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Abstract

According to the polarized multilayer (PM)
theory of cell water proteins with their back-
bones fully extended and their NHCO groups di-
rectly exposed to bulk water, polarize water in
multilayers. Experimental testing of the theory
led to a new understanding of the uniqueness of
gelatin, due to its permanently maintained fully
extended conformation and its ability to polarize
the bulk phase water in multilayers with reduced
solubilities for solutes in a size dependent
manner (! size rule" ). Other models which
behave like gelatin are urea-denatured proteins,
synthetic polymers like polyethylene oxide (PEO) ,
and polyvinylpyrrolidine (PVP), but not native
proteins. NMR studies showed that the majority
of water molecules dominated by these polymers
does indeed suffer rotational (and translational)
motional restriction as predicted by the PM the-
ory. In conjunction with ultra-high frequency
dielectric studies but particularly quasielastic
neutron scattering of both model systems (e.g.,
PEO) and living cells (i.e., brine shrimp cysts
and frog muscle), this finding offers confirma-
tion of the PM theory of living cell water and
model systems.

Studies of the freezing point depression
showed that the presence of as much as 50% of
native proteins had no effect on the freezing
point of water while inclusion of gelatin, PEO,
etc., caused concentration-dependent lowering of
the freezing temperature. These findings demon-
strate the key role of polarized water in the
phenomena of freezing point depression and the
unusual ice forms seen in living cells.
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Introduction

The basic unit of all living matter is the
cell. To understand the living phenomena thus
requires the correct knowledge of both the struc-
ture and functions of the constituent parts of
the living cell. In acquiring this knowledge,
modern electron microscopy has already made great
contribution in many different ways. As an ex-
ample, electron microscopy provided the pivotal
evidence of the localized distribution of the
major cell cation K in living cells. The find-
ing has thrown serious doubts on the conventional
theory of the living cells (the membrane-pump
theory) which required K* be distributed freely
and evenly in all cell water. This communica-
tion presents an alternative theory of the living
cells (the association-induction hypothesis) in
which the newly established localized distribu-
tion of cell K' is part and parcel of a coherent,
comprehensive theory of living cells, a theory
that agrees also with many other new discoveries
including those concerning the unusual physical
state of the most abundant component of all liv-
ing cells, water.

The Bound Water Concept, Its Evidence and
Apparent Disproof

Since long ago, biologists have repeatedly
observed that the extruded cytoplasm of plant and
animal cells does not mix with water (von Nageli,
1855; Kihne, 1864).

This immiscibility led some investigators to
the belief that water in the cell might be bound
to the solid components of the cells (Fischer and
Suer, 1935, 1938). In agreement with this view,
scientists in the 1920's and early 1930's, demon-
strated that water associated with biological
materials often did not freeze at temperatures
farobelow the freezing point of water (i.e.,

-20° C) (Rubner, 1922; Thoenes, 1925; Jones and
Gortner, 1932). Another type of experimental
data in support of the bound water concept was
based on the assumption that bound water does not
dissolve solutes and is thus '" non-solvent'.

Thus if a known quantity of sucrose was added to
a biological fluid, the freezing point depres-
sion would be lower than if all the water was
available to dissolve sucrose. In agreement with
the assumption, lower freezing point depressions




were observed (Newton and Gortner, 1922;
Gortner, 1937).

These early efforts to demonstrate bound
water in biological systems met with strong resis-
tance. The first type of evidence cited against
the existence of non-solvent bound water in living
cells was the demonstration that urea distributes
itself equally between water in muscle cells and
in the external solution (Hill, 1930). Similarly
ethylene glycol also distributes itself equally
between water in erythrocytes and in water of the
surrounding media (Mac Leod and Ponder, 1936).
The second type of negative evidence was based on
the fact that someéimes pure water could be
supercooled to -20" C and the assertion that the
presence of high concentrations of proteins in
living cells and biological fluids made it not
possible to accurately determine the freezing
point of water. Thus the validity of cryoscopic
demonstration of freezing point lowering was ser-
iously doubted (Blanchard, 1940).

The impacts of these findings and arguments
were so great that the concept of bound water and
with it the colloidal approach to the understand-
ing of living phenomena all but came to an end
since the 40's. To many, colloidal chemistry
appeared to be nothing more than the chemistry of
macromolecules (Ferry, 1948).

Bound Water Concept Survived Under Different
Management

The defeat of the champions of the colloidal
approach to water in biological systems did not
end the studies of water binding to proteins, a
subject which was continued by protein chemists
using purer proteins and with more precise meth-
ods. Concerning the fundamental question regard-
ing the sites of hydration on the protein mole-
cules two opposing theories were proposed. In
one theory, proposed by Pauling (1945), only
polar side chains offered the seat of hydration.
(The backbone NHCO groups do not adsorb water.)
Pauling also believed that only the first layer
of water taken up by proteins is adsorbed; addi-
tional water taken up was only normal free liquid
water condensed on the surface of the first layer.
Based on Bull's data of water sorption on pro-
teins (Bull, 1944) Pauling showed that by and
large the amount of water sorbed on the first
layer corresponds to the number of polar side
chains of each protein examined.

An alternative theory was proposed earlier
by Lloyd (1932). 1In this theory, both polar side
chains and the imino and keto groups of the back-
bone are the seats of hydration. Strong support
for this view was provided by Mellon, Korn, and
Hoover (1948) who showed that polyglycine esters
containing only polar groups in the form of back-
bone NHCO groups, nevertheless sorb a large quan-
tity of water.

A Possible Solution of an Apparent Paradox

The theories of Pauling and Lloyd were mu-
tually exclusive: in one the backbone NHCO group
sorbs water; in the other they do not sorb water.
Yet at the same time evidence continued to accum-
ulate in support of both theories. Sorting out

the relevant publications, it dawned on me that
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work supporting Pauling's theory came primarily
from biochemists working mostly with purified,
and often crystalline globular proteins. Those
supporting Lloyd's theory as a rule came from in-
dustry with primary interests in fibrous pro-
teins. Thus the paradox was clearly apparent
and it might be resolved by postulating that in
native globular proteins, especially at very low
humidity where the first layer of water is
sorbed, the seat of hydration is indeed primarily
the polar side chains; in fibrous proteins, on
the other hand, both polar side chains and back-
bone NHCO are the seats of water binding (Ling,
1972)..

