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ABSTRACT 
Hydrat ion or  rehydrat ion is the first and perhaps 

most critical step in imparting desired functional 
properties to proteins in a food system. Water that  
interacts with the protein molecule exhibits different 
properties from those of "free"  water. The types of 
water in protein-food systems are described in terms 
of structural,  monolayers,  unfreezable, hydrophobic  
hydration,  imbibit ion or capillary condensation, and 
hydrodynamic  hydrat ion water. Protein functional 
properties such as swelling, solubility, gelation, water 
holding capeity, etc., are directly related to the 
manner in which the protein interacts with water. 
Methods for studying the protein-water interaction 
are discussed. The primary protein-water interaction 
is believed to take place at various water binding sites 
on the protein molecule. Theories that  explain the 
mechanism of action of  these different water binding 
sites are reviewed. Factors which affect the protein- 
water interactions include the number and nature of 
the binding sites on the protein molecule, protein 
conformation,  plus environmental factors such as pH, 
salt, temperature and others. Finally, the protein- 
water interaction phenomenon and the physico- 
chemical and functional properties of  proteins in 
protein isolate systems (dehydrated,  solution, and 
ge l s )  and in protein food systems are briefly 
examined. 

INTRODUCTION 

A number of  protein isolates and concentrates have been 
developed from plant, animal and microbial ~ources to serve 
as functional ingredients in a wide and ever growing range 
of food applications. The successful use of these protein 
ingredients depends upon their abilities to fulfill one or 
m o r e  specific functional requirements, e.g., emulsion 
stabilizer, foam stabilizer, gel structure, etc. 

Many of  these protein ingredients are in the dehydrated 
form. However, since they are not  generally functional in 
the absence of a liquid water phase, the first and perhaps 
most critical step in imparting their desired functional 
proper ty  to the food system is their  interaction vr water 
to rehydrate,  swell and/or  solubilize them. The chemical, 

physical and functional propert ies of the protein in a 
particular food system are dependent  to a large degree upon 
rate and extent  of hydrat ion or rehydration.  Further,  the 
ability of the proteins to bind and immobilize water is itself 
one of its most important  functional properties in most 
food applications. The nature of the protein-water and 
protein-protein interactions is critically impor t an t  in deter- 
mining whether the protein will function in the food 
system as a colloidal dispersion, gel or insoluble precipitate.  

In this paper we will review methods for studying 
protein-water interactions, the basic nature of  these interac- 
tions and their relation to certain functional properties. 

EXPERIMENTAL TECHNIQUES FOR STUDYING 
PROTEIN-WATER INTERACTIONS 

The interaction of water with proteins and polypeptides 
has long been the subject of investigation (1-7). The 
properties of the water "bound"  to a macromolecule differ 
from those of  the " f ree"  or "bu lk"  water. Binding causes a 
decrease in vapor pressure and chemical potential  of the 
water and may be accompanied by  decreases in enthalpy,  
entropy and volume of the system. It also increases the 
hydrodynamic volume of the protein molecule and thus 
decreases the density of the hydrated protein, vis-a-vis, the 
unhydrated particles. Kinetic propert ies of bound water 
molecules also undergo change, as they rotate or translate 
more slowly than those in the bulk solvent. These changes 
in the thermodynamic and kinetic propert ies of  water are 
reflected by shifts in infrared, Raman and magnetic 
resonance spectra. 

The term, "bound ,"  and the amount  of water to  be so 
designated are still subjects of controversy and dependent 
on the experimental  measurement techniques employed 
(8). The total  water associated with!the protein also includes 
physically held water, i.e., capillary water or water held 
within a protein gel matrix.  This water is not  "bound"  
according to many of  the definitions but  is nevertheless 
restricted and difficult to remove from the material. There- 
fore, hydrat ion of  the protein molecule by interact ion with 
water is still thought of  in operational terms, and there 
appear to be many approaches to its operational  definition 
(4). In this paper, we will use "bound"  as a phenomenal  
term without  implying that  a specific quanti ty of  water is 
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FIG. 1. Effect of dialzable solute and pH on water sorption of 
soy proteins. 

described. 
Methods for studying protein-water interactions are 

numerous and may be classified as: thermodynamic, 
kinetic, spectroscopic, and diffraction (4). 

Thermodynamic Methods 

Changes in enthalpy, entropy, free energy, activity, 
freezing point and boiling point of water are useful in 
studying the protein-water interaction mechanism under 
equilibrium conditions. The water sorption-desorption 
isotherm technique (Fig. 1) is perhaps the simplest method 
in this group. It enables one to estimate degree of protein 
hydration as a function of Aw, and thermodynamic heat of 
sorption as a function of moisture content. 

Experimental methods available for studying water 
vapor sorption of food substance have been reviewed by 
Gal (9). The most commonly used method is the gravi- 
metric approach for determining weight changes of the 
protein system at equilibrium with different water vapor 
pressures. Data are normally plotted as grams of water per 
gram of protein or moles of water per mole of amino acid 
residue vs. water vapor pressure, or A w. The water vapor 
sorption isotherm for proteins and most biological material 
is sigmoidal Type II, as classified by Brunauer et al. (10). It 
can be roughly separated into three regions (Fig. 2): 1) 
between 0-0.3 Aw, the moisture content  increases rapidly 
with incremental increased in Aw, representing the adsorp- 
tion o f  monolayer water; 2) between 0.3-0.9 Aw, there is a 
slower increase in water content  with incremental increase 
in Aw, the water absorbed usually unfreezable; and 3) for 
Aw's above 0.90, water content again increases sharply with 
incremental A w increases. The water in this region is imbi- 
bition and capillary water. Hysteresis usually takes place 
throughout the intermediate A w range, e.g., the adsorption 
isotherm curve is positioned below the desorption (drying) 
c u r v e .  

Although there have been many mathematical equations 
developed to describe the isotherm, as well as the state of 
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FIG. 2. Water sorption isotherms of soy protein isolates. 

1 . 0  

water in protein-water systems, these equations generaLly 
follow a common form. Regardless of the theoretical 

starting point, many of the isotherm equations can be re- 
arranged to yield two constants. The first is strongly corre- 

lated with the number  of water binding sites on the protein 
molecules, whereas the second constant is proportional to 
the strength of the binding (4). 

