n t  
The i l l u s t r a t i o n  taken d i r e c t l y  

Another example i s  shown i n  Figure 2. 

In Figure 3 

Furthermore, 
F i n a l l y ,  t h e r e  i s  evidence of 

From a review of t h e  p r o p e r t i e s  of a v a s t  number of aqueous systems i t  has  been poss ib le  t o  make a 
number of g e n e r a l i z a t i o n s .  
au thor  (1965b, c ;  see a l s o  Lavergne & Drost-Hansen, 1956). 

1. A t  least  four  thermal anomalies occur  between the mel t ing  and b o i l i n g  p o i n t s  of  water, mainly near  15, 
30, 45 and 6OoC. 

2. The thermal anomalies - which f o r  want of a b e t t e r  name have become known as "kinks" - occur both  i n  
t h e  p r o p e r t i e s  of pure water  and aqueous so lu t ions .  
t h e i r  ex is tence  t o  some phenomena assoc ia ted  wi th  t h e  s t r u c t u r e  of water .  
aqueous s o l u t i o n s  (and o t h e r  aqueous systems) i s  be l ieved  due t o  the  pers i s tence  of p a r t i c u l a r  s t r u c t u r a l  
f e a t u r e s  of water  i t s e l f ,  even i n  t h e  presence of e l e c t r o l y t e s  and non-e lec t ro ly tes  a t  high concentrat ions.  

3. The temperatures  a t  which the  kinks occur a r e  not  s e n s i t i v e  t o  t h e  na ture  o r  concent ra t ion  of t h e  
s o l u t e s .  Only 
s t rong  a c i d s  i n  moderate t o  high concent ra t ions  change t h e  temperatures a t  which t h e  kinks occur. In 
s o l u t i o n s  of s t r o n g  a c i d s ,  t h e  kinks a r e  s t i l l  found, bu t  the  temperatures a r e  notab ly  changed from the  
va lues  f o r  pure water .  

4. 

5. The kinks appear i n  both sur face  and i n t e r f a c i a l  phenomena. 
k inks  occurs  i n  many sur face  phenomena may be s l i g h t l y  d i f f e r e n t  from t h e  temperatures where the  kinks a r e  
found i n  bulk  systems. 

These have been discussed s e p a r a t e l y  i n  previous publ ica t ions  by the  sen ior  

For t h i s  reason, it i s  bel ieved t h a t  t h e  kinks owe 
The ex is tence  of kinks i n  

T h i s  i s  p a r t i c u l a r l y  important i n  t h e  a p p l i c a t i o n  of these  not ions  t o  b i o l o g i c  systems. 

The kinks a r e  p r e s e n t  i n  both  equi l ibr ium p r o p e r t i e s  and t r a n s p o r t  phenomena. 

However, t h e  temperature a t  which t h e  

The anomalies are very l i k e l y  mani fes ta t ions  of h igher  order  phase t r a n s i t i o n s  i n  t h e  water .  
t h i s  time t h e  s t r u c t u r e  of water  has eluded f i n a l  determinat ion.  Of t h e  several models of water  c u r r e n t l y  
discussed we be l ieve  a c l u s t e r  model (such a s  t h e  Nemethy-Scheraga (1962) model) and/or  a cage model (such 
as suggested by Paul ing (1959) o r  Frank and Q u i s t ,  1961) i s  most l i k e l y  t o  be cor rec t .  I n  terms of  these 
models the  kinks then  r e p r e s e n t  more-or-less sudden t r a n s i t i o n s  from one s t a b l e  conf igura t ion  ( c l u s t e r  o r  
cage) t o  another  such s t r u c t u r e d  spec ies .  

111. ADplication t o  Bio logica l  Systems 

A t  

From our s t u d i e s  on water  near  i n t e r f a c e s  we be l ieve  t h a t  t h e  kinks a r e  p a r t i c u l a r l y  prominent i n  
such systems. 
assoc ia ted  w i t h  var ious  i n t e r f a c e s .  
on membrane phenomena of t h e  s t r u c t u r a l  t r a n s i t i o n s  of water .  
mena we s h a l l  show a number of  examples of t h e  r o l e  of  s t r u c t u r a l  t r a n s i t i o n s  i n  water  on a number of sys- 
tems of genera l  b i o l o g i c  i n t e r e s t .  

