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THERMODYNAMIC INVESTIGATIONS OF PROTEINS.
I1. Calorimetric study of lysozyme denaturation by guanidine hydrochioride
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The thermodynamic parameters of the denaturation of lysozyme are determined at various temperatures (25 -60°C) by
isathermal ealorimetric titrations with guanidine hvdrochloride (GuHCI) and by scanning ealorimetry in the presance of
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GuHClL An approach for the determination of the gnthalpy of preferential binding of GuHC! is proposed. It has been shown
from GuHCl denaturation experiments that the net enthalpies of denaturation and the denaturational chunge in the heat
capacity of protein can be obtained if preferential binding is taken into consideration. These results are nearly the same 25
in the case of thermal-denaturation in the absence of denaturants. It is concluded that the states of both heat- and GuHCl-

denatured lysozyme are thermodynamicaily indistinsuishable.

1. Introduction

It is generally accepted-that proteins on heat de-
naturation undergo incomplete unfolding in contrast
with denaturation in concentrated guanidine hydro-
chloride (GuHCl) solutions [1, 2]. The evidence for
this suggestion is provided not oniy by a smailer vis-
cosity [3] of the heat-denatured pmtein but also by
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freat-denatured proteins with the addition of GuHCI
fzﬂ From rather comnlicated equilibrium curves it
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was concluded that in the case of lysozyme the state
of heat-denatured protein (state X) corresponds to
70% of the fully unfolded state (state D) which is
achieved in concentrated GuHCl [2]. The major evi-
dence for this conclusion was the apparent heat-capa-
city change Ac,, which appeared as Ac,, = 0. 950 keal
mol~1 g1 for heat denaturation of lysozyme and

Acy, = 1.375 keal mol~! K~! for complete unfolding
in GuHCI.

The importance of this parameter (Ac,,) in discus-
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sing the nature of the denaturation is obvious. Since it
is commonly assumed according to Kavzmann [5,6}
that the heat capacity is strictly dependent on the or-
dering of water molecules around exposed hydrophobic
groups, it is evident that the change of the heat capa-
city at denaturation should be connected with the dis-
ruption of apolar contacts in protein. Thus, it was as-
sumed that the remaining structural elements must be
maintained by the hydrophobic contacts in heat-
denatured proteins. This conception seemed quite prob-
ahle and theraefore the nvppnmont-ﬂ. result that the

able, and therafore the ex nental result tha
real heat-capacity changes on heat denaturation meas-
ured by direct calorimetric experiments [7,8] were
greater (Ac, = 1.6 keal mol—1 K—1) than the apparent
heat—capacuy changes even on complete unfolding of
tysozyme in GuHCI obtained by equilibrium treatment
was very confusing.

It becomes evident that the understanding of the
denatured states and of the process of denaturation it-
self is far from clear. Speculation on the nature of pro-
tein denaturation can be eliminated only by using di-
rect experimental appioaches 1o the problem, i.6., by
a direct calorimetric determination of the thermo-
dvnamical narameters. Some preliminarcy investigations
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of calorimetrically technical poss:blhnes have shown
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that modern precise instruments provide good pro-
spects for helping to solve this problem *.

2. M:terials and methods

The reagents and the instrumentation used in these
studies were the same as described in the preceding
paper [9]. GuHCI (Reachim, USSR) was purified and
checked according to ref. [10], but was twice recrys-
tallized. Protein solutions were prepared by weighing
lyophilized lysozyme and adding predetermined
amounts of water or GuHCI solutions. Concentration
determinations were performed optically (see ref.

[9]) only in the absence of GuHCI. The protein con-
centrations before mixing were in the range of

5X 10~% to 5 X 103 moles 1! and the flow rate
was about 1.4 X 10~3 ml sec™!. The mixing ratios of
protein solutions with GuHCI solutions were 1:1 and
1:2.5. It was shown that the heat effect does not de-
pend on the initial concentration.

Optimal pH and temperature conditions were chosen
in the previous experiments to exclude limiting effects
(e.g., slow kinetics). Completeness of the reaction in
the calorimetric system was checked using different
flow rates (1.4 X 10~3 to 7 X 10~3 ml sec~1) as well
as by the stepwise attainment of given final concentra-
tions. pH changes due to the influence of GuHCl on
the hydrogen ion activity were found to be £ 0.1 but
in some cases (pH 4.5) up to £0.2.

