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Abstract The volume changes on 
mixing aqueous solutions of glycine- 
PEG and L-alanine-PEG were 
respectively measured with 
a vibration densimeter as functions of 
concentration and temperature. The 
volume changes (AmV) for the 
glycine-PEG-H20 system were 
positive, and these AmV values of 
different total molality almost linearly 
decreased with an increase in 
temperature and converged around 

110 ~ by extrapolation. On the other 
hand, those for the L-alanine-PEG- 
H20 system were almost zero and 
independent of temperature. It is 
considered that the influence of 
hydration cospheres on glycine-PEG 
interaction for the glycine-PEG-H20 
system disappears around 110 ~ 
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Introduction 

Poly(ethylene glycol) (PEG) is a nonionic linear polymer. 
The monomer unit of polymer is -CH2CH20-,  in which 
hydrophilic oxygens are separated by hydrophobic ethyl- 
ene units. PEG is widely used for the induction of cell 
fusion [1], as a fractional precipitating agent for the purifi- 
cation of proteins [2], and for the crystal formation of 
proteins and nucleic acids [3, 4]. These phenomena have 
been chiefly explained by the volume exclusion principle, 
but the influence of PEG on protein structure has not been 
quantitatively analyzed. 

It is widely accepted that the hydration properties of 
hydrophobic and charged groups play an important role 
in the conformational stability of biopolymers such as 
folding-unfolding transitions, ligand interactions, etc. 
I-5-7-1. Amino acids are the most convenient substances for 
analysis of the hydration contribution of such atomic 
groups because the importance of the hydration of amino 
acids is generally recognized in connection with the struc- 
ture and function of proteins. 

In previous papers [-8, 9], we reported the solubilities of 
amino acid in aqueous PEG solutions and the volume and 
compressibility changes on mixing for the ternary amino 
acid-PEG-H20 system at 25 ~ We have discussed the 
exclusion and overlap effects of hydration cospheres of 
PEG and amino acid on the solubility, volume and 
adiabatic compressibility changes. We considered that the 
exclusion effect is due to the structural incompatibility of 
the hydration cospheres between PEG and charged 
groups of the amino acid, and the hydrophobic interaction 
between the ethylene group of PEG and the amino acid 
side chain becomes stronger with increasing size of the 
amino acid side chain. 

Furthermore, hydration effects in solution are known 
to be strongly sensitive to temperature [10-11]. Therefore, 
the study of the temperature dependence of the volume 
and compressibility changes is of use in order to obtain 
further information on solute hydration. To gain a better 
understanding of the hydration of charged and uncharged 
groups, we report the results regarding the temperature 
dependence of the volume changes on mixing for the 
glycine-PEG-H20 and L-alanine-PEG-H20 systems. 
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Experimental 

Mater ia l  

Glycine,  L-alanine ,  and  P E G  of the highest  avai lable  puri-  
ties were purchased  from E. M e r c k  Science ( F R G )  and  
were used wi thout  fur ther  purif icat ion.  The  mean  molecu-  
lar  weight of P E G  was 4000. All amino  acids and P E G  
were dr ied before use in a vacuum over for 24h  in the 
presence of silica gel. Dis t i l led and  de ionized  water  was 

used. 

M e t h o d  

The  solut ion densities,  d, were measured  using an oscil- 
l a t ing- tube  dens imeter  (Antor  P a a r  DMA60/602).  The  
t empera tu re  a r o u n d  the densi ty  meter  cell was main-  
ta ined  by  ci rculat ing water  f rom a cons t an t - t empera tu re  
bath.  The rma l  s tabi l i ty  of  the ba th  was bet ter  than  
+ 1  • 10 -2  ~ The  densi ty  meter  was ca l ibra ted  with 

water  and  d ry  air  every day.  The densities could  thus be 
de te rmined  within -t-3 x 10 -6  g c m  -3. 