The Polarized Multilayer Theory of Cell Water
That gaseous molecules can adsorb in multi-

layers has been known for a long time. In 1929,

de Boer and Zwikker proposed a quantitative

" polarization theory'" of multilayer adsorption

on solid surfaces described by the following

equation:

_E_ _ a
log (po) = KZKl + KB’

(1)

where p is the vapor pressure of the gas under
study and p is the vapor pressure at full sat-

uration under the same conditions. a is the
amount of vapor sorbed. Kl’ KZ’ and K3, are
constants in a defined enviromment. Later

Bradley (1936) derived a formally identical pol-
arized multilayer adsorption isotherm. The dif-
ference between the two equations of identical
form is that in Bradley's derivation, the perma-
nent dipole moment of the gaseous molecules was
taken into account. Since water has a large
permanent dipole moment (4 = 1.87 X 10 L eusal);
which plays a key role in the building up of
polarized multilayers (Brunauer et al., 1938),
the Bradley isotherm is a more appropriate
choice. Nevertheless the first derivation was
due to de Boer and Zwikker (1929). Of particular in-
terest in the application to water sorption, was
de Boer and Zwikker's clear recognition of the
important role of alternatingly positive and
negative neighboring sites in producing stable
multilayers of adsorbed molecules.

In 1965 the polarized multilayer theory of
cell water was first introduced (Ling, 1965).

In 1972, I suggested that it is the exposed pos-
itively charged NH (P) and negatively charged CO
(N) groups of cell proteins that are the primary
seats of multilayer adsorption of the cell water.
Arranged in more or less parallel arrays these
fully extended polypeptide chains constitute a
matrix (called an NP-NP-NP system) that polarizes
(all) the cell water into multilayers.

In 1970, Ling and Negendank demonstrated
that in surviving frog muscle cells, 5% of the
cell water is bound tightly and singly following
a Langmuir type of adsorption isotherm. The re-
maining 95% of the cell water follows the Bradley
multilayer adsorption (Ling and Negendank, 1970).
The Theory of Solute Exclusion from Water
Existing as Polarized Multilayers

Na™, sugars, and free amino acids are
examples of solutes found, as a rule, at lower
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Water in Living

concentrations inside the cell water than in the
external medium. Early attempts to explain their
exclusion from the cells in terms of impermeable
cell membranes with limiting membrane pore size
was disproved when radioactive isotopes made pos-
sible the demonstration of continual exchange of
these solutes between the cell and its environ-
ment (Ling, 1984). Membrane pumps were then in-
stalled to keep Na© and other solutes at levels
different from that found in the external medium.
In due time, this hypothesis has also been shown
to be untenable (see Ling, 1984, 1988a, b).

According to a new theory of the living
cells called the association-induction (AI) hypo-
thesis, which I first introduced in 1962 (Ling,
1962) and completed in 1965 (Ling, 1965) many
solutes are maintained at low concentrations
within the cells because they have low solubility
in the cell water which exists in the state of
polarized multilayers. Theoretically, there are
two basic physical mechanisms; one or both may be
operative to maintain a low concentration in the
polarized water.

(i) Enthalpy mechanism: more
precisely,enthalpy) is required to
the polarized water to accommodate
the enthalpy gained in filling the hole left be-
hind in the external solute. This mechanism is
size dependent; the larger the solute molecule,
the greater is the unfavorable enthalpy difference
and hence the lower the solubility (for details,
see Ling, 1984, p. 171).

(ii) Entropy mechanism: Water molecules in
polarized multilayers are in general more sta-
tionary and also form stronger H-bonds. As a re-
sult, solutes dissolved in polarized water will
be more restricted in their motional freedoms
(especially in rotational motional freedom) than
in normal liquid water. This loss of entropy also
reduces solubility in the polarized water. Since
the larger and more complex the molecules, the
larger the share of rotational entropy, the en-
tropy loss increases with molecular size and com-
plexity.

Since both the entropic and enthalpic mech-
anisms of solute exclusion are size-dependent, the
theory predicts what is called " the size rule',
i.e., the degree of exclusion increases with in-
creasing size of the molecules of similar type.
Indeed very small molecules and molecules that can
fit into the dynamic water structure of polarized
multilayers may not be excluded at all.

For the quantitative representation of the
solute exclusion properties, two parameters are
introduced:

energy (or more
dig a hole in
the solute than

The equilibrium distribution coefficient or
q-value represents the ratio of the equilibrium
concentration of the solute in the polarized water
over the concentration in the external normal
liquid water.

The apparent equilibrium distribution coef-
ficient or p-value represents the ratio of the
equilibrium concentration of the solute in the
cell over the concentration in the external water.
If all of the solute is within cell water, the p-
value equals the g-value. If some of the solute
is adsorbed onto proteins, the p-value is greater
than the g-value.

Cells and Models

Experimental Confirmation of the Prediction of
the Theory of Solute Exclusion

Since only protein molecules existing in the
fully extended conformation with their NH and CO
groups directly exposed to the bulk-phase water,
can polarize the bulk phase water in multilayers;
native proteins with their backbone NHCO groups
locked in Q-helical, B-pleated sheet or other
inter- or intra-macromolecular H-bonds are not
expected to have a great deal of influence on the
solvency of the bulk phase water. On the other
hand, if for structural reasons (e.g., gelatin,
see below) or in response to secondary structure
breakers (e.g., urea, guanidine HC1), a protein
exists in the fully extended conformation, the q-
values of large molecules (e.g., sucrose) or hy-
drated ions (e.g., Na' salts) will be reduced.
In contrast, denaturants like sodium dodecyl sul-
fate which break tertiary structure but not Q-
heiical or other secondary structure, are ex-
pected to have no or minimal effect on the g-
values of sucrose, Na salts, etc.