3. Results
3.1. Calorinetric titrations

Results of calorimetric titrations of lysozyme with
GuHCI at various temperatures and pH values are re-
presented in fig. 1. The experimental curves can be
divided into three parts. At relatively low GuHC] con-
centrations exothermal effects with a nearly linear
concentration dependence are observed. At a higher
concentration of GuHCI a sigmoidal curvature is seen,
and in cases of high temperatures dominating endo-
thermic characteristics are displayed. At a following
increase of concentratjon, the curves again become lin-

* See, for example, the review paperss, refs. {34—-36].
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Fig. 1. Results of calorimetric titrations of lysozyme at given
temperature. For results see also table 1.

ear up to saturation. The slope in both linear parts is
pH-independent but after the sigmoidal part it is, as a
rule, steeper.

Comparing the calorimetric titration curves with
the changes in the optical properties of lysozyme (see
fig. 2 and also curves in ref. [}1]}, it becomes evident
that only the sigmoidal part of these curves corre-
sponds to the denaturation of proteins. Thus, the slope
before and after the sigmoidal part must be a manifes-
tation of the heat of progressive solvation of native
and denatured protein by GuHCI with an increase of
its concentration. This conclusion is in agreement with
the results of ref. [12] showing that native protein is
also able to interact with GuHCI.

The apparent heats (AH3PP) given in table 1 were
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Fig. 2. Comparison of the normalized conversion curve of
lysozyme in GuHCI (top) with the heat evolved in calorim-
etric measurements at 25°C and pH 1.3. The conversion curve
is iaken from the difference spectral intensity at 301 nm.

obtained by using a linear extrapolation to the mid-
point of the transition. They are in apreement with
the data reported in the literature and obtained under
comparable conditions but using other experimental
techniques: at 25°C in 3.0 M GuHClI the apparent
heat was 29 % 2 kcal mol—! {13] and 36.1 kcal mol—1
[14]; at 58°C in 2.0 M GuHCl it was 85 and 89

kcal mol~! [15];at 60°Cin 1.6 M GuHCl AHFP =

Table 1
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Fig. 3. Pre-denaturational slope of the calorimetric titration
curves.

90 kcal mol—! [16].

It should be mentioned that the predenaturational
slope (s)) in the calorimetric titration curves is tem-
perature dependent (fig. 3) indicating the temperature
dependence of the solvation phenomena.

Using high temperatures and low pH values we can
also perform calorimetric titrations of thermally de-
natured lysozyme with GuHCL. The results, represented
in fig. 4, show a strong interaction of GuHCl with
thermally unfolded lysozyme reaching about —120
keal mol~! in 6.0 M GuHCl at 59.1°C. Thus, it is evi-
dent that the solvation enthalpies in thermodynamic
considerations can no longer be neglected. The shape
of the curve in fig. 4 corresponds to the usual mono-

Results of isothermal enthalpimetric titrations of lysozyme with GuHC1

T €o.5 AHPP —8Hpref AHY = AHAPP_AH e or
CcO (mot 17! GuHCY) (keal mol™*) (keal mol™ %) (kcal mal™ )

25 1.9 (pH 1.3) 32:2 2.g =2 S4+4

40 2.2{(pH 2.5) 562 1952 Te £ 4

50 2.0 (pH 3.0) 71522 16.5= 1.5 92:4

50 2.5 (pH 4.5) 732 2042 944

59.1 1.8 (pH 4.5} 87=5 149+15 1026

59.1 1.8 (pH 4.5) 87=5 15421% 103+ 6

59.% 106 £ 5+

* Using the initial slope spy from the experimental corve in fig. 4 instead of from eq. (3b).

** Tzken from the extrapolation represented in fig. 6.
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Fig. 4. Calorimetric titration of heat-denatured lysozyme at
pH 1.5 and 59.1°C.

tonic saturation function. An additional exothermal
transition in the range of 1 to 4 mol 1! GuHCl
which was determined from optical measurements (4]
can neither be confirmed nor excluded due to the
curvature in this region, but, even if it exists, its en-
thalpy must be less than —4 kcal mol—!.

From the calorimetric titration data an average
value of the interaction enthalpy of one mole of
GuHCl with lysozyme can be estimated, knowing that
inn a 6 molar GuECl solution at 25°C lysozyme binds
67 moles of GuHCI [12}. The corresponding AH can
be taken from fig. 1 when the postdenaturational slope
is extrapolated to zero GuHCl concentration to ex-
clude the denaturation enthalpy. This gives an average
A of

AH = (—160 = 5)[67 = —(2.4  0.1) kcal/mole

of GuHCl bound to lysozyme at 25°C.