Figure 4 shows t h e  temperature dependence of t h e  v i s c o s i t y  of protoplasm from Cumingia eggs. These 
d a t a  by Heilbrunn (1924) c l e a r l y  show a notable  maximum i n  the  v i c i n i t y  of 15' o r  16OC wi th  a minimum near 
2 O  and near  30 o r  31OC. While we do not  a t  t h i s  moment understand t h e  sudden increase  Ln r e l a t i v e  vis- 
c o s i t y  below 2OC, it appears  l i k e l y  t h a t  the  sharp maximum a t  15O and t h e  pronounced minimum near  30° are 
assoc ia ted  w i t h  t h e  underlying water  s t r u c t u r e  changes. 

This  i s  s i g n i f i c a n t  f o r  b i o l o g i c a l  systems where much of t h e  water  i s  found i n t i m a t e l y  
Because of  the  i n t e r f a c i a l  aspec ts  we became i n t e r e s t e d  i n  t h e  e f f e c t s  

However, before  d iscuss ing  membrane pheno- 
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Figure  1. 
Transverse relaxation time for protons in water 
as a function of temperature. Data by Brown. 
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Figure 3. 
Mean a c t i v i t y  c o e f f i c i e n t s  f o r  sodium ch lo r ide  
i n  water as a func t ion  of temperature. 
d a t a  po in t  a s  i n  Figure 2, b u t  curves redrawn 
by sen io r  author.  
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Figure  2. 

Mean a c t i v i t y  c o e f f i c i e n t s  f o r  sodium ch lo r ide  
i n  water a s  a func t ion  of temperature. This 
i l l u s t r a t i o n  is  taken d i r e c t l y  from Harned C 
Owen's monograph: "The Phys ica l  Chemistry of 
E l e c t r o l y t i c  Solu t ions  ." (By permission) 
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Figure  4. 
Viscosity of protoplasm fo r  Cumingia eggs. 
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Another example of  t h e  anomalies near 30 and 45' is  shown Figure 5 ,  taken from a paper by Rao and 

- a s i g n i f i c a n t l y  

Lower m i t o t i c  index and therefore  h igher  

. Engelberg (1965) .  This  i l l u s t r a t i o n  shows t h e  maximum m i t o t i c  index as a func t ion  of temperature. 
e n t l y ,  near  t h e  temperatures  of  the  s t r u c t u r a l  t r a n s i t i o n s  
l a r g e r  number of cel ls  are n e t e r i n g  t h e  m i t o t i c  s tage  than a r e  leaving it. 
i n  t h i s  contex t  t h a t  water loss accompanies t h e  m i t o t i c  s tage.  
r a t e  of c e l l  d i v i s i o n  occurs  near  37O as a n t i c i p a t e d  by Oppenheimer and Drost-Hansen (1960) .  

Appar- - t h a t  i s  near  30 and 45' 
It is undoubtedly important 

Cel l  d i v i s i o n  and c e l l  growth i n  genera l  appear t o  be exceedingly s e n s i t i v e  probes of the  changes 
Growth i s  g e n e r a l l y  re ta rded  i n  t h e  v i c i n i t y  of t h e  temperatures of t h e  s t r u c t u r a l  i n  t h e  water  s t r u c t u r e .  

t r a n s i t i o n s  ( t h e  kinks)  whi le  optimum growth p r e v a i l s  roughly midway between consecutive kinks. 
it i s  not  p o s s i b l e  a t  present  t o  r e l a t e  d i r e c t l y  growth phenomena t o  t h e  assoc ia ted  membrane phenomena 
without  oversimplifying,  we show i n  t h e  fol lowing a number of examples of growth a s  a func t ion  of tempera- 
t u r e  t o  emphasize t h e  above-mentioned temperature s e n s i t i v i t y .  Thus Figure 6 shows t h e  r a t e  of growth of 
a mutant of Neurospora c r a s s a  i n  media of i n s u f f i c i e n t  r i b o f l a v i n  supplement (Mitchel l  and Houlahan, B946). 
The ex is tence  of mul t ip le  growth optima is  c l e a r l y  shown. 
t h e  minima f o r  growth occur near  1 5 ,  30 and 45' - the  temperatures  of t h e  kinks.  

Although 

The optima f o r  growth occur near 25 and 37 and 

Another example of  m u l t i p l e  growth optima i s  shown i n  Figure 7 .  This  i l l u s t r a t i o n , t a k e n  from a 
r e c e n t  paper by Davey, Miller and Nelson (1966) shows two growth optima near  26' and 34OC, again w i t h  a 
d i s t i n c t  minimum near  29OC. 