Result 

45 ~ The results for the g l y c i n e - P E G - H 2 0  and  the L- 

a l a n i n e - P E G - H 2 0  systems are shown in Tables  1 and  2, 
respectively. All the q~(x, m) values are l inear ly  re la ted to 
the to ta l  mola l i ty  m as observed  in a previous  pape r  [9]. 
The values of  appa ren t  mola l  volume at  infinite d i lu t ion 
were in g o o d  agreement  with the l i te ra ture  values [ 13-15].  

Table 1 Apparent molal volumes of glycine-PEG in aqueous solu- 
tion at several temperatures 

~bv(X, m) (cm 3 mol- 1) 
m x = 0  rn x = 0 . 5  m x =  1.0 

0.500 
1.000 
1.500 
2.000 

0.500 
1.000 
1.500 
2.000 

0.500 
1.000 
1.500 
2.000 

0.500 
1.000 
1.500 
2.000 

As we descr ibed in a previous  pape r  [9], the mean  appa r -  
ent  molal  volume of the mixed  solutes in t e rna ry  solut ion,  
~bv(x, m), is defined as follows: 

0.500 
~bv(x, m) = (1/m){(lO00 + ml MI + m2M2)/d - lO00/do} , 1.000 

1.500 
(1) 2.000 

where d and do are  the densit ies of the solut ion and pure  
water,  respectively,  and  ml(m2) and MI(M2) are the mola l i -  0.500 
ties and molecu la r  weights of the two solutes. In  this paper ,  1.000 

1.500 
1 denotes amino acid and 2 denotes PEG, and me and M 2 2.000 
mean  the mola l i ty  and the molecu la r  weight of  the P E G  

m o n o m e r  unit  ( - C H z C H 2 0 - ) .  The  to ta l  mola l i ty  m and 0.500 
mole  fract ion x are given as 1.000 

1.500 
m = m 1 + m2, and  x = ml/m . (2) 2.000 

The volume change  on mixing AmV is given in the follow- 
ing form [12]: 0.500 

1.000 
1.500 

A m V =  (ml + mz)(Ov(X,m)- ml~bv(1,m) - mz~bv(0,m) , (3) 2.000 

where 4~v(1, m) and ~bv(0, m) apply to binary solutions of the 
pure  solute. Us ing  Eq. (3), the volume change on mixing 0.500 
Am V is ob ta ined  directly.  1.000 

1.500 
The  re la t ions  between qS~(x, m) and  m were ob ta ined  2.000 

f rom the densi ty  da t a  in the t empera tu re  ranges from 5 ~ to 

t = 5~ 
36.15 1.000 39.20 0.500 41.96 
36.17 2.000 39.44 1.000 42.40 
36.21 3.000 39.74 1.500 42.94 
36.22 4.000 40.00 2.000 43.38 

t = I0 ~ 
36.38 1.000 39.54 0.500 42.48 
36.40 2.000 39.79 1.000 42.90 
36.44 3.000 40.06 1.500 43.42 
36.42 4.000 40.31 2.000 43.85 

t = 15~ 
36.58 1.000 39.87 0.500 43.00 
36.61 2.000 40.10 1.000 43.37 
36.64 3.000 40.37 1.500 43.85 
36.62 4.000 40.60 2.000 44.22 

t = 20 ~ 
36.78 1.000 40.17 0.500 43.38 
36.82 2.000 40.39 1.000 43.74 
36.84 3.000 40.62 1.500 44.19 
36.82 4.000 40.83 2.000 44.54 

t = 25 ~ 
36.97 1.000 40.44 0.500 43.74 
37.02 2.000 40.62 1.000 44.06 
37.02 3.000 40.83 1.500 44.48 
37.00 4.000 41.02 2.000 44.80 

t = 30 ~ 
37.14 1.000 40.66 0.500 44.04 
37.18 2.000 40.82 1.000 44.33 
37.20 3.000 41.04 1.500 44.70 
37.17 4.000 41.22 2.000 45.01 

t = 35 ~ 
37.34 1.000 40.82 0.500 44.30 
37.32 2.000 41.02 1.000 44.58 
37.37 3.000 41.22 1.500 44.91 
37.35 4.000 41.40 2.000 45.23 

t = 40 ~ 
37.50 1.000 40.98 0.500 44.50 
37.50 2.000 41.20 1.000 44.76 
37.53 3.000 41.40 1.500 45.10 
37.48 4.000 41.58 2.000 45.38 

t = 45 ~ 
37.64 1.000 41.16 0.500 44.64 
37.68 2.000 41.34 1.000 44.98 
37.69 3,000 41.53 1500 45.26 
37.67 4.000 41.70 2.000 45.52 