The "isosteric" heat of absorption (AH A) of protein is 
about -16 Kcal/mole at very low water coverage (11), but it 
changes rapidly in the vicinity of the monolayer water value 
and then slowly appraoches the values for the vaporization 
of pure water as moisture content  further increases (Fig. 3). 
Similarly, the differential entropy (AS A) values are in the 
range of -40 to -45 eu at low A w but approach values of-28 
eu at high A w conditions (4,1 I). Enthalpy of sorption pro- 

vides an indication of binding strength of water molecules 
to the protein and and provides useful information bearing 
on the energy balance for drying the protein. Calorimetric 
methods permit evaluation of changes in the melting and 
vaporation characteristics of ice or water in a protein-water 
system. This method enables us to establish phase changes, 
energy relationships and the fraction of unfreezable water 
(12). 

Kinetic Methods 
These methods determine the mobility of water in the 

immediate vicinity of proteins or the mobility of the 
protein molecule as affected by its interacting with water 
molecules. One well known method is based upon the 
principle that the association of water with a protein mole- 
cule alters its hydrodynamic properties, e.g., density, 
volume and shape. Thus, viscosity and frictional coefficient 
data can be used to determine the amount of water asso- 
ciated with the protein molecule (7). A variety of techni- 
ques, nuclear magnetic resonance (NMR), dielectrics, laser 
light scattering and intrinsic viscosity, have been used to 
investigate changes in relaxation rates of protein molecules 
as a function of hydration (5, 13, 14). Tracer diffusion 
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FIG. 3. Differential enthalpy and entropy functions at various 
water contents for soy protein concentrates (11). 

methods have been used to determine changes in trans- 
lational diffusion rates of water molecules in protein-water 
systems (15). A number of researchers have recently used 
NMR to follow changes in the mobil i ty  of water molecules 
and to define the state of water in protein-water systems 
(4). Information concerning the transfer of water between 
different states can also be obtained.  

Spectroscopic Methods 

Changes in the spectroscopic properties of water are 
used to reflect the hydrogen bonding environment of the 
water molecule. Infrared (IR) and RAMAN spectroscopy 
are useful in evaluating the nature and strength of the 
protein-water hydrogen bonding (16). NMR has been used 
to determine the amount  of unfreezable water in protein 
systems (17). 

Diffraction Methods 

These techniques provide information on the average 
posit ion and orientation of  water molecules with respect to 
each other and to the protein molecule. Light scattering 
and small angle X-ray scattering techniques provide infor- 
mation about the density and concentration fluctuations of 
water molecules in solution and in the vicinity of the 
protein molecule. High resolution X-ray and neutron 
diffraction techniques are capable of  locating regions of  
structural water in the vicinity of the protein molecule. 

It is expected that  each experimental  method relates to 
different propert ies of the water or protein molecule and 
determines molecular processes that  occur at different t ime 
scales (Fig. 4). For  example, the approximate rotat ional  
correlation time of  "bulk"  water is in the range of 10 -12 
sec, and those of strucutral or monolayer  water are about 
10 -6 sec (18). It should also be mentioned that  each of 
these methods possesses inherent l imitat ions and uncer- 
tainties. In many cases background contributions from 
protein and "bu lk"  water are difficult to separate from the 
reaction of interest, and, therefore, only qualitative infor- 
mation is obtainable. However, each of the experimental  
techniques provides mutually supporting information with 
respect to location, dynamics and energy of water mole- 
cules associated with proteins. By properly selecting data 
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FIG. 4. Time scales of molecular processes and application 
ranges of experimental techniques (23). 

from these different techniques, i t  is possible to gain a 
reasonably accurate description of the state of water in the 
protein-water system. 

SITE AND STOICHIOMETRY OF PROTEIN-WATER 
INTERACTION 

Based on theoretical considerations, researchers have 
a t tempted  to determine details of the mechanism for 
protein-water interaction and the number of water mole- 
cules bound per protein molecule. In order to predict  the 
water binding propert ies of  a protein,  one must ascertain 
the water binding propert ies of each binding site. Various 
appraoches have been used to investigate this lat ter  relation- 
ship. For  example, one may selectively "b lock"  specific 
binding sites by appropriate  chemical modification (19) or 
by selectively removing binding sites through deamination 
reactions (20). Problems associated with these approaches 
are the uncertainties of the roles of  the new and modified 
binding sites which may also alter the protein 's  confor- 
mation and its abili ty to interact  with water. Another  
approach is to determine the water-binding characteristics 
of  various chemical groups on synthet ic  polymers  (21). 
Problems here include uncertainties due to possible steric 
factors caused by  conformational  rearrangements on the 
polypept ide (synthetic and protein),  including folding and 
aggregation which might alter their hydrophil ic  group's 
ability to bind water. 

Despite these difficulties, the s toichiometry of  protein- 
water interact ion has been explored by  several researchers. 
Pauling (22) found that  each polar group on a protein mole- 
cule binds one water molecule with the exception of 
carboxyl groups that  are hydrogen bonded to an imido 
group of glutamine or asparagine. A comparison of the 
number of polar groups and the "monolayer  water" is pre- 
sented in Table I. This generally covers A w from 0 to about  
0.3. Leeder and Watt (23) a t tempted  to determine the 
number of water molecules bound per protein polar  amino 
acid group by systematically removing known amounts of 
specific binding sites and empirically determining the water 
binding capacity of  each group as a function of Aw (Table 
II). They further a t tempted  to develop water-binding 
isotherms for several proteins by  assigning binding capacity 
values to each binding site. Good agreement was obtained 
for these protein water-binding isotherms at low Aw, but  
actual water binding capacities were higher than theoretical 
values calcualted for a given protein at high A w levels. It is 
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TABLE I 

Comparison of the Number of Water Molecules Held by Proteins 
in Initial Adsorption and the Number of Polar Groups in the Proteins (22) 