Before further conclusions are drawn it has to be
shown that the transition observed in our denatura-
tion experiments really corresponds to thermodynam-
ically defined states. This can be verified if it is shown
that the enthalpy of state is not dependent on the
pathway. An example for reaching the new state by
different pathways is given in fig. 5. Here step 1 cor-
responds to denaturation in the absence of GuUHCL.
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Fig. 5. Apparent enthalpy changes of lysozyme in different
pathways of state changes.

Step 2 is the subsequent reaction of the denatured
lysozyme with GuHOCL Steg 1’ represents the process
of denaturation and solvation under the influence of
GuHCl. Step 2’ is the subsequent pH change of de-
natured lysozyme in GuHCL. It can be easily seen that
the enthalpies on pathways 1 + 2 are equal to the en-
thalpies on pathways 1’ + 2'_ Thus in both cases iden-
tical enthalpy changes were observed within the ex-
perimental errar.

3.2. Heat effects of preferential binding

When a protein undergoes denaturation, additional
binding sites become available for the interaction with
denaturant molecules due to disruption of the struc-
ture. This change in the preferential binding of de-
naturants is usually expressed by the parameter Av re-
presenting the amount of denaturant bond per mole
protein at given conditions, whereas An is the differ-
ence between two states in the number of binding sites
per molecule. The term preferential binding is used
here in a broad sense (see also refs. [1,17,18]), ie.
including changes in hydration, binding of counter
ions, etc.

Having in mind the heat effects shown in fig. 4, it
is obvious that the change in preferential binding must
also be accompanied by large negative heat effects.
Therefore this binding effect is not negligible at all.
But the question is, how can we introduce a correction
to this preferential binding heat to obtain just the net
enthalpy of conformational transition from the appar-
ent enthalpy of denaturation?

We can exclude the preferential bindirig effect by
extrapolation of the enthalpies of the native and de-
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natured state to zero concentration using the function-
al dependence obtained for the denatured protein

(see fig. 4) assuming that we do not have any transi-
tion here, and that this curve does not change with

pH. In this way we obtain AH4 = 106 kcal mol—! for
the enthalpy of conformational transition at zero
concentration of GuHCl in contrast to the apparent
heat AH?PP = 87 kcal mol~! (see fig. 6). Generally

the use of such an extrapolation procedure is limited
because 2 titration of both the native and the denatured
protein at the same temperatuie is not possible in
every case. Therefore a different procedure must be
found for calculating the enthalpy of preferential
binding.

Having in mind that the number of binding sites
for a denaturant molecule in denatured proteins (a5 )
is greater in comparison with the native ones (ay),
then it is obvious from experimental observation that
the slope of the titration curves of these forms
(sy. sp) is also different:

_ [8AH\N _ [SBAH\P
sN_(_gC_)T<SD—(8C )T. (1)
Assuming that the binding sites have identical binding
constants and enthalpies, it then follows that for
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Fig. 6. Estimation of the heat of denaturation at 5§9.1°C by
various extrapolation procedures (see the text).

_(8AH D_(&AH)N"D_ ap 5
Sp = &c T_ &5¢ Ta—SNQD—A"- ()

At the midpoint of transition (denaturant concentra-
tion cq 5) the correction value, Afl .r is given by

AH e =SpCo5—SNC 5 (3a)
-(a)” costn )
dc T aD—A" :

Here the AH of preferentizl binding is expressed in ex-
perimentally observable parameters. In addition to
the terms explained above, Arz can be obtained from
equilibrium measurements (1, 17] and e, from iso-
piactic methods or density measurements [12§.

It should be mentioned here that the actual mech-
anism of GuHC binding is still under discussion. From
studies on model compounds it was assumed that one
molecule of GuHCI binds with two peptide bonds
{19]. Besides this, contacts with aromatic residues
{1, 20] and ionic groups are possible. This model is
consistent with recently obtained results from equilib-
rium measurements and hkas been characterized as the
most likely form of GuHCI binding {2, 12,20,21].

In this paper, An = 21.5 [17] and ap) = 67 [12] was
used for lysozyme denaturation in GuHCI.