784 Colloid & Polymer Science, Vol. 273, No. 8 (1995) 
�9 Steinkopff Verlag 1995 

Table 2 Apparent molal volumes of L-alanine-PEG in aqueous 
solution at several temperatures 

~),~(x,m) (cm 3 mol -  x) 
m x = 0  m x =0 .5  m x =  1.0 

t = 5~ 
0.250 36.17 0.500 47.68 0.250 59.20 
0.500 36,15 1.000 47.76 0.500 59,37 
0.750 36.16 1.500 47.88 0.750 59.55 
1.000 36.17 2.000 47.96 1.000 59.74 

t = 10 ~ 
0.250 36.40 0.500 48.01 0.250 59.65 
0.500 36.38 1.000 48.10 0.500 59.82 
0.750 36.38 1.500 48.19 0.750 59.98 
1.000 36.40 2.000 48.26 1.000 60.13 

t =  15~ 
0.250 36.60 0.500 48.29 0.250 60.00 
0.500 36.58 1.000 48.40 0.500 60.16 
0.750 36.60 1.500 48.48 0.750 60.35 
1.000 36.61 2.000 48.56 1.000 60.51 

t = 20 ~ 
0.250 36.78 0.500 48.55 0.250 60.32 
0.500 36.78 1.000 48.64 0.500 60.49 
0.750 36.83 1.500 48.72 0.750 60.63 
1.000 36.82 2.000 48.78 1.000 60.79 

t = 25 ~ 
0.250 37.00 0.500 48.77 0.250 60.56 
0.500 36.97 1.000 48.86 0.500 60.74 
0.750 37.97 1.500 48.93 0.750 60.88 
1.000 37.02 2.000 49.01 1.000 61.05 

t = 30 ~ 
0.250 37.15 0.500 48.98 0.250 60.80 
0.500 37.14 1.000 49.07 0.500 60.98 
0.750 37.19 1.500 49.14 0.750 61.12 
1.000 37.18 2.000 49.21 1.000 61.29 

t = 35 ~ 
0.250 37.31 0.500 49.22 0.250 61.08 
0.500 37.34 1.000 49.30 0.500 61.24 
0.750 37.30 1.500 49.35 0.750 61.36 
1.000 37.32 2.000 49.41 1.000 61.50 

t = 40 ~ 
0.250 37.47 0.500 49.41 0.250 61.27 
0.500 37.50 1.000 49.49 0.500 61.42 
0.750 37.52 1.500 49.51 0.750 61.55 
1.000 37.50 2.000 49.59 1.000 61.69 

t = 4 5  ~  

0.250 37.63 0.500 49.58 0.250 61.41 
0.500 37.64 1.000 49.65 0.500 61.57 
0.750 37.63 1.500 49.70 0.750 61.70 
1.000 37.68 2.000 49.75 1.000 61.84 

T h e  Am V v a l u e s  o b t a i n e d  b y  Eq.  (3) for  b o t h  t he  

g l y c i n e - P E G - H 2 0  a n d  L - a l a n i n e - P E G - H 2 0  s y s t e m s  a re  

s u m m a r i z e d  in T a b l e  3 a n d  p l o t t e d  a t  c o n s t a n t  t o t a l  

m o l a l i t y  a g a i n s t  t e m p e r a t u r e  in  Fig.  1. As seen  in Fig.  1, 

t he  A m V v a l u e s  for  t he  g l y c i n e - P E G - H 2 0  s y s t e m  a re  p o s i t -  

ive a n d  d e c r e a s e  w i t h  a n  i n c r e a s e  in t e m p e r a t u r e ;  t h e y  