A1l of these predictions have been experi-
mentally verified. Since these experimental data
have been published and repeatedly reviewed
(Ling et al., 1980a, b); Ling, 1984; Ling and
Ochsenfeld, 1987, and my companion paper in
this volume) only a few key observations will be
briefly mentioned here: (1) Gelatin. In 1861
Thomas Graham coined the term colloid, after
gelatin ( KOANQ , glue or gelatin). One hun-
dred and twenty years later we began to under-
stand why gelatins differ from other proteins
(i.e., an unusual amino acid composition com-
prising of nonhelix-forming proline, hydroxypro-
line and glycine leading to the maintenance of a
permanent fully extended conformation) and what
gelatin does that other proteins do not (i.e.,
polarize water in multilayers). As an illustra-
tion Fig. 1 shows the exclusion of Na citrate and
sulfate by gelatin of different concentrations;
(2) Polarized Water that Excludes Na' Salt and
Sugar Does Not Exclude Urea or Ethylene Glycol.
Earlier I have shown how the demonstration of
equal distribution of urea and ethylene glycol
between cell water and water in the external
aqueous medium led to the widely accepted belief
that there is no bound (nonsolvent) water in liv-
ing cells (Hill, 1930; Mac Leod and Ponder, 1936).
We have now shown that proteins denatured by 9 M
urea have reduced solubility for sucrose, glycine,
and Na salts (Ling et al., 1980a). Nevertheless
the same water does not exclude urea (i.e., p-
value for urea in urea-denatured protein solu-
tion equals 0.99). Other experimental studies in-
dicate that water polarized by oxygen-containing
polymers (see below) demonstrating strong exclu-
sion for Na© salts, etc. does not exclude ethy-
lene glycol or glycerol. In fact, their p-value
in the polarized water was found to exceed 1.0
(Ling, to be published).

In conclusion, the near unity p-values for
urea and ethylene glycol does not prove normalcy
of cell water; they only disproved the as yet im-
perfect theory of bound water as possessing no
solvency at all for all solutes. The new findings

show that the solvency varies with the solute,
generally following the '" size rule';

(3)




|.O.
\A
%
O\ o
08¢t
©)
Q;
NO
O,
o 06
2 (@)
32 o)
z | A
S o O
@
®
7?0.4_
o
=z
C~
02
O Na-citrate
A Na-sulfate
OOO Ib 30 50 70

Gelatin concentration (%, w/w)

Fig. 1: The apparent equilibrium distribution
coefficient (P-value) of Na citrate between var-
ious concentrations of gelatin solutions in the
bags and in the external solution (37° C). The
higher temperature was to keep the gelatin in the
same fluid state as in other polymers. [from Ling
and Ochsenfeld, 1983, by permission of Physiol.
Chem. Phys. and Med. NMR].

Water Polarization by Oxygen-containing Synthetic
Polymers. The striking features of gelatin in
its amino acid composition are the possession of
a large percentage of nonhelix-forming proline
(11.7%), hydroxyproline (9.2%), and glycine
(32.5%). The mechanism underlying glycine's well-
known helix-breaking potential (Chou and Fasman,
1974) was unknown until recently, with the recog-
nition of the role of inductive effect in the de-
termination of secondary protein structure by its
amino acid composition (Ling, 1986). However,
the non-H-bond forming trait of proline and hy-
droxyproline is more straightforward, i.e.; the
lack of a proton on their peptide N atoms. Thus
a triad of proline, hydroxyproline, and glycine
has the following configuration

8§74
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Now a polymer of glycine (only) has already
been shown by Mellon et al. to adsorb water in
multilayers. A synthetic polymer that may be re-
garded as a model of proline and hydroxyproline
polymers is polyvinylpyrrolidone (PVP),

Qo q'\LO

L C\H—CHZ—C’H—CHZ—' I
which also does not have a proton on the N atom
of the pyrrole ring. Fig. 2 shows that indeed
solutions of PVP, like gelatin, exclude Na ci-
trate, only more effectively.
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Fig. 2: The apparent equilibrium distribution

coefficient (P-value) of Na citrate between var-
ious concentrations of PVP solutes in the bag and
in the external solution at various concentrations
of PV (25° ¢). [from Ling and Ochsenfeld, 1983,
by permission of Physiol. Chem. Phys. and Med.
MR].

The ability of PVP solutions to exclude large
solutes has the following additional significance:
(1) Solvency Reduction Does Not Depend on the
Assumption of a Gel or Coacervate State. Unlike

gelatin, PVP does not form gels, but is in the
form of a viscous solution. The effectiveness of
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PVP solution to exclude large solutes therefore
shows that gel-formation (which I at one time be-
lieved to be an integral part of solute exclusion
mechanism, Ling, 1972) and " coacervate' forma-
tion (which Troshin (1966) associated with solute
exclusion) are both nonessentialj; (2) Solvency
Reduction Propoduced by NO-NO-NO System: The
behaviors of PVP are paralleled by a number of
other oxygen-containing synthetic polymers, in-
cluding polyethylene oxide (PEO) (-CHpCHp0-)p,
polyethylene glycol (PEG) H(OCH7CHp),OH and

polyvinylmethyl ether (PVME) (-CH-CHZ—)n, with a
\

0,
CH3

similar strong ability to sorb and polarize in
multilayers large amounts of water. Solutions
of oxygen-containing polymers like PVP, PEO, and
PVME are not NP -NP-NP systems but are all NO-NO-
NO systems, since the negative oxygen atoms are
separated from their immediate oxygen neighbors
not by positive P sites but by neutral or vacant
(0) sites (see Ling and Ochsenfeld, 1983); (3)
The Size Rule: Solute exclusion by oxygen-
containing synthetic polymers, like their living
cell counterparts, obey the " size rule'" (Ling
et al., 1980b; Ling, 1984).

Nuclear Magnetic Resonance (NMR) Characteristics
of Polarized Water in Living Cells and Model
Systems

When water molecules are placed in a steady
magnetic field, and an oscillating electromag-
netic field of the proper frequency is applied in
a perpendicular direction to the static magnetic
field, the hydrogen nucleus of the water molecule
will undergo a transition into an excited state.
If the oscillating electromagnetic field of suit-
able frequency is now suddenly turned off, the
excited hydrogen nuclei will return to equili-
brium with the environment (referred to as the
" lattice') with a first order exponential time
course. The time constant of this exponential
decay is called spin lattice relaxation time or
T,-

If the static magnetic field is held con-
stant, the hydrogen nuclei are excited only if
the applied perpendicular electromagnetic field
matches the natural or Larmor frequency (Wo) of
the hydrogen atom. Theoretically, one might ex-
pect that the energy absorption will occur at a
sharply defined frequency. In fact, it is a
wider band of frequencies, due largely to
Heisenberg's Uncertainty Principle. For gaseous
and nonviscous liquids the observed signal width
(or line width) along a changing frequency scale
is of the order of T, l. However in solid ice,
the line width is much wider. If the U, repre-
sents the linewidth at the half maximumzheight of
the proton signal, then

Ty =5=, (2)

where T, is another relaxation time called spin-
spin relaxation time. The reason that the line-
width is so much broader and T2 so much shorter

than T, in solid ice than in water vapor or li-
quid is the much larger spread of the Larmor
frequencies of the different protons of the
sample. This arises from contributions to the
applied static magnetic field by local magnetic
fields produced by the rigidly held neighboring
hydrogen nuclei. In gaseous or liquid water, the
tumbling and constant motion of the neighboring
protons cancel out this local field effect.