Protein 

Number of Total 
Water adsorbed polar reported 

in first lager groups amino 
(moles/ lO 5 g) (moles/ lO 5 g) acids 

Silk 226 219-228 10"7.0 
Ovalbumin 

crystallized 329 342 344 277-313 75.7 
lyophilized 314 
heat denatured 276 

Wool 366 303-341 71.4 
Gelatin, collagen 485 529 328-609 108.8 
C-zein, B-zein 210 228 305-390 106.0 
Salmine 592 611-707 110.5 
Serum albumin 374 424-424 86.8 
fl-Lactoglobulin 

crystallized 370 472-508 115.8 
lyophilized 329 

TABLE II 

Water Associated with Hydrophilic Groups in Proteins (23) 

Moles H20 per mole of sorption site at RH of: 

Sorption site 10% 20% 50% 80% 

-COOH 0.92 1.2 2.0 2.5 
-NH 2 0.83 1.2 2.1 2.7 
-OH (aliphatic) 0.09 0.17 0.34 0.60 
-OH (phenolic) 0.25 0.5 1.0 1. g 
-CO-NH- 0.06 O. 11 0.25 0.56 

TABLE III 

Water Molecules Associated with Hydrophilic Groups (24) 

Number of water 
Hydrophilic groups molecules bound 

H20 4 
-OH 3 
-COOH 4-  5 
-NH2 3 
N 2 1 

= 0  2 
NH 2 

p o s t u l a t e d  t h a t  t he  d i sc repancy  in these  values m a y  be  due  
to  the  f o r m a t i o n  of  wa te r  mul t i l ayers  and  c o n d e n s a t i o n  of  
l iquid wa te r  on  to  the  p r o t e i n  molecule .  Spons le r  e t  al. (24)  
previous ly  e m p l o y e d  a s imilar  a p p r o a c h  to  d e t e r m i n e  t he  
wate r  b ind ing  capaci ty  of  gela t in  as a f u n c t i o n  of  wa te r  
c o n t e n t  us ing the  m x i m u m  wate r  b i nd i ng  capac i ty  of  t he  
var ious  po la r  groups  (Tab le  III).  They  r epo r t ed  t h a t  a t  15% 
wate r  c o n t e n t  levels each  p r o t e i n  molecu le  b inds  approx i -  
ma te ly  260  wa te r  molecu les  and  t h a t  the  d i s tance  b e t w e e n  
amino  acid side cha in  spacings  increased  f rom 10.4 to  11.3 
A due  to  th is  b ind ing  p h e n o m e n o n .  Also,  these  spacings  
increased f rom 11.3 to  13.0 A as the  wa te r  b ind ing  in- 
creased to  33%. 

K u n t z  (17,  21)  used N M R  to  inves t iga te  the  degree of 
h y d r a t i o n  of  p r o t e i n  molecu les  and  s y n t h e t i c  po lypep t ides .  
The  i n f o r m a t i o n  was t h e n  used to  assign a specific n u m b e r  
of  n o n f r e e z i n g  wa te r  molecules  to  each  a m i n o  acid res idue  
which  were classified i n t o  t h r ee  groups :  1) po la r  a m i n o  
acids w i th  ion ized  side chains  which  b i n d  the  greates t  
a m o u n t  of  wa te r ;  2) n o n i o n i z e d  a m i n o  acids wh ich  b i n d  an  
i n t e r m e d i a t e  a m o u n t  o f  wa te r ;  and  3) h y d r o p h o b i c  groups  
which  b i n d  l i t t le  or n o  wate r  (Tab le  IV). F r o m  these  
f indings,  he  derived an a p p r o x i m a t e  fo rmula :  

A = f c + 0 . 4  f p + 0 . 2 f  n, 

where  A is grams of b o u n d  wa te r  pe r  gram of  p ro t e in ,  fc is 
t he  f r ac t ion  of  charged a m i n o  acid side chains,  fp is the  

TABLE IV 

Water Binding Capacity of Amino Acids in 
Synthetic Polypeptides by NMR (21) 

Hydration 1 
Amino acid residues (mole H20/residue ) 

Ionized polar 
A s p -  6 
Glu--~ 7 
Tyr+ 7 
Axg+ 3 
His+ 4 
Lys+ 4 

Non-ionized polar 
Asn 2 
Gin 2 

ProPro 3 
Ser, Thr 2 
Trp 2 
Asp 2 
Glu 2 
Tyr 3 
Arg 3 
Lys 4 

Nonpolar 
Ala 1 
Gly 1 
Phe 0 
Via 1 
ne, Leu, Met 1 

1The water count assigned to each amino acid residue includes 
water bound to one peptide bond. 

f r ac t ion  of  po la r  a m i n o  acid side chains  and  fn is the  frac- 
t ion  of  n o n p o l a r  a m i n o  acid side chains .  

As to  the  sequence  of  wa te r  b ind ing ,  S p e a k m a n  (25)  
suggested t h a t  wa te r  b ind ing  occured  a t  po la r  side cha ins  

unde r  low A w c o n d i t i o n s  ( in the  o rder  of  amino ,  c a rboxy l  
and  h y d r o x y l  groups) ,  fo l lowed  sequent ia l ly  b y  b ind ing  by  

pep t ide  l inkages at  i n t e r m e d i a t e  A w and  f inal ly  b y  the  
f o r m a t i o n  of  mul t i l ayers  at  h igher  A w. 

In conclus ion ,  the re  is l i t t le  d o u b t  t h a t  the  p r i m a r y  
p ro t e in -wa te r  i n t e r a c t i o n  occurs  at  po la r  a m i n o  acid sites 

on  the  p ro t e in  molecule .  Each  o f  the  d i f f e r en t  po la r  g roups  
will have the i r  o w n  charac te r i s t i c  wa te r  b ind ing  a f f in i ty  and  

capaci ty .  The  s t o i c h i o m e t r y  p r o p o s e d  b y  Paul ing  represen t s  
on ly  the  m o n o l a y e r  water .  The  value r e p o r t e d  b y  Bull  and  

Breese (six wa te r  molecules  pe r  po la r  groups  at  A w = 0 .92)  
is an empir ica l  regress ion c o n s t a n t  w i th  n o  specif ic  phys ica l  

mean ing  (26) .  However ,  i t  is i n t e res t ing  to  n o t e  t h a t  the  
wate r  b ind ing  capac i ty  at  A w = 0 .92  rough ly  equals  the  

q u a n t i t y  of  un f reezab le  wa te r  as d e t e r m i n e d  by  N M R  and  
ca lo r ime t ry  (Tab le  V).  
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TABLE V 

Protein Hydration of Different Sources (I 2,21,22,26,59) 

BET Monolayer 

Unfreezable water 

Aw=0.92 NMR Calorimetry 

(g H20/100g protein) 
Collagen 9.52 45 50 35 
Casein 5.47 40 39 a 43 
Lactoglobulin 6.67 32 - - - 55 
Ovalbumin 5.65 30 33 32 (33) b 
Serum albumin 6.73 32 40 32 (33) h 
Hemoglobin - - -  37 (42) b 32 (34) b 
Myoglobin - - - 42 42 - - - 
Soy protein 5.80 33 35 a 

aCalculated value using Kuntz's prediction. 
bDenatured conformation. 