If peptide bonds are the main binding sites for
GuHCI then the parameter An should be correlated
with the amount of slowly exchanging peptide bonds
in hydrogen exchange experiments. If one GuHCI
molecule binds indeed to two peptide bonds [19]
then we should have

21 X (amount of slowly exchanging

peptide bonds). C))

From hydrogen exchange experiments it was con-
cluded that lysozyme possesses 44 slowly exchanging
peptide groups [22]. In this case An =22 which isin
excellent agreement with the experimental value
Arn = 21.5 for lysozyme [17].

The experimental results of the isothermal calorim-
etric titrations and corrections for preferential binding
obtained by eq. (3b) are listed in table 1. From the
temperature dependence of AH; the corresponding
Alcpl g =1.5% 0.2 keal mol~1 K~ is obtained
(fig. 7).
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3.3. Determination of thermodynamic parameters
from scanning experiments

As mentioned above, changes in heat capacities are
correlated with disruption (and solvation) of apolar
contacis. These Ac,, values correspond to the temper-
ature dependence of the reaction enthalpies
(d AH/dT) according to Kirchhoff’s law. But here we
must have in mind that all variable parameters except
temperature are assumed to be constant. In GuHCI
denaturation experiments, where not only the temper-
ature but also the denaturant concentration is varia-
bie, the use of Kirchhoff’s law leads to an erroneous
AcpPP since the AHPPP already represents a sum.
Denoting the observed reaction enthalpies by AH3PP,
the true denaturation enthalpies by AH 4 and the heat
of additional reaction by Aff*, then the corresponding
te-ms in Acy, are given by

(AHy + A.H*)Tl —(AH  + AH*)TZ
T\~Ty

app —
Acp

=A[cp]d +A6;. (5)

Substituting here eq. (3b) which describes the relation-
ships in the GUHCI denaturation experiments, it fol-
lows that

1 An

app 4 ——— . e e et
AL‘F A[cp]d +T1—'T2 HD—"AH

©6)

<3 sl , - () ] )

The difference arising in Ac;,pp and A[cp]d is therefore
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Fig. 7. Graphical determination of A[cp]d.

dependent on the second term containing the denatur-
ant concentrations used in each experiment, the tem-
perature dependent differential quotient and the in-
dividual values of ap, and An for the given protein.
The contribution of these parameters can be demon-
strated using the results of scanning calorimetric
measurements which is a method allowing direct ob-
servation of AH?PP and A[cp]d at given GuHCI con-
centrations. The data listed in table 2 for several con-
centrations of GuHC! obtained by scanning experi-
ments demonstrate the difference which can arise in
Ar:f,p'p and Afc,l4. After correcting AH?PP for pref-

Tuble 2
Results of scanning calotimetric investigations of lysozyme in the presence of GuHCI at pH 2.

CGuHCl Ty AH?PP —AHper AHy Afeplg*

(mot 171) co) &cal mal™!)  (kcal mol™!) (keal mol™ ')  (kcal mol~* K~ 1)
) 55 102.5 = 3.0 0 102.5 1.6 + 0.15

0.25 52 92.5£30 22, 94 ¢ 1.4 +£0.15

1.0 45.5 80.5 £ 4.0 8.4 89 1.6 £0.15

2.0 36 49 =50 20.¢ 71 1.3£0.3

AcI“,PP =25:0.3**

Afeplg= 1.6 £ 0.2 *+*

* Values obtained from direct scanning calorimetric recordings.

** Calculated from the temperature dependence of apparent enthalpies without cormrections for preferential binding.
*#% Calculated from the temperature dependence of AHyq, i.e. after the corrections for preferential binding have been made.
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erential binding, its temperature dependence
(A[cpld = 1.6 £ 0.2 keal mol~! K—1) corresponds to
average A[cp] g values from each calorimetric curve,
indicating that the use of eq. (3b) is correct.

4, Discussion

The interaction of denaturant molecules with pro-
teins is one of the limiting problems in the evaluation
of thermodynamic data in denaturation studies. As
shown in this work the heat of solvation of lysozyme
in concentrated GuHCl is over —100 kcal mol~! and
the partial enthalpy changes due to preferential
binding are considerable in comparison with the de-
naturational enthalpy changes.

For the calculation of AH ¢ an equation is pro-
posed making use of the nearly linear initial slope of
a saturation function in which different numbers of
identical binding sites for the native and the denatured
protein are included. The assumed mechanism for the
action of GuHCl is discussed above, but further evi-
dence for the correctness of the number of GuHCl
molecules included in the unfolding process is given
above in comparison with hydrogen exchange data.

