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HYDRATION OF MACROMOLECULES
IN THE NRATIVE AND DENATURED STATES

Biofizika P.L. Privalov and G.M. Mrevliishvili,
(Biophysics) Institute of Physics, Academy of
Vol 12, No 1, 1967, pp 22-29 Sciences, Georgian SSR, Tbilisi

It is well known that the presence of water has & strong effect
on the structure and property of macromolecules. A wet macromolecule
is far from being the same thing as a dry one. Judging from the curves
of sorption and desorption in proteins and nucleic acids they do not
behave as rigid, inert substrata, but rather as deformable reactive
substances changing their structure under the effect of water [1, 2].

The effect of water on the macromolacule, however, is not uni-
lateral and, in turn, it is possible only as the result of change in
the structure of the water itself under the action of the macromolecule.

The different groups in the macromolecule structure -- polar,
apolar, and charged -- are known to be able to act in different ways
on water structure by raising or lowering its degree of order [3, 4].
The conformation of the macromolecules, however, is on the whole de-
termined by the efficiency of the various contacts, i.e., the condition
of winimm total free energy in the system.

There are st presant great discrepancies in evaluating the therwo-
dynamic effects of the reaction of the different groups with water. For
the most part this involves the apolar groups, which exert a strong order-
ing effect on water [5] and at the same time occur in large smounts in
sacromolecules. The varying estimates of the thermodynamic character-
istics of their interaction with water has led to two views, opposed to
each other in the extreme, of the effect of macromolecules on water
and of the factors determining their conformation.

According to Kaugmerm [6] the ordering effect of apolar groups
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on water is not thermodynamically efficient and therefore the macro-
molecule tends to adopt a compact conformation in which the number of
contacts between apolar groups and water is ninimm, vhile at the
same time ite ordering effect on the water is also minimum.

The opposite view developed by Klotz [7-9] proceeds from the
assumption that the ordering effect of the apolar groups on water is
thermodynamically effective snd that the mecromolecule conformation
will ba wost stable which permits the greatest ordering of the water.
Starting from this model the denaturation of macromoleculss represents
the destruction of extensive ordered water layers alongside the macro-
molecule -« the "melting of the ice-like framework™ supporting its
structure. In other words, in this case denaturation must be accom-
panied by reduced hydration of the macromolecule, while, as according
to Ksuzmenn, denaturation should lead to heightened hydratiom since in
this process the number of contacts between apolar groups and water
grows larger.

Although Kausmenn's viev has recently become more widespresd [10]
it still csanot be considered unquestioned, and in solving this problem
the start must obviocusly be made from specific findings on macromolecule

hydration.

Bydration of Netive Mecromolecules

There is at present a grest deal of experimental materisl on hy-
dration of mscromolecules since for these purposes practically all the
methods sensitive to change in state of water have been employed,

The swount of bound water was calorimetrically measured from the
wetting energies (11], from the compressidility by ultrasonic sounding
(12, 13], from x-ray dispersion [14-16], from the autodiffusion rate of
the water (17, 18], from the electrical conductivity [19], and, finally,
by msens of suclear magnetic resonance (MMR) [20-26] and high-frequency
permittivicy (27-32).

In the calculation of hydration conducted by different suthors
in diverse ways, however, thers are substantial discrepancies indicat-
fng either low sensitivity of the method or that the mgasured quantity
was after all not so directly connected with the state of the water
as might sesm vhen proceeding from a simplified model.

This observation refers above all to the MR method which has
recently becoms widespread and whose findings have led different
suthors to completely opposite conclusions.

Jacobeon [20], for example, belisves that the MMR method enadbled

him te oenfirm the existence of coordinsted water in solutions of DMA.
Later in oonsiderably l.m instruments, howaver, it was impossidle
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to discover any convincing indications of the existence of bound water
in DMA solutions (21, 26]. In similar fashion the existence of bound
water was shown by the MMR method in agar gels by Hechter [22], but
Balazs et al. [21) came to a negative result.

The same may be said also of the data on hydration of globular
proteins, e.g., Bovey [23] is of the opinion that serum albumin leads
to no apprecisble rise in the number of H bonds in water, but the
authors of Reference 25 arrive at a completely opposite conclusion
and consider that in solutions of egg albumin (which in this respect
cannot be qualitatively differentiated from serum albumin) there are
rigidly bound water molecules, wvhile in denaturation their number
even increases.