FACTORS AFFECTING 
PROTEIN-WATER INTERACTION 

Number and Nature of Hydration Sites 

Polar  a m i n o  acid groups  are the  p r i m a r y  sites fo r  
p ro t e in -wa te r  in t e rac t ions .  One  m u s t  cons ider  w h e t h e r  
t h e s e  p o l a r  sites are ca t ionic ,  an ion ic  or  non ion ic .  
Accord ing  to K u n t z  (21) ,  ca t ionic ,  an ion ic  and  n o n i o n i c  
b ind ing  si tes b ind  d i f f e ren t  a m o u n t s  o f  wa te r  molecules .  An  
equal ly  i m p o r t a n t  cons ide ra t ion  is w h e t h e r  the  p r o t e i n ' s  
c o n f o r m a t i o n  pe rmi t s  these  b ind ing  sites to  be s ter ical ly  
available fo r  i n t e r a c t i o n  w i th  water .  F o r  example ,  t h e y  m a y  
be  freely exposed  to  the  wa te r  e n v i r o n m e n t  u n d e r  ce r t a in  
p ro t e in  c o n f o r m a t i o n a l  states,  t hey  m a y  in t e r ac t  w i t h  o t h e r  
amino  acid groups  on  the  p r o t e i n  or  t hey  m ay  be  bur ied  
wi th in  the  i n t e r i o r  region of  the  p r o t e i n  o r  p r o t e i n  aggre- 
gate and  t hus  may  n o t  be  available for  i n t e r a c t i o n  w i t h  
water .  A n y  s to i ch iomet i c  e s t i m a t i o n  work  shou ld  p r o b a b l y  
be c o n d u c t e d  on  dissociated,  un fo lded  and  r educed  p ro t e in  
fo rms  (Table  VI).  

Physical-chemical Environment 

pH: K u n t z  (21)  has s h o w n  tha t  ion ized  amino  acid 
groups  b ind  cons iderab ly  more  wate r  t h a n  n o n i o n i z e d  
groups  (Tab le  IV). Thus ,  lower ing  pH values be low 4 con-  
verts  ca rboxy l  g roups  t o w a r d  n o n i o n i z e d  forms,  t h e r e b y  
reduc ing  the  wa te r  b ind ing  p roper t i e s  of  the  p ro t e in  (Table  
VI). In add i t ion ,  changes  in pH affec t  the  m a g n i t u d e  of  the  
ne t  charge on  the  p ro t e i n  molecu le  which  in t u rn  al ters  i ts  
a t t rac t ive  and  repulsive i n t e r ac t i on  forces. F o r  example ,  a t  

TABLE VI 

Protein Hydration Prediction (unfreezable water) (21) 

Protein Calculated Observed 

(g H20/IO0 g protein) 
myoglobin 45 42 
hemoglobin (denatured) 42 42 
ovalbumin 37 33 
bovin serum albumin (BSA) 45 40 
BSA + urea 45 44 
BSA, pH 3 32 30 

the i r  isoelectr ic  po in t ,  where  the  ne t  charge is zero, p ro t e in  
molecules  n o r m a l l y  exh ib i t  m i n i m a l  h y d r a t i o n  and  swell ing 
and a p ro t e in  m a t r i x  b e c o m e s  s h r u n k e n  (Fig. 1 and  Table  
v i i ) .  

Solutes: Ionic  s t r eng th  and  species have a s ignif icant  
ef fec t  o n  solubi l i ty ,  viscosity,  gela t ion,  swell ing and  water-  
b ind ing  capac i ty  of p ro t e in s  (27-29) ,  Sal t - related changes- in  
p ro t e in -wa te r  i n t e r ac t i ons  m a y  be  p r o d u c e d  b y  compe t i t i ve  
b ind ing  of  wa te r  and  salt  molecules  b y  the  a m i n o  acid side 
groups.  The  a m o u n t  of  salt  b o u n d  by  a p ro t e in  molecu le  is 
a f u n c t i o n  of  A w in the  sys tem (9, 26) ,  while  the  a m o u n t  
of  wa te r  b o u n d  to p ro te ins  is a f u n c t i o n  o f  sal t  concen-  
t r a t i on  (30) .  The  salt d e p e n d e n c e  of  p ro t e in  so lubi l i ty  has  
been  recen t ly  ana lyzed  b y  Melander  and  H o r v a t h  (31)  
based on  the  dual  ef fec t  of  salt  on  the  e lc t ros ta t i c  and  
h y d r o p h o b i c  in te rac t ions .  The  increase  in so lubi l i ty  at  low 
salt c o n c e n t r a t i o n  is due to  the  " sa l t ing - in"  effect  of  elec- 
t ros ta t i c  i n t e rac t ions ,  whi le  the  p rec ip i t a t ion  of  p ro t e in  a t  
h igher  salt c o n c e n t r a t i o n  is due to the  " s a l t i n g - o u t "  ef fec t  

TABLE VII 

Effect of pH Protein-Water Interactions 

Water removed 
Protein pH (g/100g) a 

Raw beef muscle 5o0 b 7.68 
6.5 2.42 

Water holding capacity 
(% of normal muscle) c 

Beef muscle bomogenate 3.5 101 
5.0 b 42 

10 135 

Dry soy protein isolates 

Waterabsorbed 
(g/100g) d 

4.5 be 168 
7.0 e 253 
7.0 f 720 

aWater removed by centrifuging at 12,000 X g for 10 min. (61). 
bNear isoelectric point of proteins. 
CNormalized water holding capacity, normal muscle = 100 (60). 
dSpontaneous water uptake (method described in ref. 27). 
eCommercial soy protein isolate. 
fFreeze-dried soy protein gel. 12% protein, 100 C for 30 rain., cool then freeze-dried. 
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of hydrophobic  interactions. Salt affects hydrophobic  
interactions by increasing the surface tension, which is 
found to correlate well with the lyotropic series (the order 
of the effectiveness in "salt ing-out" proteins). 