Water molecules in the gaseous or liquid
state move rapidly; water molecules in the solid
ice state move much more slowly. A parameter
used to measure this difference is the rota-
tional correlation time T , which equals the time
needed for a molecule to rotate through an angle
equal to 1 radian (the angle at the center of a
circle subtended by an arc equal in length to the
radius of the circle).

Fig. 3 shows the theoretical relationship
between T,, T,, and TC. Note that T. has a
minimum; its position varies with the field fre-
quency. Below this minimum, T, and T2 are equal;
above it, T, and T, are different.
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Fig. 3: Theoretical curves of T. and T, of water
proton at various rotational correlation times,
T calculated from the equations of Bloembergen
et al. (1948) as modified by Kubo and Tomita
(1954). [from Ling and Murphy, 1983, by permis-
sion of Physiol. Chem. Phys. and Med. NMR]

Testing the Polarized Multilayer Theory of Cell
Water by NMR

According to the polarized multilayer theory
of cell water, virtually all cell water exists in
the state of polarized multilayers and as such the
water molecules suffer rotational (and transla-
tional) motional restriction (Ling, 1965, 1972,
1984). The NMR correlation time T , measures the
rotational motion. As shown in Fig. 3, a dif-
ferent T gives rise to a different T, and TZ'

The determination of T, and T, thus in theory
offers a means of testing the polarized multi-
layer theory of cell water.

With this specific purpose in mind Cope
(1969) and Hazlewood et al. (1969) began their NMR
studies of cell water. In agreement with results
of earlier studies of Odeblad (1957) and others,
Cope and Hazlewood found that T, and T, of water

in living cells were different %rom those of
From a large variety of

normal liquid water.
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living tissues studied, T, was found to be often
reduced by a factor of 5 to 10, while T, was
reduced by a factor from 50 to 100 from the T
and T, of normal liquid water under similar con-
ditions which are about 3 seconds (see below)
(for extensive compilation of data published
before 1979, see Hazlewood, 1979).

At first look, the disparity between T. and
T, measured suggests that the T_ of cell water is
very much to the right of the T. minimum given in
Fig. 3. The very low T, then stggests that T
is so long as to approach that of solid ice
(2.5 X 10 © at -3° C, see Steinemann and
Granicher, 1957; Glasel, 1972, p. 242). More
careful thinking, however, shows that this would
be unreasonable. The translational self-diffu-
sion coefficient of H,0 in solid ice (Ice I) is
one million times slower than in liquid water
(Eisenberg and Kauzman, 1969, p. 121 and p.
218). Thus if water in living cells is quantita-
tively like solid ice, the translational diffu-
sion coefficient of water in living cells must
also be similarly reduced. 1In fact, the transla-
tional self-diffusion coefficient of water in
living cells is lower than that in liquid water
by only a factor of 2 to 3 (Hazlewood, 1979;
Ling, 1984, p. 391).
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Similar reasonings then led to the growing
belief at one time that the low and different T
and T, values observed had little to do with the
physical state or motional freedom of the bulk of
cell water. Rather, the reduced T, and T, are
the consequence of rapid exchange of either water
protons or magnetic energy between the bulk of
normal liquid cell water and some minor fraction
of tightly bound water (for review of this view,
see Cooke and Kuntz, 1974; Kuntz and Zipp, 1977).
The widely different T, and T  of water protons
in different normal tissues as well as the dif-
ferences between cancer cells and their normal
counterparts (Damadian, 1971) were thought to be
simply due to their different water contents,
both intracellular and extracellular (Weisman et
al., 1972; Inch et al., 1974; Eggleston et al.,
1978).

In 1980 Ling and Tucker presented evidence
that while unquestionably T, and T, of the water
proton of living cells varies with the cell water
contents, the differences in T, and T, between
different normal tissues and between cancer cells
and normal tissues persist when all of their
water contents are manipulated to equal each
other by exposure to hypo- or hypertonic Ringer
solutions. Ling and Tucker then pointed out that

at constant water contents, the differ-

- ent T. and T, of different tissues,
2 norma} tissués, and cancer cells could
be due to (1) different proteins and
possibly water tightly bound to them;
(2) different amounts of paramagnetic
ions present in the cells, and/or (3)
differences in the physical state (mo-
tional freedom) of the bulk of cell
water. Experiments were then designed
to test for the presence of these fac-
tors: (1) The Role of Paramagnetic Ion
Contents in Normal vs. Cancer Cells.
Having established that 10% trichloro-

tendon

O

lens

/’o—/’

2= acetic acid does not liberate a signifi-

cant amount of bound paramagnetic ions
(e.g., Fe in hemoglobin), Ling (1983a)
compared the T, of the TCA extracts of
19 frog tissues with the T, of the fresh
tissues normalized to a uniform water
content of 80%. The data reproduced in
Fig. 4 yields a linear correlation co-
efficient (r) of +0.58, which is sig-
nificant at the 1% level in a two-tailed
test. Since r? is roughly equal to the
percentage contribution of the corre-
lated parameter to the phenomenon ob-
served (Snedecor and Cochran, 1980, p.
181), about 30% of the T. variation

1500
(msec)

1000
T, of TCA extract

Fig. 4:

80% water content and the T
extracts of the tissues.

of four determinations.

Chem. Phys. and Med. NMR]

Relation between spin lattice relaxation time (T
of water protons of fresh tissues normalized to a uniform
of hot trichloroacetic acid
""Blood" refers to separated
blood cells, mostly erythrocytes. Each point is the average
Correlation coefficient measured
is +0.58. [from Ling, 1983a, by permission of Physiol.

among the 19 frog tissues is due to the
TCA extractable ions*. The important

)

1 *The TCA extracts contain essentially no
proteins. The only components that are
high enough in concentration to in-
fluence water proton relaxation are
" free" paramagnetic ions including
copper,

iron, and manganese.
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T

Sample Tissue (msec) (msgc)

A. P ovalbumin  1325%10  470+7
(no ashes)

B. A  muscle 550+4 2664
B liver 1093 6751

C spleen 49.5%1.0 30+0.7
D  kidney 176+2 116%1
E heart 933 6511
F lung 91t3 6551
G brain 4417 24554
c. H  Lsa 710817 356%3
I Meth A 938t10  361%4

g hepatoma 134 853T18 388%t15
K sarcoma 180 970t20  373%e
L  P815 950£10  405%7
M Ehrlich 910%17 3307