Usually most of the data on NMR which might be regarded as tes-
tifying in favor of the existence of ordered water in macromolecule
solutions may after critical snalysis prove to be merely srtifacts.
Thus, the cause of the widening of the line in macromolecule solutions
may also be increased viscosity [26] and diamegnetic anisotropy [21],
and even ferromagnetic snisotropy in the case of DNA solutions [33].
The sensitivity of this method even in the most recent works is calcu-
lated at 5% [26]; therefore it is in general not surprising that use
of this method was not even onca able to give reliable data on water.

Rydration estimated from the degree of high-frequency permittiv.
ity apparently gives better results, but the error in determining the
quantity of bound water in solution reaches 2% even in this case [32].

Calorimetry proved to be particularly convenient for determining

macromolecule hydration. This method makes it possible to ascertain the

quantity of bound water in solution with the greatest possible accuracy
at present -- 0,15%. Moreover this method is the most direct, and
hence also mors unambiguous.

The basic idea of the method, its advantages, and its clarity
becoms clear from ths following two figures (Figs. 1 and 2) which rep-
resent the temperature dependence of the specific heat of 1 gram of
DNA and procollagen in the presence of different gmounts of water.

Calorimetric msasurements were made on an absolute vacuum adig-
batic calorimeter with a bulb of 0.8 cc volume. Into the bulb was put
30 to 100 mg of the preparation and the necessary gmount of water.

The specific heat measured was converted esither for grams of dry weight
or the partial specific heat of the water in solution was computed.
Accuracy in determining the specific heat and melting points ensures
that the quantity of bound water will be found to an accuracy of up

to 1 mg in 800 mg of the total smount of water. A previous article [34)

descridbes the calorimeter design, the method of processing the dats,
and the computation of corrections in great detail.
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As s evi-
dent from the fig-
ures the sddition
of water up to a
certain limit lesds
to a certain absorpe
tion of heat in the
0°C region. Con-
sequently all the
water added passes
over into a state
which doss not
) ‘fresze on cooling

¢ 7% npnor become fluid
on subsequent hegt-
Fig. 2, Temperature ing; in other words,
Dependence of Specific it is in a bound
Feat of 1 grsm of Pro- state or, more ex-

collagen in Presence actly, in an ordered

of Different Amounts state.

of Water (0, 0.33,

0.64, 0,93, 1.26, and Only when
2,00 gram) vwater is added in an

smount of wore than
Fig. 1. Temperature De- 0.5 gram per gram of dry weight of DNA and
pendence of Specific Heat and 0.) gram per dry weight of procollagen
of 1 gram of DNA in Pres- does a hump of hest absorption occur, indi-
ence of Different Amounts cating that there are already H bonds in the
of Water (0.05, 0.75,1.00, water which sre capable of being frozen or
end 2,00 grem) unfrozen by s change in temperature. The
observed heat absorption is, however, cone
siderably diffuse with respect to tempersture snd shifted from 0°C
towards low temperatures. This indicates that the water which freezes
end consequently is fres, undergoes a severe effect of mecromolecule
Mﬂ.o

- b g o £

With incresse in the gmount of water the heat absorption hump
develops into a peak end is displaced toward 0°C, which indicates the
occurrence of layers of water which are under less influence from
mecromolecules, }

It s notewvorthy that the shape of the water melting curve is di-
rectly dependent on the nature of the macromolecule. As Fig. 3 shows,
thermal sbsorption in the case of globular proteins is spread over a
consideradly narrower temperature range than in the case of fibrillary
procollagen. In solutions of DMA, however, mslting begins at ¢ven lower
temperatwres. This effect is apparently cenditioned by the exteat of
oontacts bstween macromolecwles snd weter, the chargs concentrstion on
the mstcromolecule surfaces, and the sise of the individual cherges (in

. e s—————— - s e e e e v v
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particular in the case of DNA, melting in the -25°C is, as evident, con-
nacted with the existence of phosphate charges.

With respect to the heat of melting or to observable area of the
peak the amount of water in the solution which melts when the solution
thave, and consequently also the amount of bound water may be calculated
and the effect of the macromolecules on the water estimated,

Table I gives the results of this sort of computation for differ-
ent macromolecules

Table 1. Mscromolecule Hydration

{ ] rweem | - (2 | D L) e |
' a) nuu-c-v:- Crasamamen | vommpme | (90 Rsvawas &
F""’:.a‘t. : . & cyxoro SR8 . - :

@ mx | omon [iue [sa0 | om  |owemmpmnn G
0\). Tipowdaseres .,.’_'O.ﬂ.é, ;uo RIS :;os Tensots chmuesmn o d"’

rommonne | 008 h 208 |32 | 0% ymrpeseye [13] iu)

G')-dom- L { .'_ . " U nan {31} t

o - o B 03"1'%’3 yauTpassyx [l‘!l (M.