The increase in water-binding capacity of meat proteins 
upon the addit ion of salt may be due to preferential anion 
binding ( C I - )  by the protein molecules. Such preferential  
binding of chloride ions by  the protein molecule at pHs 
above the isoelectric point  increases its net negative charge 
and its resulting repulsive forces, thus permitt ing addit ional 
water imbibit ion within the protein network,  while at pI-I's 
below the isoelectric point ,  the positive charge of protein is 
neutralized by chloride ions, thus decreasing its net positive 
charge and its water holding capacity (32, 33). Finally,  
protein dehydrat ion will occur at high salt (solute) concen- 
trations due to the compet i t ion of solutes and proteins for 
the available water. 

Protein conformation: Conformational  changes of the 
protein molecule may affect the nature and availability of 
the hydrat ion sites and hence the thermodynamic charac- 
teristics of their water-binding reaction. Changes in protein 
conformation and swelling during the course of water vapor 
sorption could be a problem in the interpretat ion of 
enthalpy and entropy values. The nature of such confor- 
mational changes may also depend upon the rate of water 
addition or removal from the system. Transition of the 
protein molecule from a compact,  globular conformation to 
a random coil conformat ion results in exposure of pre- 
viously buried peptide bonds and amino acid side chains so 
that they may now interact with the aqueous environment. 
Thus, a denatured, unfolded conformation should permit  
the protein molecule to bind more water than in its native, 
globular conformation (Table VI) (30). However, processes 
such as heating, concentrating, drying, texturization,  etc., 
which alter the quaternary structure of the protein system 
by aggregation of individual molecules, may reduce the 
availability of polar amino acid groups for binding water. 
The aggregation of protein through hydrophobic  interac- 
tions may also effectively reduce the total  surface area of 
the protein or cause the collapse of the protein matr ix  net- 
work. On the other hand, the altered structural charac- 
teristics of the agggregated protein systems may in some 
case provide additional protein-water interaction by means 
of imbibit ion of  water within the newly formed structural 
network, such as the gelation of globular proteins upon 
heating and cooling. 

Temperature: Temperature is an important  factor in all 
kinds of  reactions including the protein-water interactions. 
At the same Aw, protein usually binds less water at higher 
temperature than at lower temperature (11). But with 
temperature changes, protein conformation may be also 
altered which would probably  override the possible effect 
of  the temperature on protein-water interaction. 

Others: Factors such as surfactants, organic solvents 
(especially water miscible) and pressure are also expected to 
affect the protein-water interaction either at molecular  or 
macroscopic levels. 

PROTEIN-WATER INTERACTION IN RELATION 
TO FUNCTIONAL PROPERTIES 

Many of the impor tant  functional properties of food 
proteins are related to their interaction with water. Fol- 
lowing are those functional propert ies that  are directly re- 
lated to their mode and degree of interaction with water: 

Wettability and Dispersibility 
These  are largely determined by  the hydrophi l ic /  

hydrophobie  propert ies of the protein macromolecular  
surface, solvent surface tension, and the relative rates of 
water absorption and protein swelling. 

Swelling 
This is usually denoted as being caused by a spontaneous 

uptake of water by protein matrix. The degree of swelling 
may be controlled by various intermolecular forces or 
bonds within the swollen matrix. Swelling will thus have a 
direct effect on the amount of water that a food system can 
absorb and upon the ult imate body and texture of the food 
product. 

Solubility 
The solubilization of  a protein molecule is a process 

which simultaneously involves wetting, swelling, solvation, 
and dissolution. Other functional properties of proteins 
including foaming and emulsifying properties depend upon 
their ability to dissolve in the solvent. Protein solubility is 
dependent  upon conformation,  pH, ionic strength, tempera- 
ture, mechanical disruption forces and a number of other 
factors. 

Viscosity and Thickening 
The thickening proper ty  of a protein as expressed by  

viscosity is also a function of protein-water interaction as 
affected by the size, shape, charge and concentration of the 
protein and other factors. 

Gelation and Coagulation 
Gelation of proteins results in the formation of a get 

which may be thermally reversible. Coagulation is an irre- 
versible protein aggregation reaction which normally inolves 
limited protein swelling due, in part,  to the formation of 
covalent bonds such as disulfide. Aging or repeated heating 
may increase these protein-protein interactions resulting in 
a " t ighter"  gel structure which exudes solvent by syneresis. 

Water-holding Capacity 
This is a quantitative indication of the amount  of water 

retained within a protein matr ix under certain defined 
conditions. It usually includes entrapped water. 

Protein-Water Interactions in the Dry State 
Food  protein ingredients such as caseinate and soy 

protein isolates are customarily produced in a dehydrated 
form. The importance of water vapor sorption and its con- 
c o m i t a n t  effect upon related physical  and chemical 
properties of dehydrated foods are well illustrated in the 
literature (34-39). Okamato and Matsuura ( 4 0 ) d e m o n -  
strated the dramatic effect of water activity and moisture 
content  on the insolubilization of  protein during storage in 
the dehydrated form. Koury and Spinelli (41) also reported 
that the functional stability (as reflected by changes in 
emulsifying capacity) of fish protein isolates is closely 
related to the moisture content  and water activity of  the 
dried isolates. 

I t  is l ikely that  the protein insolubilization involves 
changes in the protein molecular conformation.  These 
molecular conformation changes may be brought about by 
formation of new polar-polar or hydrophibic-hydrophobic  
interaction pairs. 