True Afly values can be obtained from isothermal
calorimetric titrations with GukCl if corrections are
made with the help of eq. (3b). They are of the same
order of magnitude as the denaturation enthalpies ob-
tained in scanning calorimetric measurements per-
formed in the absence of GuHC1 {7-9] and emphasize
the universal character of the temperature dependent
function of A, [7,8] (fig. 8). Denaturational changes
in molar heat capacities obtained in GuHCI denatura-
tion studies were found to be Afe,] = 1.5 £ 0.2 kcal
mol~! K-1 in agreement with A[gp] =1.6 £ 0.1
keal mol~! K~! from scanning calorimetry without
denaturants [7, 8]. This result is not consistent with
assumptions considering an additional structure break-
ing mechanism in GuHCL. Thus, the degree of unfold-
ing in thermal denaturation must be much greater than
commonly expected.

Comparing the enthalpy and heat-capacity changes
for the different ways of denaturation, we cannot find
evidence for the residual structural elemnents in heat
denaturation and we conclude that the thermodynamic
states of both heat- and GuHCl-denatured lysozyme
are identical as regards AFfy and Afc, |4- This result is
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Fig. 8. Temperature function of the denaturation enthalpy of
lysozyme using experimental results of various methods.
Without GuHCI: e scanning calorimetry 7], o scanning calori-
metry (Van "t HotT) [7], X optical methods {7], + titrimetric
method [9]. In the presence of GuHCI (this paper): ¥ iso-
thermal titrations, 4 scanning calorimetry.

coincident with conclusions drawn from NMR, hydro-
gen exchange and Raman studies showing that in
thermalily denatured lysozyme all groups are exposed
{23,24,31]. On the other hand, divergences in hydro-
dynamic and optical parameters remain [3,4].

The most siriking argument for incomplete unfold-
ing in heat denaturation of lysozyme is the moderate
increase in viscosity from about 3 em? g~ 1 for the
native state at 25°C [1,3,27,28,30] to about
4.7 cm3 g~ (reduced viscosity n,) for thermally de-
natured lysozyme at 60—75°C {3, 28]. For compari-
son, the intrinsic viscosity (n;) equals 6.5 cm3 g=1 at
25°C in 6 molar GuHCI [1]. The end-to-end distance
of the polypeptide chain corresponding to the random
coil state is only reached if the disulfide bonds in
lysozyme are broken (7; about 17 cm3 g~ [1,26,30]).
Having in mind the position of the disulfide bridges
in lysozyme, an explanation of the decrease of 7 to
about 6.5 cm3 g~! was found using a semi-quantitative
calculation; i.e., this value represents the makimum -
possible one at 25°C for cross-linked lysozyme if all
other structural elements are broken [1].

An often done, direct comparison of ;- =
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4.7cm3 g1 for heat-denatured lysozyme with

1335 = 6.5 em3 g~! after GuHCl-denaturation is phys-
ically not correct without tzking into account the
temperature dependence of the viscosity of the poly-
peptide chains. It was determined that the intrinsic
viscosity decreases with increasing temperatures [1}].
On heating lysozyme in GuHCI from 25°C to 55°C
1, drops from about 6.5 cm? g~ to about 4.8 cm?g
at 55°C [26] and coincides with the results of heat-
denatured lysozyme in the absence of GuHCl. There
is no doubt that the structure breaking of proteins in
6 molar GuHCl is complete, even at elevated temper-
atures {1,4]. The identity of n, for cross-linked de-
natured lysozyme after thermal transition with the re-
sults for GuHCI denatuoration at comparable temper-
atures supports the suggested relationship of both
thermodynamical states.

It follows that indirect conclusions on structure
breaking in heat-denatured lysozyme by GuliCl as
suggested earlier [4] must be seen in a new light. We
should have in mind that the optical effects observed
here have the sign opposite to that expected for rup-
ture of structure {4] and this might be due to the
preferential binding which was not taken into account.
Anomalous optical effects due to the interaction of
proteins with denaturants were found in studies with
urea, GuHCl [32,33] and dodecylsulfate [25].