' _ i 1 YoM M‘ o‘
S P R I =
me* 0,323 1. 3.00 Tl cels - ful
{k)rosoractes | 034 | 2,07 2.8 0,85 ymmm us Ol ‘P)
. : : oz nemmml (161 (0

o man [42] n)

Key: (a) Preparation, (b) Hydration calorimetrically determined, ratio
of grams of H20 to grams of dry weight +0.005, (c) Stabilization, ratio
of moles of H,0 to woles of the group, (d) Thickness of hydrated layer,
R, (o) Hydration (according to data in literature), ratio of grams of
H20 to grams of dry weight, (f) Method, (g) DNA, (h) Procollagen,

(1) Serum glbumin, (j) Egg albumen, (k) Hemoglobin, (§) Autodiffusion,
(¥) vatting heat of gelatin, (1) Sorption isotherms, (m) Ultrasound,

(n) Dielectric constant, (o) Roentgenogram, (p) Electrical conductivity.

The second column gives the macromolecule hydration values in grams

of water per gram of dry weight; the third columm, the number of woles
of bound water per wole of tha monomer groups the fourth column, the
thickness of the hydrate layer computed from the hydration found and
the geometric parsmeters of the mscromolecules under the assumption that
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the hydrate layer is compact and evenly covers the whole surface of

the macromolecule (vhich is merely an assumption giving a rough figure
for a simplified model of the structured water baside the macromolecules)}
and the two final columns give the hydration values derived by verious
methods with the corresponding sources indicated.

Ws see that macromolecules gctually to a considerable degree order
the water beside themselves, but this, of course, is the total effect en-

gendared

the action of different mechanisms -- iong binding the water

wolecules [36], polar groups forming H bonds with them (28, 29, 35],
av, finally, apolsr groups. From the adduced data it must not be in-
ferred that a certain component has made a contribution, nor even less
mst saything be said gbout the models of Kauzmenn or Klotsz -- i.e.,
which of them reflects the real situation.,” An attempt may also bs made

to derive some informstion about this by
during densturation of the mgcromolecules.

Bydration of Dengtured Macromolecules .

rig. 3. Temperature De-

pendence of Partial Spe-

cific Heat of Water in

Macromolecule Solutions

vith Concentration of

2 gram of ‘Mater per Gram
of Dry Weight.

DIA*H,0 (k)
o Native '
¢ Denatured

Pig. 4. Temperature De-
pendence of Partial Spe-
cific Heat of Water in
Solution of Native and
Denatured DNA. Solution
contains & gram of Vater
per Gram of Dry Weight.

Wl WA W4 P I,

studying the change in hydration

Avail-
able experi-

" mental data

on the denatu-
ration change
in macromole-
cule hydration
are @ven more
conflicting
than the esti-
mates Of hydra-
tion itself.

Some
authors find
that in dena-
turation the
hydration is
reduced [29,
31"‘0]. m
believe that
hydration is
stepped up
during dena-
turation (41,
42])3 others

incline to the opinion that the dengturation changes in hydration are
extremsly insignificant [26, 29, 43], but that the effects observed are

only artifacts.

"iete at foot of page J.

Thus, msasuremsnt of the absorption line observed by
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NMR in DNA solutions wvhen the temperature rises is caused not by the
change in water structure, but merely by the occurrence of air bubbles [26].

Taking into consideration the high sensitivity of the calorimetric
method of determining hydration it was possible to expect that it would
give more reliable information on the given problem.

Figures 4, 5, and 6 give the curves of water melting in solutions
of native and denatured macromolecules. As is apparent, very essentigl
changes in distribution of charges and water contact with the macromole-
cule surface occur, The impression is produced that some of the ions
pass from the macromolecules into the solution and reduce its melting
temperature. In the case of DNA solutions other authors, proceeding
from a study of the change in electrical properties of the solutions,
have come to the sams conclusion that denaturation is accompanied by a
restructuring of the ionic atmosphere (e.g., see [44, 45]).