Table 1: NMR relaxation times, T. and T, of pure

ovalbumin solutions and ovalbumin solution con-
taining the dissolved ashes of normal mouse tis-
sues and ascites cancer cells. T, and T, were
measured on a coherent CPS-2 NMR pulse Spectro-
meter (Spin Lock, Ltd., Port Credit, Canada)
operating at a resonance frequency of 17.1 MHz.
T, was determined with 180°-T-90° pulse sequence;
T2 with Carr-Purccél spin echo method.
temperature was 25 C. T. and T
average of three determinations
was from Nutritional

Sample
values are
t S.E. Ovalbumin
Biochemical Co., Chagrin
Falls, OH, and by ashing shown to contain no sig-
nificant amount of paramagnetic impurities. All
cancer cells were in the ascites form: LSA (lym-
phoma) ; Meth A (fibrosarcoma); sarcoma 180 (pleo-
morphic leukocyte sarcoma); P815 (mast cell
leukemia) ; Ehrlich (mammary adenocarcinoma).
[from Ling, 1983b, by permission of Physiol. Chem
Phys. and Med. NMR ]

Fig. T, and T, of water proton in aqueous sol-
utions of bovine serum albumin plotted against
their water contents. [from Ling and Murphy,
1983, by permission of Physiol. Chem. Phys. and
Med. NMR]
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discovery that the T, and T, of the water proton
of cancer tissues di%fer from those of normal
tissues by Damadian (1971) led eventually to the
development of magnetic resonance imaging (MRI)
as a noninvasive diagnostic tool of great power.
In evaluating the significance of the longer T
and T,, Damadian pointed out that his findings
agree with Ling's polarized multilayer theory of
cell water and an early suggestion of the late
Albert Szent-Gyorgyi that water in cancer cells
is less structured than in normal cells (Szent-
Gydrgyi, 1957, footnote on p. 57). Table 1,
taken from Ling (1983b) shows that a major cause
of the longer T, and T, seemed to be lower con-
centrations of paramagnetic ions in cancer cells
than in normal tissues. This finding contra-
dicted the then widely held belief that para-
magnetic ions have minimum effect on T. and T2
of water proton in living cells; (2) The Rol&
of Proteins and a Small Quantity of Tightly
Bound Water. On preceding pages of this review,
I pointed out that as a rule, native proteins
like bovine serum albumin (BSA) had little in-
fluence on the solvency of Na+ salts, sucrose,
and glycine. Therefore to all intents and pur-
poses, solutions of BSA are largely normal
liquid water or at least water having properties
resembling normal liquid water in as far as
solvency for sucrose, Nat salts, etc. Yet as
shown in Fig. 5 in a solution containing 20% BSA
completely freed of paramagnetic impurities the

T, and T, are markedly shorter than that of nor-
mal liquid water. Indeed both the low values of
T, and T, and the widely different values of T

and of T, leading to T, /T, ratios much
than unity bear strong resemblance to the T
T, characteristics of living cells. These
réesemblances thus demonstrate that proteins do
indeed have the power to provide the means of
causing rapid relaxation of water protons;

(3) The Role of Multilayer Polarization of Water
in T., T , and T of Water Protons. In the
preceding sectioﬁ, I have shown that water con-
tent, paramagnetic ions, diamagnetic proteins
(and possibly a minute amount of tightly bound
water) all contribute to the relaxation rates of
water protons, lowering the T, and T, of the
system measured. Now we come back to the cru-
cial question that NMR was once intended to
answer: Does the bulk of cell water suf-
fer loss of rotational (and translational)
freedom in consequence of interaction with
the fully extended protein chains as pro-
posed in the polarized multilayer theory
of cell water? Unfortunately NMR cannot
provide a straightforward answer because
there is no conceivable way of removing
the cell proteins (and paramagnetic ions)
which interfere with determination of the
true T., T, and T of the polarized water
(if it exiSts), wi$hout destroying the
cells.

Failing a direct answer to the key
question, one can provide straightforward
answers to a somewhat different but rele-
vant question, ' Does water that has lost
its solvency for solutes normally excluded
by water in living cells suffer rotational

larger
and
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(and translational) motional restriction accord-
ing to the AL hypothesis?'" We can now answer
this question because we knew only recently that
at least four synthetic oxygen-containing poly-
mers exist which reduce the solvency of the bulk-
phase water but do not cause rapid relaxation of
the bulk-phase proton through a rapid exchange
mechanism such as that provided by paramagnetic
ions and by proteins.

Fig. 6 shows a plot of T, and T, against
the water content of different concentrations of
PVP. Note that whereas in the case of BSA, T
becomes progressively larger and larger than LTZ
as the protein content increases, the T, and T
of PVP solution remained very close to each
other with increase of PVP concentration. Table
2 shows that all four polymers exhibit a more or
less constant ratio of Tl/TZ throughout the

Ling

entire concentration range of polymers studied,
and that this ratio is essentially the same as
that of normal liquid water (Table 3).

Let us now return to Fig. 3, where T, and T
are plotted against the rotational correlation
time T . The constancy of the T_ /T, ratio means
that we are on the left hand side of the T, min-
imum. Once this is decided, it is a simple mat-
ter to find the T corresponding to each set of
T1 and T, values.®

as such these T., T,, and T _ values
are not the final answers we seek because these
T1 and T_'s are the average of two kinds of
water, normal liquid water with a T, of about 2.6
seconds; and polymer-altered water, the T, (or
T,) of which can be calculated from the T_ (or
T,)observed only if we know how much of t%e water
in a polymer solution is polymer-altered and how

much is normal liquid water.

However,

100r Fortunately, one can obtain this
PVP 5 set of figures by making the reasonable
90r assumption that if a polymer solution
80k shows a p-value for Na citrate of say
0.4, then 40% of the water is polymer
70 dominated with zero solvency for Na
7 60F citrate. 60% is then normal liquid
- water, content. With this assumption,
g,so— then,data provided by solvency studies
a0k of the polymer solution, illustrated in
Fig. 1, can be combined with the
30r observed T, data from NMR studies to
20k determine %he T, of the polymer-affected
water with the aid of the Zimmerman-
10F Brittin equation (Zimmerman and Brittin,
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 J 1957):
0 200 400 600 800 1000 200 1400 1600 1800 2000 2200 1 n o1
Relaxation Time ( Milliseconds) Tobs :121 Pi Ti ’ (3
J:
Fig. 6: T. and T, water protons in aqueous solutions of ) o o
po%yvinylpyrrolidone (PVP) against their water contents. where P, is the probability of finding

[from Ling and Murphy, 1983, by permission of Physiol.