V. Membranes 

We now address  ourselves  t o  t h e  problem of temperature e f f e c t s  on membranes. The s e n i o r  author  
(1965a) has r e c e n t l y  presented a d e t a i l e d  s tudy of the  nature  of  aqueous i n t e r f a c e s  i n  general .  
s t r u c t u r a l  changes i n  water  appear r e f l e c t e d  (and f requent ly  g r e a t l y  enhanced) i n  i n t e r f a c i a l  phenomena 
of a l l  types .  For t h i s  reason,  we became i n t e r e s t e d  i n  membranes a s  t h e  i n t e r f a c i a l  phenomena must here  
p l a y  a dominant r o l e .  Thus, our c u r r e n t  s t u d i e s  a r e  aimed a t  determining the e f f e c t s  of temperature on 
the  p r o p e r t i e s  of a wide range of membranes, from the  s implest  types of  physico-chemical membranes (such 
a s  l i q u i d  membranes) t o  complex, na tura l ly-occurr ing  b i o l o g i c  membranes. 

The 

A review of the  l i t e r a t u r e  has  revealed a notable  lack  of d e t a i l e d  information about temperature 
e f f e c t s  on membrane phenomena. 
on an exceedingly simple membrane i s  t h a t  by Schulman e t  a l .  (Rosano, Duby & Schulman 1961) .  The r a t e  
of  t r a n s f e r  of  s a l t  and water  across  a nonaqueous l i q u i d  phase was s tudied  a t  a number of temperatures. 
The l i q u i d  used a s  a "membrane" i n  t h i s  study was n-butanol, separa t ing  two aqueous phases of d i f f e r e n t  
concent ra t ions .  Figure 8 shows the  experimental  set-up used by Schulman and co-workers. 
s e p a r a t e s  t h e  two aqueous phases;  t r a n s f e r  of ions  between the  phases occurs  v i a  t h e  butanol .  A l l  phases 
a r e  s t i r r e d  t o  avoid concent ra t ion  g r a d i e n t s  i n  the  bulk phases; t h e  passage across  t h e  i n t e r f a c e s  i s  the  
rate-determining s t e p .  Figure 9 shows the  r e s u l t s  obtained by these  authors  f o r  t h e  rate of t r a n s p o r t  of 
sodium chlor ide  across  the butanol  membrane. The ord ina te  i s  the  logari thm of t h e  r a t e  of t r a n s f e r  ( a s  
measured by t h e  r a t e  of change i n  the  emf); t h e  a b s c i s s a  i s  the  r e c i p r o c a l ,  abso lu te  temperature. One 
n o t i c e s  the abrupt  change ( i n  f a c t ,  o v e r t  d i s c o n t i n u i t y )  i n  t h e  d a t a  i n  the  i n t e r v a l  between 30 and 39'. 
It i s  unfortunate  t h a t  no d a t a  were obtained i n  t h i s  temperature i n t e r v a l .  We are p r e s e n t l y  repea t ing  
measurements of t h i s  type and hope t o  o b t a i n  f o r  more c l o s e l y  speaced d a t a .  
t h a t  the  r e s u l t s  obtained by Schulman and co-workers f o r  t h e  r a t e  of t r a n s f e r  of potassium chlor ide  very  
c l o s e l y  resemble 
shown i n  Figure 10 and aga in  one n o t i c e s  the  marked d i s c o n t i n u i t y  i n  the d a t a  between 30 and 39'. 
more, it i s  observed t h a t  t h e  s lopes  f o r  both t h e  KC1 and NaCl d a t a  a r e  almost i d e n t i c a l  i n  t h e  range from 
39 t o  45O and again,  are almost i d e n t i c a l  f o r  t h e  two s a l t s  below 30'. 
t h e  f a c t  t h a t  a n o t a b l e  s t r u c t u r a l  t r a n s i t i o n  h a s  occurred around 30'. 

One o f  t h e  few s t u d i e s  which has been concerned wi th  temperature e f f e c t s  

The butanol  

It i s  i n t e r e s t i n g ,  though, 

the  potassium chlor ide  d a t a  a r e  the  d a t a  obtained f o r  the  t r a n s f e r  of sodium chlor ide:  
Further-  