In ad-
“ho o dition t. the
Procoilagen [¥] . Egg albumin + {Hu .- change in
o Mative it + 10 (1/3) | shape of the
+ Denatured ' P o Native q1se melting curves,
- R + Denatured J| - however, their
N I ares also
changes, and .
hence also
hydration.

The re-
sults of
calorimetric

. s, determination
O S i ' . ., .- ' of hydration
Rl A A A Y Ao ar A B e e R 7 in native and
' denatured
Fig. 5. Temperature De- Fig. 6. Temperature De- preparations
pendence of Partial Spe- pendence of Partial Spe- are summarized
cific Heat of Water in cific Heat of Water in in Table II.
Solution of Native and Solution of Native and
Denatured Procollagen Denatured Egg Albumin As the
(2 gram of water per (3 gram of water per table shows,
graa of dry weight) gram of dry weight) a certain rise
in hydration

#It must be noted that the hydration indexes of the globular
proteins which we determined are very close to the values obtained by
Fisher [46] proceeding from the assumption that only polar groups of
auino acids are found on the mecromolecule surface. This coincidence
of experimental with theoretical findings undoubtedly serves as a weighty
argument in favor of the assumption that hydration in the native protein
proceeds basically at the expense of reaction of water with polar groups.

.7.




is observed in all cases, but this change is actuslly very small.

Table. II. NHydration of Ms°romol.: ules in
Wative and DJenatured >:iate

CTR) e e
it M3
VIR Whoam | |
q.' ) + 0,45 M mrpermsd  Oydep o485 | o402
@ gy Briemia S| bl
(A _-u+== | : 0,323 | o, o
Qm 0,18 Oyéep, .
10,0 (1/3) . 0,322 0,333
O R L O gt ey | 0287 00
MWy 0,50 | 0,34

" enrtirely impregnated with water.

Key: (a) Prep-.ration, (b) Hydration of
native preparations, (e¢) Hydrstion of de-
natured preparaticns, (d) DMA + weter (k),
(e) DMA + 0.15 M NaCl (1/5), (f) Procolla-
gen *+ 0,13 M citrate buffer (1/3), (g) Pro-
collagen + water (§), (h) Serum albtrmin ¢
+ water (1/3), (1) Egg albumin + water
(1/3), (1) 2gg albumin + 0,15 borate but-
fer, pi 10.0 (1/3), (k) Hemoglobin +
water (1/3), (1) Hemoglobin + 0,15 M
borate buffer pH 10 (1/3)

Certain consider-
ations may be expressed
to explain such a small
degree of effect.

First, ordering
by apolar groups is not the
unique and possible not
even the main factor act-
ing upon the water. There-
fore, although the ordering
effect in denaturation
substantially rises, the
relative change in total
hydration is not great.

Second, !n denatu-
ration there is far from

-& hundred-percent change

in th: number of bonds in
the macromolecule. In
particular, in the case
of the globular proteins
it has hitherto been
doubtful whether denatu-
ration may be regarded

as the transition of a
dense compact formation
into a loose chaotic coil

It is nty improbable that water com-

pletely penetrates the hydrophobic environment and comes into contact

with the apolar groups.

There is also a third reason vhich must undoubtedly have greatly
lowered the denaturation effect calorimetrically recorded -- since hydras-
tion is determined at a temperature below the denaturation temperature
(0°C) a partial “"collapse” of the structure must occur, but this cole
lapse does not always mean "denaturation" in the sense of complete res-

toration of conformation.
makes a contribution to reducing the effect.

The aggregation of macromolecules also possibly

In one way or snother the above findings undoubtedly indicate that

the hydration of macromolecules actually changes in denaturation, while
this changs is alvays positive -- the hydration of denatured macromole-
cules is always greater than thet of native ones. This experimental
fact first unquastionably serves as a corroboration of Kauzmann's model,
ond second draws our stteation to ths close interconnsction between

-y
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macromolecule conformation and the state of the water in the layers con-
tiguous to it. This situation is usually either neglected or simply

lost from sight when examining the conformation transformations of macro-
molecules in water -~ which is hardly to be tolerated.

Conclusions

1. 'The question of the reciprocal influence of macromolecules
and the water layers adjacent to them is examined. The Kauzman and
Klotz models are compared.

2. Expetinental;findings on macromolecule hydration calerimetrically
obtatned are cited. :
4

3. Tﬂ; denaturation change of hydration is studied. It is demon-
strated that hydration of denatured macromolecules is greater than hy-
dration of native molecules, which speaks in favor of Kauzmann's model.
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