Table 3 Temperature dependence of volume change 

Am V(cm 3 kg-  1) 
(~ m = 1.0 m = 2.0 rn = 3,0 m = 4.0 

Gly-PEG-H20  system 

5 0.13 0.29 0.48 0.76 
10 0.11 0.25 0.45 0.64 
15 0.08 0.22 0.41 0.66 
20 0.09 0.22 0,39 0.62 
25 0.07 0.17 0,29 0.44 
30 0.05 0.13 0.26 0.42 
35 0.02 0.09 0.23 0.44 
40 0.02 0.10 0.23 0.48 
45 - 0.01 0.06 0.17 0.40 

m = 0 . 5  m = l . 0  m = l . 5  m = 2 , 0  

AIa-PEG-HzO system 
5 0.00 - 0.01 0.00 0.00 

10 0.00 - 0 . 0 1  - 0 . 0 1  - 0.01 
1 5  0.00 0.00 0.00 - 0 . 0 1  

20 0.00 - 0.01 -- 0.02 - 0.03 
25 0.00 - 0.01 - 0.02 - 0.03 
30 0.00 - 0.02 -- 0.02 -- 0.04 
35 0.01 0.01 0.00 - 0.02 
40 0.02 0.02 0.00 - 0.03 
45 0.03 0.04 0.02 0.00 

0.8 

0.6 

0.~ 

>E 0.2 

-0.2 

o 

o [] o 

~ o o 

i 

20 ~ o  ~ 60  ~ - - - a " ~ - - . _ " - . 4 o o  12o 
t (C* ) ~  

Fig. 1 Temperature dependence of volume changes for the glycine- 
PEG-HzO system �9 m = 1.0(mol/kg) e: m = 2.0(mol/kg) zx: m = 
3.0(mol/kg) :~: m = 4.0(mol/kg) 

s eem to  c o n v e r g e  a r o u n d  110 ~  b y  l i n e a r  e x t r a p o l a t i o n .  

T h o s e  for  t he  L - a l a n i n e - P E G - H 2 0  s y s t e m  a r e  a l m o s t  z e r o  

a n d  i n d e p e n d e n t  of  t e m p e r a t u r e .  

Disoussion 

I n  t he  P E G / w a t e r  sys t em,  P E G  a n d  w a t e r  a re  t h o u g h t  to  

be  s t r u c t u r a l l y  c o m p a t i b l e .  B l a n d a m e r  et  al. [ 16 ]  p o i n t e d  



K. Sasahara 785 
Temperature dependence of volume changes on amino-acid-PEG-HzO 

out that the distance between alternate oxygen atoms in 
the PEG chain and the next-nearest-neighbor distance 
between oxygen atoms in water are similar. Kjellander and 
Flourin [17] developed this idea and suggested that PEG 
can adopt conformations where the ethylene groups are 
encaged by a dynamic network of water molecules at the 
same time as hydrogen bonds are formed to the ether 
oxygen. Troyanik [181 showed by the Monte Carlo 
method that a helical structure of water molecules (water 
bridges) is formed around the PEG chain by the hydrogen 
bonds between three water molecules and two ether oxy- 
gens or four water molecules and one ether oxygen. The 
PEG chain thus promotes structuring of the water net- 
work by forming hydrogen bonds between the ether oxy- 
gen and water molecules. Kaatze et al. [19, 20] measured 
the complex dielectric constants of aqueous solutions of 
nonionic linear polymers. According to his results, the 
hydration number nh per monomer unit of PEG was 5 ~ 6, 
and the values ofz~/r ~ is 2.1 at 25 ~ where z~ and z ~ are 
the reorientation time of water molecules in the hydration 
sphere and in pure water, respectively. They considered 
that the hydration water may be in the hydrophobic hy- 
dration state. 

As seen in Fig. 1, the most remarkable feature of the 
AmV values for the glycine-PEG-H20 system is that the 
differences among the positive Am V values of different total 
molality m decrease with an increase in temperature and 
seem to converge around 110 ~ by extrapolation. Name- 
ly, at this temperature all the AmV values for the glycine- 
PEG-H20 system reach one value ( -  0.22 cm3/kg-1). 
However, this tendency is not seen for the L-alanine- 
PEG-H20 system. 