PROTEIN-WATER INTERACTIONS IN SOLUTION 
There has been an increasingly popular  view during 

recent years that  in an aqueous environment the polar 
groups of the protein molecule are directed outward in 
direct contact  with water and that  the nonpolar  groups are 
directed inward away from the water phase. These factors 
result in a folded, "globular"  conformation for water 
soluble proteins and their associated propert ies  in solution 
(7, 42). The hydrophobic  bond is the term used to describe 
the gain in free energy resulting from the transfer of non- 
polar amino acid residues from an aqueous environment to 
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the interior  of  the protein molecule (43). It is believed that 
hydrophobic  bonding plays a dominant  role in stabilizing 
the helical, globular conformation of  the protein molecule 
in an aqueous environment in preference to the ramdom 
coil form (30). Richards (44) has shown that globular 
protein molecule interiors are closely packed with in- 
dividual amino acid residues occupying the same volume as 
they do in their  crystalline state. 

The majori ty of the polar side groups distributed on the 
surface and those buried in the interior  of the molecule 
would be stabilized through hydrogen bonding. It also has 
been shown by X-ray diffraction that some water molecules 
are inside the macromolecule and entirely isolated from the 
surrounding solvent (45). Most of these water molecules 
engage in two or three hydrogen bonds either with the 
mcromolecule  or with other  water molecules. These 
specifically bound water molecules must fulfill a structural 
role stabilizing the native protein conformation.  

Besides this structural water, a great deal of evidence is 
available that proteins in aqueous solution are hydrated to a 
considerable degree. For  example,  their hydrodynamic  
volume (t ime average of molecular volume plus volume of 
immobilized solvent) is greater than that  indicated by the 
partial specific volume (7). Thus, protein molecules must be 
in a solvation state surrounded by shells of water. The state 
of  these water layers has been an issue of controversy. Klotz 
(3) theorized that  the protein molecule is surrounded by 
layers of immobilized, "ice-like" water. However, from 
NMR results and from molecular mobil i ty  data this water is 
more "liquid-like" than "ice-like" (17, 46). Therefore, this 
water should be called "unfreezable" water. It covers the 
immediate surface of the macromolecules but  clusters 
about the protein 's  ionic and polar  side chains. Water layers 
beyond this unfreezable water layer can be expected to 
move with the protein molecules but  would have physical 
and chemical properties similar to those of "bu lk"  water. 
This may be defined as the hydrodynamic  hydrat ion water. 

It should be noted that the native conformation of a 
protein molecule possesses only marginal stability because 
it is highly constrained (30, 47). Small changes in condi- 
tions can cause "denatura t ion"  and unfolding of the 
protein chain. Conformational  changes which will have 
different degree of interaction with water are believed to be 
responsible for the observed differences in functionalities. 

PROTEIN-WATER INTERACTIONS IN GELS 

Although they consist mostly of water, protein gel struc- 
tures are remarkable in that they behave essentially as rigid, 
semisolids. The water component  retains many of its 
normal properties, e.g., vapor pressure, electrical conduc- 
tivity, and solute dissolution properties. The theory on the 
interaction of macromolecules carrying reactive groups that 
form a three-dimensional network via junct ion linkages or 
zones has been considered an essential feature of polymer  
(gelatin and polysaccharide) gels (48-50). The gelation 
mechanism for the reversible formation of polysaccharide 
gels,has been classified according to the nature of  the junc- 
t ion zones, i.e., double-helical junctions, stacked junctions 
and micelle junctions (50). Stainsby (51) suggested that the 
junct ion sites on gelatin gels consist essentially of proline 
and hydroxyprol ine.  Such junct ion zones are probably 
absent in gels produced from denatured globular proteins, 
and thus, a higher protein concentration is usually required 
to form a rigid gel structure (/> 10% protein to produce a rigid 
soy protein gel). The protein network may be stabilized by 
primary bonds (largely disulfide), by secondary forces 
localized on the protein, or by nonlocalized secondary 
attractive forces. In order to form a gel, it  is necessary to 
provide a proper  balance between attractive and repulsive 
forces on the respective polypept ide chains (48). If attrac- 
tive forces predominate,  the result will normally be an in- 

soluble protein precipitate.  If disulfide cross linkages be- 
come significant, an irreversible gel will result, e.g., heat- 
coagulated egg albumen. 

The exact physical state of the majori ty of water within 
the three-dimensional gel network is still somewhat uncer- 
tain. Since the water is so strongly immobilized that it 
cannot be "squeezed out ,"  it  may be that certain long range 
forces are involved in holding it within the protein-gel 
system. Some investigators have cited evidence that  NMR 
relaxation times (T 1 and T2) are shorter for water in 
muscle tissue than in salt solution (52-55) as confirmation 
that  water present near the protein macromolecule is in an 
ordered state. Ling (5) considered that water is present as 
polarized multilayers on the surface of the protein molecule 
with progressive loosening of the rotat ional  mot ion of the 
water molecules as the distance from the protein surface is 
increased. He also suggested that  this mechanism is favored 
where the protein molecule has alternating negative and 
positive charged sites on its surface. This hypothesis,  if 
correct, offers an explanation for the protein sol-gel transi- 
tion and the abil i ty of gels to hold water. When the protein 
is widely dispersed, as in a dilute solution, the bulk of its 
CO and NH groups are probably involved in hydrogen 
bonding with adjacent polar groups of  the same molecule 
(O:-helical conformation) or of other neighboring protein 
molecules (~-pleated sheet conformation).  The protein- 
water interaction is limited to that  bound by the protein 's  
polar groups as discussed in previous sections. However, 
disruption of hydrogen bonds between CO and NH groups 
of the polypept ide  chain, as by heating, may result in 
alternating negatively and positively polarized centers along 
the polypept ide  chain that  may then interact with water to 
create water multilayers. Subsequent interaction of poly- 
peptide chains with alternating negatively and positively 
polarized centers on opposing protein molecules may occur 
upon cooling via hydrogen bond reformation to provide the 
structure necessary to immobilize the free water. 