Chem. Phys. and Med. NMR]

water of the ith kind, which may be
equated to the proportion of water of
that type. Ti is the relaxation time

of that type of water. For T1 in the
polymer solution,
BSA Gelatin PVP PEO PVME
% T,/ | % T/ | % T |% Tl/ oot/
H20 T2 H20 T2 H2O T2 H20 T2 HZO TZ
Distilled 2 T2 T /T
98.0 1.49(89.5 1.63(90.7 1.10(95.9 1.37(91.2 1.32 Water pH (msec) | (msec)| 1’72
91.7 2.27|74.9 2.54|81.6 1.41(90.8 1.41(83.0 1.30
86.5 2.25/59.3 4.67|76.4 1.27|87.4 1.54|75.4 1.27 Air 6.6 | 2350 | 1740 ] 1.47
79.2 3.30|47.2 9.29]69.9 1.06|77.1 1.40(65.9 1.10 L 8.6 3200 | 2100 ) 1oz
70.0 5,272,486 5.50067.1 1.28)77.8 1,39159.4 1,11 Air 3.5 2550 2150 | 1.21
59.0 11.50(35.6 12.50;59.9 0.98|66.4 1.45(40.4 1.01 N 3.5 3250 2700 1.20
24.8 13.00]41.8 1.20/56.3 1.20|26.8 1.82 .
N2 10.6 3325 2650 | 1.28
Table 2: The ratios of T,/T, for BSA, gelatin,
PVP, PEO, and PVME at variousS water contents.
To save space, every 4th set of data from PVP
and every 2nd set of data from PEO were deleted. Table 3: T, and T, of water protons of distilled

These deleted data are in essence similar to
those retained. [from Ling and Murphy, 1983, by
permission of Physiol. Chem. Phys. and Med. NMR]

water at di%ferent pH's in air or nitrogen.
[from Ling and Murphy, 1983, by permission of
Physiol. Chem. Phys. and Med. NMR]
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(Tl)obs - Xn.l. (Tl)n.l. XPAW (Tl)PAw ’ (@)

where (T ) is the observed T. of the polymer
solution of °a certain concentration. Xn is
the fraction of water that is normal liquid water,
and (T,) p, its corresponding T. (i.e., 2.6
sec.); XnéAQ is the fraction of polymer-affected
water in the total water content and is equal to
(1 - pNa-citr-)? (Tl)PAW is the T1 of the polymer
affected water we are seeking.

Once the (T, )pay has been obtained, a com-
parison with the data of Fig. 6, for example,
will allow us to calculate the T of the polymer-
affected water in that specific Case.

Table 4 illustrates the data in our final
evaluation of PEO-dominated water. Note that the
T_ increases from about 1 x 10711 to 2.7 x 10711
sécond with increase of PEO content from 7.5% to
50%. Now the T of normal liquid water is 3 x
10712 sec. One“finds that the polymer-affected
water, which has lost its solvency for Na citrate
does indeed suffer a restriction of its rota-
tional (and translational) motional freedom such
that its rotational correlation time has length-
ened by a factor of from 3 to 19 depending on the
concentration of PEO.

Our next effort was to find out if the ob-
served relaxation rate, (Tl)—1 of living cells
like the frog muscle can accommodate the relaxa-
tion due to both the bulk phase water with T
similar to that of (T )paw just determined and
the minor fraction of rapidly relaxing water
associated with paramagnetic ions and diamagnetic
proteins. Such a calculation was made and shown
to fit the observed T, easily (Ling and Murphy,
1983). With this result in hand, it is obvious
that the earlier conclusion that the observed NMR
relaxation times pointed to the presence of the
bulk of cell water as normal liquid water was not
warranted. Nor, however, can we say that the
short T, and T, of the water proton by itself has
provideé unequivocal proof that the bulk of cell

Water in Living Cells aund Models

water is like that of the Na citrate-nonsolvent
water in the polymer-water system examined.

The unavoidable interference due to para-
magnetic '" contaminants' and diamagnetic pro-
teins makes NMR relaxation times incapable of
providing unequivocal data about the motional
freedom of water molecules in highly hydrated
cells like the frog muscle - a problem which may
be less thorny in the case of much less hydrated
Artemia cyst cells (Seitz et al., 1980).

Fortunately, there are other ways of deter-
mining the rotational and translational motional
freedom of water molecules in living cells.

These include high frequency dielectric disper-
sion methods which yield a dielectric relaxation
time, T, which is related to NMR correlation
time, T by the simple relation T, = 3 T . The
most recent studies of Clegg and coworkers of
brine shrimp cysts with a water content of about
58% suggest that they contain no free water. The
T, measured was about twice as long as that of
normal liquid water (Clegg et al., 1984). Unfor-
tunately, as pointed out by Trantham et al.
(1984) a dielectric relaxation measurement (like
NMR T,) might also be made to look more like
norma% liquid water than it truly is due to rapid
exchange and domination by a minute amount of free
water in the sample. Luckily there is yet
another even more reliable method of measuring the
rotational and translational freedom of water in
living cells, i.e., the method of quasi-elastic
neutron scattering (QENS). The study of Trantham
et al. (1984) yielded a rotational diffusion
coefficient of water in brine shrimp cysts 13
times slower than that of normal liquid water and
a translational diffusion coefficient 4 times
slower. Just as significant was the demonstration
that water in a 30% PEO solution exhibits very
similar QENS behaviors (Rorschach, 1985). In
frog muscle with much higher water content (80%),
the rotational diffusion coefficient was recently
estimated at about twice as long as normal liquid
water dominated by PEO and other oxygen-containing
polymers (i.e., about 3 times longer).