We conclude that the states of both heat- (state X)
and GuHCl-denatured lysozyme (state D) are thermo-
dynamically indistinguishable as far as their denatura-
tional enthalpy and molar heat capacity change are
concerned. A further manifestation of the thermo-
dynamical identity of the considered denatured states
is the coincidence of the values of the Gibbs energy of
stabilization of the native structure obtained by quite
different approaches, as will be shown in the follow-

ing paper [29].

~1

References

[1] C. Tanford, Advar. Prot. Chem. 23 (1968) 121;24
(1970) 1.

{2] C. Tanford and K.C. Aunc, Biochem. 9 (1970) 206.

[3] K. Hamaguchi and H. Sakai, J. Biochem., Tokyo 57
(1965) 103.

[4] K.C. Aune, A. Salahuddin, M.H. Zarlengo and
. Tanford, J. Biol. Chem. 242 (1967) 4486.

[51 W. Kauzmann, Advan. Prot. Chem. 14 (1959) 1.

(6] J.F. Brandts, in: Structure and Stability of Biological
Macromolecules, eds. S.N. Timasheff and G. Fasman,
(Marcel Dekker Inc., New York, 1969) p. 213.

{7} N.N. Khechinashvili, P.L. Privalov and E.I. Tiktopulo,
FEBS Letters 30 (1973) 57.

(8] P.L. Privalov and N.N. Khechipashvili, J. Mol. Biol. 86
(1974) 665.

(91 W. Pfeil and P.L. Privalov, Biophys. Chem. 3 (1975} 23.

{10] Y. Nozaki and C. Tanfoxrd, ¥. Amer. Chem. Soc. 89
(1967) 736.

fl1] K.C. Aunc and C. Tanford, Biochem. 8 (1969) 4579.

[12] J.C. Lce and S.N. Timasheff, Biochem. 13 (1974) 257.

f13] D.H. Atha and G.K. Ackers, J. Biol. Chem. 246 (1971)
5845.

[14] S. Lapanje and 1. Wadsd, Eur. J. Biochem. 22 (1971)
345,

[15] I. Delben and V. Crescenzi, Biochim. Biophys. Acta
194 (1969) 615.

[16] K. Ogasahara and K. Hamaguchi, J. Biochem., Tokyo
61 (1967) 199.

[17] K.C. Aune and C. Tanford, Biochem. 8 (1969) 4586.

(18] T. Imoto, L.N. Johnson, A.C.T. North, D.C. Phillips
and J.A. Rupley, in: The Enzymes, vol. VI, ed.
P.D. Boyer, (Academic Press, New York and London,
1972) p. 665.

[19] D.R. Robinson and W_P. Jencks, J. Amer. Chem. Sac.
87 (1965) 2462.

[20] Y. Nozaki and C. Tanford, J. Biol. Chem. 245 (1970)
1648.

{211 A. Salahuddin and C. Tanford, Biochem. 9 (1970) 1342,

[22] M. Nakanishi, M. Tsuboi and A. Ikegami, J. Mol. Biof.
70 (1972) 351.

[23] C.C. McDonald, W.D. Phillips and J.D. Glickson,
J. Amer. Chem. Soc, 93 (1971) 235.

{24] M. Nakanishi, M. Tsuboi and A. Ikegami, J. Mol. Biol.
75 (1973) 673.

{25] B. Jirgensons and S. Capetillo, Biochim. Biophys. Acta
214 (1970) 1.

{26} F. Ahmad and A. Salahuddin, Biochem. 13 (1974) 245.

(27} K. Hamaguchi and A. Kurono, I. Biochem., Tokyo 54
(1963) 11f. .

[28] M. Kugimiya and C.C. Bizelow, Canad. J. Biochem. 51
(1973) 581.

[29] W. Pfeil and P.L. Privalov, Biophys. Chem. 3 (1975) 41.

[30] JL.R. Warren and J.A. Gordon, J. Biol. Chem. 245 (1970)
4097.

[31] M.C. Chen, R.C. Lord and R. Mendelsohn, J. Amer.
Chem. Soc. 96 (1974) 3038.

[32) h;.[.. Tiffany and S. Krimm, Biopolymers 12 (1973)
575.

[33] D. Balasubramanian, Biopolymers 13 (1974) 407.

{34] L WadsB, Quart. Rev. Bipphys. 3 (1970) 383.

[35] I. Wadsé, Puse and Appl. Chem. 38 (1974) 529.

[36] J.M. Sturtevant, Annu. Rev. Biophys. Bioenging. 3
(1974) 35.