Whether the water in the gel is present as a polarized 
multi layer or in another structured form, the interaction 
between protein and water should definitely play an impor- 
tant role in gel formation. First of all, protein denaturation, 
which appears to be an essential precursor to gel formation 
by globular proteins, occurs most readily in the presence of 
water. Tanford (47) suggested that  the change of  water 
structure is probably not  as impor tant  in causing protein 
denaturation as changing the water to a state that  will 
accommodate the denatured protein 's  hydrophobic  groups. 
The denaturation phenomenon may represent a cooperative 
transition of the protein macromolecule.  It one assumes 
that the water in the gel has an ordered structure, then the 
protein-water interaction could also be cooperative during 
the sol ~ gel phase transition. If this is the case, the protein 
molecule must be appropriately arranged and in the appro- 
priate (unfolded) molecular conformation,  and the water 
molecules must be in a suitable state to accept and propa- 
gate the structure imposed by the protein molecules. Thus, 
the protein must be "act ivated" in the presence of water to 
attain a proper, unfolded conformation.  This represents an 
irreversible transition from sol to progel state (56). In the 
progel state, the properties of water may be modified by 
the exposure of hydrophobic  and hydrophil ic groups of the 
activated protein. At this point  the protein would be in a 
fully hydrated state. When the activated proteins are 
properly arranged, protein-protein interactions take place 
and a three-dimensional gel network will result. Transition 
from progel to gel states are reversible simply by adjusting 
the temperature (56). 

It should be noted that direct evidence of such ordered 
water sturctures in gel systems is still lacking. On the other 
hand, there are suggestions that  the majori ty of the water in 
gels has propert ies similar to those of free water (57,58). 
The apparent  difference in water mobil i ty  between sol and 
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FIG. 5. Migration of water from samples to chromatography 
paper. The chromatography paper strip is about 1 cm wide and in 
direct contact with the sample. 

TABLE VIII 

Water Removed from Beef Skeletal Muscle by 
Centrifugation at Various Speeds for 10 minutes (62) 

Centrifugal Force Water Removed 
(g) (g H20 / 100g) 

9 4  0 . 0 0  
7 2 0  0 . 4 5  

2 4 0 0  2 4 0 0  1 .20  
5 2 0 0  5 2 0 0  1 .85  
8 8 0 0  8 8 0 0  2 . 1 0  

1 2 0 0 0  1 2 0 0 0  2 . 8 0  
1 5 0 0 0  1 5 0 0 0  2 . 8 0  

gel could also be due to viscosity and physical barrier effect 
as well as protein-water interactions (Fig. 5) (59). 

WATER-HOLDING CAPACITY IN 
PROTEIN FOOD SYSTEMS 

Empirical measurements of the amount  of water held in 
model and experimental food systems has been used by 
various researchers (60-63). The following conditions have 
been used to define the amount of water held in protein- 
food systems: (a) it is not removed by a defined g-force of 
centrifugation or gravity (Table VIII) (b.), it is not ex- 
pressed by a defined suction or compression force. In most 
cases it is difficult to establish which parameters are 
actually being investigated. Furthermore, expressions such 
as water absorption, water uptake, hydration, water- 
b ind ing ,  bound water, water affinity, water-holding 
capacity and water retention are frequently used without 
specific definition. 

If the water is already present in the food system, e.g., as 
in raw muscle tissue, one may consider water retention or 
water loss as the food is subjected to freeze-thaw, cooking, 
centrifugation or compression. On the other hand, if the 
protein is in a dehydrated form, such as for a spray dried 
protein isolate, one would be concerned first mainly with 
water absorption or water uptake as it is exposed to water 
vapor or liquid (Fig. 6). A diagram of the probable se- 
quence for protein-water interaction starting with a dry 
powder is illustrated in Fig. 7. When a dry protein powder 
is exposed to water vapor, water molecules will be absorbed 
onto all available surface polar sites, thus forming a mono- 
layer coverage. Upon further water absorption, additional 
Myers of water are formed as multilayers followed by 
water-water interaction to result in liquid-water condensa- 

0.2 Soy Protein 

~ ~ 0.1 t,~ ~ Caseinate 

~ i/- . . . . . .  wPC 
F 

' ' 1;0 ' 2;0 300 
Time (min) 

FIG. 6. Swelling (water uptake) as a function of time for 20 mg 
sample (27). 
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FIG. 7. Sequence of protein-water interaction for dry protein. 

tion. At this state, the protein particles become swollen 
and, if the protein is soluble, swelling continues until  the 
individual protein molecules are surrounded by sufficient 
water molecules to solubilize them. This is a continuous, 
overlapping process with no clear-cut boundary between 
the individual stages. For example, protein swelling may 
occur at any point during the water absorption process. 

It should be expected that a portion of the changes in 
water-holding capacity of food systems may be attributed 
to structural changes of the protein matrix. Factors such as 
temperature (heating and freeze-thaw) and pressure may 
disrupt the existing structure and sometimes create a new 
one. Transmission and scanning electron microscopy are 
valuable techniques for the visualization of protein micro- 
structures which possess potential sites for immobilization 
of water (49). Transmission electron microscopy can be 
used to examine internal microstructure, whereas scanning 
electron microscopy is useful for assessing the size, shape 
and surface characteristics of protein-containing food 
particles or gels. Useful information on the size, shape, 
locality and number of pores and cavities of the aggregates 
and spaces in three-dimensional biopolymer networks may 
be estimated by a combination of the two microscopic 
techniques. 

Based on the current knowledge, we would like to offer 
the following definitions to describe the type of water 
which is "interacting" with or under the influence of pro- 
teins in a food system: 

Structural water: This water engages in hydrogen 
bonding to the protein molecule and fulfills a role in 
stabilizing the native structure of protein. It may be 
inside the macromolecule and engaged in two or more 
hydrogen bonds per water molecule. This water, in m o s t  
cases, is unavailable either for reaction or as a solvent. 
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A l t h o u g h  the  a m o u n t  of  wa te r  invo lved  is small ,  t h e  
r emova l  of  this  w a t e r  will p r o b a b l y  have p r o f o u n d  
ef fec ts  on  the  s t ruc tu r e  and  c o n f o r m a t i o n  of  t he  p r o t e i n  
molecu le  some  of  which  m a y  be i rreversible.  

M o n o l a y e r  wate r :  This  wa te r  fills the  first  ad so rbed  
m o n o l a y e r  a r o u n d  the  p r o t e i n  mo lecu le  and  is a t t a c h e d  
to  specif ic  wa te r -b ind ing  sites t h r o u g h  h y d r o g e n  b o n d i n g  
or  dipole  in t e rac t ion .  A typica l  p r o t e i n  would  have  a 
value o f  a b o u t  4-9% m o n o l a y e r  water .  I t  is usual ly  un-  
available as a so lvent ,  bu t  m a y  be  available for  cer ta in  
reac t ions .  