In summary, QENS studies have shown

that the bulk of cell water indeed suffers

EO
. rotational (and translational) motional
Minimal restriction as predicted by the polarized
Polymer multilayer theory of cell water. Results
Polymer Hy0 Altered PAW of the QENS studies are in full harmony
Content|Content L PNa Water [T e with those from high frequency dielectric
(%) (%) |(msec)|citrate| (%) |(msec)] (sec) dispersion and NMR studies.
7.5 92.5 2980 0.87 13 1250 1.02x10—11 Thus fér, no QENS'studles have been
=12 made comparing the motional freedom of
10 90 2110 0,73 217 1400 | 9.2x10
1.2 water of normal cells and cancer cells.
15 85 1800 0.5 49 1360 | 9.4x10
5 =11 Fortunately the theory of solute exclusion
20 80 1540 0.39 61 1220 {1.06x10 . - :
-11 in polarized multilayered water offers
30 70 1110 0.22 78 947 11.36x10 : : G
-11 different and highly sensitive ways of
40 60 780 0.13 87 707 {1.81x10 c oz 4 o
50 50 590 0.08 92 487 |92 67x10_11 determining the motional restriction of
B i bulk phase with the aid of the estimate of

PAW PAW
Table 4: The T and T of estimated polymer-

altered water %PAW) in PEO-water system. The

the g-value of dynamic water structure
probes, i.e., a battery of nonmetabolizable
pentoses. In normal tissues, the g-values
for all these pentoses tend to be similar

amounts of PAW were obtained from the p-values for
Na citrate and were taken from Ling and Ochsenfeld
(1983). [from Ling and Murphy, 1983, by permission
of Physiol. Chem. Phys. and Med. NMR]
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and > 1. In all cancer cells studied, on
the other hand, the g-values of the pen-
toses are equal to or very close to unity
(Ling, 1984, p. 340-343). Together these




data indicate that the dynamic polarized multi-
layered structure of highly malignant cancer
cells is indeed looser than in most normal living
cells.

The Freezing and Thawing Behaviors of Normal and
Polarized Water

In the preceding section, I have shown how
with the introduction of the polarized multilayer
theory of cell water and the predicted and exper-
imentally confirmed size-dependent solute exclu-
sion, the nonexclusion of urea and ethylene gly-
col can no longer be regarded as evidence of
free cell water. Rather these findings are fully
in harmony with the new theory of cell water
being in the state of polarized multilayers quite
distinct from normal liquid water. In this sec-
tion, I shall present results of new experimental
studies that would invalidate the arguments that
once reviewer Blanchard used so effectively to
put down the colloidal approach to cell water
properties. Here the new perspective was pro-
vided by the availability of more refined instru-
ments for the study of freezing and thawing of
aqueous systems unknown to both the proponents of
" bound water' concepts and those against it in
the 1930's.

Native Proteins at Concentrations as High as 50 7

Do Not Cause Unusual Freezing Behavior of Water

Using a scanning calorimeter of great sensi-
tivity one can measure the heat given off or
adsorbed in a minute sample weighing a few milli-
grams in weight.

Fig. 7 shows the cooling thermogram of dif-
ferent concentrations of bovine hemoglobin solu-
tions. The freezing temperature as well as the
rate of freezing were not distinctly different
from one another in the presence of hemoglobin
from a concentration of 5% up to as high as 50%!
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Fig. 7: Cooling thermograms of various concentra-
tions of native bovine hemoglobin solutions with-
out Agl crystals. [from Ling and Zhang, 1983, by
permission of Physiol. Chem. Phys. and Med. NMR]
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The addition of silver iodide seeding crystals
raised by a few degrees the freezing temperature
in a uniform manner. In the presence of Agl
crystals, the freezing temperature of solutions
of five other native proteins (BSA, Y-globulin,
B-lactoglobulin, egg albumin, and protamine sul-
fate) from 5% to 50% in concentration also pro-
duced no change in the freezing temperature or
rate of freezing.

The implication of these findings is that
the arguments once used by Blanchard and others
against earlier " bound water' concept (based on
failurg of water in biological systems to freeze
at -20° C) can no longer be considered valid.
Presence of mechanical barriers even as high as
that provided by 50% protein had no significant
effect on freezing temperature.

Fig. 8 shows the profoundly different
behavior of solutions containing different con-
centration of the polymer, polyvinylmethyl ether
(PVME) in the presence of Agl. Note that the
freezing point becomes lower and lower with in-
crease of PVME concentration until at 65%, no
freezing could be observed. Even at -50" C. the
unfrozen 65% PVME solution was not solid (vitre-
ous) but remained a highly viscous liquid (Ling
and Zhang, 1983; Zhang and Ling, 1983).

The freezing behavior of PVME solution was
shared by not only PEO and PVP, but by all the
proteins that reduced the solvency of bulk phase
water for Na salts, sugar, and free amino acids.
These include gelatin and urea- and guanidine-
HC1-denatured native proteins, but not sodium
dodecyl sulfate (SDS)-denatured proteins, which
as mentioned earlier, did not have an effect on
the secondary structure of protein nor on the
solvency of the bulk phase water containing the
SDS -denatured proteins.
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Fig. 8: Cooling thermograms of various concentra-
tions of PVME with Agl crystals, [from Ling and
Zhang, 1983, by permission of Physiol. Chem.
Phys. and Med. NMR ]
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Why Should Water in Living Cells Freeze If Tt
Exists As Polarized Multilayers

If the cut end of a supercooled muscle cell
is touched with an ice crystal one or more single
branchless spikes will rapidly grow along the
direction of the orientation of the myofilaments,
straight when the muscle is in its usual resting
orientation, helical, if the muscle fiber has
been twisted. At no time does the spike form
branches (Chambers and Hale, 1932; Miller and
Ling, 1970; Ling, 1984, p. 284-285).

It is well known that normal ice has hexa-
gonal symmetry. Hexagonal ice formation per-
sists in solutions of glycerol (6 M), sucrose
(50%), and even bovine serum albumin (35%)

(Luyet and Rapatz, 1956). Of a variety of solu-
tions these authors investigated only two showed
marked deviations. In these cases the ice formed
showed a lobed club-like shape of uniform width
and devoid of the extensive feather-like second-
ary and tertiary branching seen in normal ice.
Luyet and Rapatz called this unusual ice form

" irregular dendrites'. The two substances that
they found to cause the formation of irregular
dendrites were: gelatin and PVP. As mentioned
above gelatin and PVP, 1like PVME, PEO, and urea-
denatured proteins showed pronounced ability to
cause the freezing point depression of the bulk
phase water; 35% native bovine serum albumin
does not.

There is thus full accord between the
ability of a polymer of proteins existing in the
fully extended conformation to lower the freezing
point and suppress freezing altogether (at high
concentration) and its ability to suppress normal
branching in ice formed. Since the ice spike
formed in muscle cells is the extreme form of
nonbranching ice, proteins in the living muscle
cells must also exist in the fully extended con-
formation, like PVP and gelatin, rather than like
native bovine serum albumin with most of its back-
bone NHCO groups locked in G-helical and other
intra- and intermolecular H-bonds.
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Discussion with Reviewers

C.F. Hazlewood: In your presentation you com-
mented extensively on the failure of cell to
produce enough energy to operate the sodium pump
alone. How do you account for such a large dis-
crepancy between your calculations and those of
the membrane-pump-camp? It is argued by some
that the ATP turn over is not adequately taken
into account in your calculations. Would you
please comment on this latter criticism?