It is interesting to attempt to interpret these volume 
changes in terms of the hydration behavior of amino acid 
that depends on the hydrophobic and hydrophilic groups. 
At neutral pH, glycine and L-alanine are zwitterionic mol- 
ecules. Glycine does not possess a side chain, but L-alanine 
has a hydrophobic methyl group as a side chain. Conse- 
quently, the hydration sphere of glycine is controlled pre- 
dominantly by electrostatic interactions between water 
molecules and the oppositely charged amino and carboxyl 
atomic groups. 

As described in the previous paper [9], the interaction 
between amino acid and PEG can be explained by the 
cosphere concept of Gurney. According to Desnoyers and 
his colleagues [21], the sharing of hydrophilic hydration 
and hydrophobic hydration cospheres results in an overall 
repulsive force. The repulsive force due to the structural 
incompatibility of the hydration cospheres of glycine and 
PEG will cause a positive volume increase on mixing 
because the electrostriction of water in the hydration co- 
spheres of glycine and PEG may be reduced. Conse- 

quently, the results in Fig. 1 for the glycine-PEG-H20 
system may show that the volume effect of electrostriction 
of water around the charged groups of glycine is reflected 
in the value of AmV. A decrease in electrostriction means 
a decrease in the absolute value of Am V. That is to say, an 
increase in temperature breaks down the structure of bulk 
water, and water in the bulk medium structurally becomes 
more like the electrostricted water around the charged 
groups of glycine at elevated temperatures. This effect 
would result in a decrease and even a disappearance 
around 110 ~ of the structural difference between the bulk 
water and the electrostricted water around the charged 
groups of glycine. Therefore, the positive AmV values de- 
crease and converge with increasing temperature. 

On the other hand, AmV values for the L-alanine- 
PEG-H20 system manifest different behavior than those 
for the glycine-PEG-H20 system due to the presence of 
the hydrophobic -CH3 group. Thus, for L-alanine the 
hydrophobic hydration as well as the electrostatic one 
should influence its hydration sphere. As Chalikian et al. 
[22] pointed out, the hydrophobic hydration of the -CH 3 
group in L-alanine should not be considered as indepen- 
dently hydrated, because the hydration cospheres of the 
-CH3 group and the charged groups probably interact via 
overlapping hydration spheres. For the L-alanine-PEG- 
H20 system, the repulsive force due to the structural 
difference in the hydration cospheres and the hydrophobic 
interaction between the methyl group of L-alanine and the 
ethylene group of PEG may compensate each other over 
the temperature ranges studied. 

Chalikian et al. [22] have determined the apparent 
molar characteristics of glycine and L-alanine over the 
pressure and temperature ranges of 1 to 1000 bar and 
18~45~ and observed a reduction in hydration with 
increasing pressure. They interpret these observations as 
suggesting that an increase in pressure makes water in the 
bulk solvent more like the electrostricted water in the 
hydration spheres surrounding the charged terminal 
groups common to both glycine and L-alanine. 

Privalov [23] showed that the differences between spe- 
cific enthalpy values of the unfolding of some globular 
proteins decrease with an increase in temperature and even 
disappear around l l0~ and considered that l l0~ is 
a characteristic temperature for compact globular proteins 
which have some common features in their structural 
organization responsible for their thermodynamic 
behavior. 

In aqueous solutions, the hydrophobic interaction [241 
has long been thought to be the most important driving 
force for many biochemical process. Recently, however, 
hydrophilic interactions, which are highly dependent on 
the properties of the solvent, seem to be as important as 
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h y d r o p h o b i c  in terac t ions  in highly specific processes such 
as pro te in  folding and  molecu la r  recogni t ion  [25-28] .  As 
observed in the g l y c i n e - P E G - H 2 0  system, 110 ~ m a y  be 
a character is t ic  t empera tu re  for the hydra t ion  of a charged  
group,  and  a more  systematic  invest igat ion is required to 

character ize  the hydra t ion  proper t ies  of  such charged and 
h y d r o p h o b i c  groups  as a function of  tempera ture .  
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