U n f r e e z a b l e  wate r :  This  wa te r  does  n o t  f reeze at  a sharp  
t r ans i t i on  t e m p e r a t u r e ,  m a y  r ep re sen t  the  to ta l  wa te r  
molecu les  c lus te red  a r o u n d  each po la r  g roup  of  the  
p ro t e in  molecu le  and  t hus  inc ludes  s t ruc tu ra l  and  m o n o -  
l ayer  water .  I t  m a y  a c c o u n t  for  a b o u t  0.3 to  0.5 g 
H20/g p r o t e i n  which  rough ly  inc ludes  wa te r  up to  wa te r  
ac t iv i ty  (Aw)  a b o u t  0 .90.  The  a m o u n t  of un f r eezab le  
wate r  cor re la tes  w i th  a m i n o  acid c o m p o s i t i o n  and  po la r  
side cha ins  on  var ious  p ro te ins .  The  reac t iv i ty  of  this  
wa te r  will usual ly  be e x p e c t e d  to be  a f u n c t i o n  of  wa te r  
ac t iv i ty  in  the  p r o t e i n  sys tem.  

H y d r o p h o b i c  h y d r a t i o n  wate r :  This  wa te r  in  the  v ic in i ty  
of  p r o t e i n  h y d r o p h o b i c  g roups  is bel ieved to  a d o p t  a 
c l a th r a t e - t ype  s t ruc tu re .  T he  real  n a t u r e  of th is  t ype  of  
wa te r  is n o t  ye t  clear,  t h o u g h  it m a y  have  i m p o r t a n t  
e f f e c t s  on  p r o t e i n  p rope r t i e s  since a cons iderab le  
n u m b e r  of  p r o t e i n  h y d r o p h o b i c  groups  m i g h t  r ema in  in 
c o n t a c t  wi th  wa te r  despi te  t he i r  i n v o l v e m e n t  in  h y d r o -  
p h o b i c  p r o t e i n - p r o t e i n  in t e rac t ions .  

I rnb ib i t i on  or  capi l lary  wate r :  This  wa te r  is e i t he r  he ld  
phys ica l ly  or  b y  surface  forces  on  the  p r o t e i n  molecule .  
I t  consis ts  of  a ma jo r  p o r t i o n  of  the  wa te r  in  gelled 
foods  such  as cheese curd,  mea t ,  mea t  emuls ions ,  etc.  I t  
is f reely available for  chemica l  r eac t ions  as well  as for  
so lvent  func t ions .  However ,  cons iderab le  force  is re- 
qu i red  to  r emove  i t  f rom the  p r o t e i n  mass. 

H y d r o d y n a m i c  h y d r a t i o n  water :  This  water ,  wh ich  
su r rounds  the  p r o t e i n  m ac r om ol ecu l e ,  is t r a n s p o r t e d  
a long  wi th  i t  dur ing  d i f fus ion  and  o t h e r  m o t i o n  and  is 
more  or  less i n d e p e n d e n t  of  wa te r  ac t iv i ty  over  a reason-  
able range.  There  is n o  f u n d a m e n t a l  r e l a t ion  b e t w e e n  
h y d r o d y n a m i c  h y d r a t i o n  and  t h e r m o d y n a m i c  h y d r a t i o n ,  
as the  " e n t r a p p e d "  and  " s u r r o u n d i n g "  wa te r  involved  in 
h y d r o d y n a m i c  h y d r a t i o n  has  n o r m a l  phys ica l  p roper t i es ,  
whereas  t h e r m o d y n a m i c a l l y  b o u n d  wa te r  does  no t .  
H y d r o d y n a m i c  h y d r a t i o n  is t he re fo re  equa l  or greater  
t h a n  h y d r a t i o n  values d e t e r m i n e d  by  o t h e r  t e c h n i q u e s  

T h e  above  classif icat ions of the  type  of  wa te r  in  p ro te in -  
wate r  i n t e r ac t i ons  have  the  advan tage  of  p rov id ing  us w i th  a 
series of  quan t i t a t i ve ly  and phys ica l ly  def inab le  def in i t ions .  
F u r t h e r m o r e ,  t hey  are cons i s t en t  wi th  and  expla in  the  basic  
s t ruc tu re  and  p rope r t i e s  of  the  p ro t e in  macro -molecu les  in  
mode l  and  food  sys tems.  In add i t ion ,  t h e y  are m o r e  specif ic  
t h a n  the  more  genera l ized  c lass i f icat ions  such  as " i r ro ta -  
t ionaUy b o u n d , "  " b o u n d "  and  " b u l k "  wa te r  (18) ,  and  i t  
will be easier  to  descr ibe  the i r  r e la t ionsh ips  to  the  physical ,  
chemical ,  and  f u n c t i o n a l  p rope r t i e s  of  p ro te ins  in  foods.  
Thus,  m e a s u r e m e n t  of  d i f fe ren t  types  of  wa te r  in  a given 
p ro t e in  sys t em can reveal  m o r e  a b o u t  the  p r o t e i n  s t ruc tu re ,  
the  n a t u r e  of  p r o t e i n - w a t e r  i n t e r ac t i on ,  and  d i f ferences  in 
p ro t e in  func t i ona l i t y .  

There  is a need  to  b e t t e r  u n d e r s t a n d  the  basic in terac-  
t i on  m e c h a n i s m s  and  to  deve lop  i m p r o v e d  m e t h o d o l o g i e s  
to  d e t e r m i n e  and  p red ic t  h o w  a p r o t e i n  will i n t e r ac t  w i th  
wa te r  and  o t h e r  c o m p o n e n t s  in  a c o m p l e x  food  sys tem.  
Only  by  such  i m p r o v e d  app roaches  will we aqul re  the  
ab i l i ty  to  p red ic t  w i th  any  degree of  accuracy  h o w  a given 
p ro t e in  source  is l ikely to f u n c t i o n  in f u t u r e  e x p e r i m e n t a l  

food  appl ica t ions .  
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