Author: The energy need of the Na pump calcu-
lated by Levi and Ussing (1948), by Harris and
Burn (1949), and by Keynes and Maisel (1954) was
that of normal cells in the normal environment
and these calculations were not intended to put
the Na pump hypothesis to a rigorous test. In
contrast, my calculation was the result of ex-
periments designed rigorously to test if the cell
commands enough energy to operate the Na pump.
For this purpose I completely blocked respiration
with pure nitrogen plus cyanide, and glycolysis
with iodoacetate (IAA) backed up with actual lac-
tate analyses at the beginning and the end of the
experiment to catch the minute glycolytic activ-
ity that had escaped the inhibiting effect of
IAA. Since there is no additional energy source
besides respiration, glycolysis, and the store

of ATP, ADP, and creatine phosphate (CrP), this
blockage of respiration and glycolysis made it
possible for us to determine precisely how much
energy is maximally available to the cell over a
period of time if one measured the total changes
in the content of ATP, ADP, and CrP at the be-
ginning of the experiment (after the complete
arrest of respiration and glycolysis) and at the
end of the period studied.

The success of our experiment rests on the
ability of isolated frog muscle to maintain its
normal KT and Na¥ concentrations unchanged for
many hours (e.g., 7.7 hours, see Table 4.4 in
Ling, 1984) after the full arrest of respiration
and glycolysis at 0° C.
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Since all active metabolism that regen-
erates ATP has been completely blocked by the
combined action of the poisons used, we have
created a " closed system! in which there is no
ATP turnover except among CrP, ATP, and ADP them-
selves. Since all three components were ana-
lyzed at the beginning and at the end of the ex-
periment, all available sources of the so-called
" high energy phosphate bonds' have been taken
into account. The accusation that I have
ignored ATP turnover could only come from those
who had not read the publication since so much
space was devoted to describing the blockage of
ATP regeneration (Ling, 1962).

C.F. Hazlewood: It appears that you are propos-
ing the existence of matrix protein that is
responsible for the development of the polarized
multilayers of water. What is this matrix pro-
tein? Does the matrix protein exist in the
extended form and, if so, how is it related to
the cytoskeletal structures of the cell?

Author: The matrix protein exists in the fully
stretched state with a large portion of its back-
bone NHCO groups directly exposed to and polar-
izing the bulk of cell water and it is present
pervasively in the cell. The identity of the
matrix protein or proteins is still not known
for certain, even though more and more evidence
points to the major protein of the cell, e.g.,
hemoglobin in erythrocytes. Our current working
hypothesis is that for hemoglobin to function as
the matrix protein it must combine with a fixed
protein component in the cell. Thus if all
intracellular proteins (hemoglobin and nonhemo-
globin) of human erythrocytes are removed,
reintroduction of pure hemoglobin does not re-
store to the cells their ability to reaccumulate
K" and to extrude Na' in the presence of ATP.
However, when pure hemoglobin is reintroduced
into ghosts that have retained part of their
intracellular nonhemoglobin (and some small
amount of hemoglobin) reaccumulation of K and
extrusion of Na' occurs in the presence of ATP.
Since the cytoplasmic component most resistant to
extraction includes actin, this and other cyto-
skeletal proteins may indeed offer anchorage for
as well as serve the key function of " auxiliary
cardinal adsorbents!" on hemoglobin. While this
is our working hypothesis, much future work is
required to pursue this approach.

W. Negendank: Is it really reasonable to assume
that the polymer solutions contain two discrete
kinds of water - solvent and nonsolvent, when
analyzing the NMR relaxation times and correla-
tion time? Doesn't this contradict part of the
theory of polarized multilayers, which explains
variation of g-values of different solutes with-
out making such an assumption? Would it be pre-
ferable to pose this issue as a ' thought exper-
iment" or a " limiting condition'' 2

Author: This is a very relevant question. In
the original paper of Ling and Murphy (1983) we
somewhat arbitrarily assumed that in a polymer
solution, which exhibits a p-value of, say, 0.45
for Na citrate, contains 45% apparently normal
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liquid water (ANLIW). The remaining 55% of the
water is called " polymer affected water' (PAW).
Our more recent work with the aid of a battery
of molecular probes of different molecular
weights (rather than a single one, e.g., Na
citrate) provides support for the basic assump-
tion that in these polymer solutions there are
indeed two classes of water. However, the frac-
tion of ANLIW has been found to be much smaller
than the fraction of Na citrate solvent water.
Why should there be two fractions of water
in the polymer solution is also an interesting
question. One possible explanation is that the
phenomenon reflects an uneven distribution of the
polymers in the solution: Domains of higher
(entangled) polymer concentration distributed in
regions of lower polymer concentration containing
high proportion of ANLIW. If so, the fraction of
ANLIW may be expected to decrease with the molec-
ular weight of the polymer until a plateau is
reached beyond which further increase of the
molecular weight of the probe does not cause fur-
ther decrease of the g-value of the probe mole-
cule. This limiting q-value defines the size of
the fraction of ANLIW in a particular polymer
solution.

W. Negendank: To what extent is the theory of
water polarized in multilayers contradicted by
concepts of hydrogen bonding in liquid water?

Can this be resolved by a more dynamic model of
water?

Author: I don't think that there is any true
contradiction between the model of water existing
in the state of polarized multilayers and an H-
bonded liquid water structure. Since we still do
not truly understand the structure of liquid
water, an H-bonded structure is largely an extrap-
olation from ice structure and it is so complex
that at this moment it is difficult if not im-
possible to cope with it quantitatively for our
purposes. The treatment of water as dipoles
trades some details (which we cannot benefit
from) for a much simpler model that can give us
quantitative predictions that can be experiment-
ally tested. Indeed the choice of the dipole
model of the H-bonded model bears resemblance to
the choice of French Impressionist painters who
discovered that a forest could be more faithfully
portrayed by ignoring certain details unessential
for the total picture. Treatment of cell water
as polarized multilayers of water dipoles allows
us to get to the essential properties of the

bulk water by ignoring unessential details which
an H-bonded structure offers.
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