We be l ieve  t h i s  lends credence t o  

The membrane s tudied  by Schulman and co-workers i s  obviously of l i m i t e d  s i g n i f i c a n c e  i n  connection 
w i t h  b i o l o g i c  systems. 
c e n t l y  Thompson (1964)  has s tudied  t h e  p r o p e r t i e s  of a bimolecular phospholipid membrane. 
sured the  r e s i s t a n c e  across  t h i s  membrane a t  closely-spaced temperature i n t e r v a l s  and Figure 11 shows h i s  
r e s u l t s .  
v i c i n i t y  29-3OoC. While it i s  r e l a t i v e l y  simple t o  apprec ia te  t h e  genera l  decrease i n  r e s i s t i v i t y  as the  
temperature i n c r e a s e s  i n  t h e  region from 23' and 29O and from 30° t o  36O, it i s  considerably more d i f f i c u l t  
t o  understand t h e  mechanism by which t h e  apparent  
However, t h e  increase  i n  r e s i s t a n c e  between 29 and 30' i s  undoubtedly a r e f l e c t i o n  of a changed water 
s t r u c t u r e  i n  o r  ad jacent  t o  t h i s  bimolecular membrane. 
phase across  t h e  membrane and t h a t  t h e  anomaly may be due a higher-order  phase t r a n s i t i o n .  

Butanol only poorly m i m i c s  ~e behavior of a l i p i d  membrane. However, more re -  
Thompson mea- 

One n o t i c e s  i n  t h i s  i l l u s t r a t i o n  the  l a r g e  maximum near  23' and t h e  marked t r a n s i t i o n  i n  t h e  

r e s i s t a n c e  of t h i s  membrane increases  between 20 and 23O. 

Thompson f e e l s  t h e r e  may be a continuous aqueous 

F i n a l l y ,  we mention an example of a s tudy of a n a t u r a l  membrane, namely t h e  plasma membrane of 
Valonia macrophysa. Figure 12 shows t h e  r e s u l t s  obtained by Bl inks  (1942)  who measured t h e  p o t e n t i a l  
d i f f e r e n c e  a c r o s s  t h e  membrane a t  a number o f  temperatures .  
30° a r e  r e l a t i v e l y  cons tan t ,  independent of t h e  temperature while  the emf increases  both below 15 and 

It i s  apparent  t h a t  t h e  va lues  from 15 t o  

3 
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Figure 5. 
Mitotic accumulation i n  HeLa-cells. Data 
by Rao and Engelberg (1965). 
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Figure 7. 
Growth of Streptococcus faecalis.  Composite 
graph of three independent runs. 
Davy, Miller and Nelson (1966). 
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Figure 6. 
Growth of a mutant of Neurospora crassa. 
Data by Mitchell and Houlahan (1946). 

I 

Figure 8. 
Schulman's transport c e l l  €or l iquid membrane 
studies. 
(By permission, J. Phys. Chem.) 

Rosano, Duby & Schulman (1961). 

4 



Figure 9. 

Log r a t e  of diffusion (* log r a t e  of change 
of potential) of sodium chloride across a 
"butanol membrane" as  a function of reciprocal, 
absolute temperature. See text. Data points: 
Schulman e t  a l .  
author. 

Curve redrawn by the senior 
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Figure 11. 
Temperature dependence of phospholipid, bi-  
molecular membrane. Data by Thompson (1964). 

Figure 10. 
Log r a t e  of diffusion (= log rate of change 
of potential)  of potassium chloride across a 
"butanol membrane'' as a function of reciprocal,  
absolute temperature. See text. Data points: 
Schulman e t  a l .  Curve redrawn by the senior 
author . 

Figure 12. 
Potential  across plasma membrane, Valonia 
macrophysa. Open circles:  increasing 
temperature. F i l l ed  circles:  decreasing 
temperature. Blinks (1942). 
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, above 3OoC. 
’ 

As was the  case wi th  the  r e s u l t s  obtained by Thompson,it i s  not  poss ib le  a t  t h i s  time t o  pro- 
pose a d e t a i l e d  d e f i n i t e  mechanism respons ib le  f o r  the  observed temperature dependence of the  p o t e n t i a l s .  
However, the  temperature dependence does suggest t h a t  the  s t r u c t u r a l  a s p e c t s  of water discussed above may 
play a ro l e  i n  determining the  p r o p e r t i e s  of t h i s  membrane. 

With these  examples, we wish merely t o  draw a t t e n t i o n  t o  the  f a c t  t h a t  the  underlying s t r u c t u r a l  
changes i n  water  may l i k e l y  a f f e c t  membrane phenomena ( a s  wel l  a s  many o t h e r  b i o l o g i c a l l y  important para- 
meters) and urge t h a t  t he  s t r u c t u r a l  changes i n  water be considered i n  f u r t h e r  s t u d i e s  on membranes. 
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