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Abstract

The author has worked in the area of solvent denaturation and stabilization, off and on, for approximately 50 years.
This paper is a personal view of the progress which has been made since 1950. The topic is limited to the development
of thermodynamic molecular models for the interpretation of the unfolding and stabilization of protein structures. The
story starts with the work in Kauzmann’s laboratory shortly after World War 1l and proceeds through models for
multisite binding, the linear denaturation curve, the special considerations required for understanding weak solvent
exchange and a new model for the balance of solvent contact interactions and excluded ®IA6@2 Elsevier
Science B.V. All rights reserved.
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1. Background 1931-1946 of structured protein chains to a random polymer
state[1,2)].
| first encountered the phenomenon of ‘chemical  There was, of course, a considerable amount of
denaturation’ in Walter Kauzmann’s laboratory in previous work. A thoroughly worn copy of the
1948. My own thesis topic was on a different excellent review of Neurath et d83] was evidence
subject but it was clear that the major thrust of the for its role as the prime source of information for
laboratory was the study of denaturation. As is earlier studies. Papers by Hopkif$,49 Wu [5]
well knOWn, these quantltatlve studies formed a and Eynng [6] provided a starting point for the
cornerstone for all work that followed and led to  gygution of ideas on the nature of the denaturation
the establishment of denaturation as the unfolding process.
Most of Kauzmann’s work made use of urea or
guanidinium chloride as denaturing agents. The
*This paper is dedicated to Rainer Jaenicke who has fact that urea caused proteins to become insoluble
contributed so much to the field of protein science, not only (after rapid dilution goes back to Spird7]. A
by his important research contributions but also as a central nymber of compounds structurally related to urea
harmonizing and organizing spirit for workers in the field. - : e
“Tel.: +1 503 346 6093: faxch 1 541 346 5891, and guanidine have 'been |d¢nt|f|ed, but t.he"se are
E-mail address: john@molbio.uoregon.edu generally less _effectlv_éS]. It is the quantitative
(J.A. Schellmah. nature of the interaction of these reagents with
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proteins that is the topic of this short history. Much
has been learned but we are still far from quanti-
tative predictions.

2. Early observations 1946—1952

One of the intriguing features of the studies in
the Kauzmann laboratory was the abrupt nature of
the denaturation curvékinetic or equilibrium) as
a function of denaturant concentration. A protein
could be 5% denatured at 4 M urea and 95%
denatured at 6 M urea. In equilibrium experiments,
if K, is defined as the ratio of unfolded to folded
protein molecules, then plots of K, vs. the log
of the denaturant concentratiofD], gave slopes
of order 15 at low temperature, the number
decreasing as temperature is increased.

InK ., =INK ,+nin[D] (1)

Here, K, is the equilibrium constant in 1 M
denaturant. For kinetic experiments it was found
that plots of InK vs. In [D] gave slopes of similar
magnitude wherd is the first order rate constant.
For either type of event it was deduced that the
unfolding of proteins involved a complex of the
protein with many urea molecules. was inter-
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3. Independent binding site theory 1953—-1955

About 1950 Kauzmann suggested to the author
that the binding of urea to unfolded proteins was
probably related to the interaction of urea with the
peptide group which has a similar constitution. He
proposed that a measure of the strength of the
urea—peptide interaction might be found by eval-
uating the urea—urea interaction in aqueous solu-
tion. This could be done by looking at the
non-ideality of urea solutions for which activities
and enthalpies of dilution were available. At the
time, | was writing a thesis far removed from this
topic and nothing was done.

The publication of Pauling and Corey’s H-
bonded helical structures in 1951 aroused every-
one’s interest in H-bonds and their role in protein
structure. My own work at the Carlsberg laboratory
attempted to simplify the protein stability problem
by studying helix stability in water. Amazingkat
the time none of the natural peptides that were
studied formed helices: A and B chains of insulin,
oxidized ribonuclease with disrupted SS bridges,
protamines, etc. All gave evidence of being ran-
dom polypeptide$8,9]. It was time to perform the
analysis suggested by Kauzmann.

Using thermal data of Gucker and PickddD]
and activity data of Scatchard and coworkEgr],

preted as an average number of denaturant mole-the result for the bimolecular interaction wAll =

cules bound to the exposed sites of the transition
state or to the denatured protditi.

This put into quantitative form ideas presented
earlier by Hopkingd4] who had found that the rate

of urea denaturation decreases with temperature.

He proposed that denaturation occurs via a pro-

—2.1 kcal with an association constant &f=
0.041. From this data the energy of the NH-O
hydrogen bond was estimated to be approximately
1 kcal. The result was unexpected. It provided a
rationale for the marginal lack of stability of H-
bonded structures in aqueous solution. Pauling had

tein—urea complex and that this complex becomes estimated the enthalpy of formation of a peptide
less stable as temperature increases. Simpson anthydrogen bond in water as 4 to —5 kcal on the

Kauzmann actually found a minimum in rate and
stability at approximately 25C. This could be fit
into Hopkins’ hypothesis by assuming that an
intrinsic increase of unfolding with temperature
competes with a diminishing stability of the urea
complex. Below 25°C the urea effect dominates,
above 25°C, the thermal effect. This very inter-
esting observation would be explained today in

terms of the temperature dependence of the hydro-

phobic interaction.

basis of diketopiperazine solubility and this value,
which would indicate a high stability for peptide

structures, was universally accepted at the time.
The energy and stability of the peptide bond in
water has been a point of controversy ever since.
For many years it was popular to ascribe zero
stability to the interaction but this has changed in
recent years. It is worthwhile to keep in mind that
regardless of the H-bond problem, urea has a virial
coefficient in aqueous solution that is associated
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with a significant negative enthalpy. There is an  In recent years investigators have found it nec-
interaction. essary to develop a more balanced point of view

The association constant was unexpectedly in which both polar and non-polar interactions are
weak. More will be said about this in Section 7.  important parts of protein stability.

We return now to solvent denaturation theory.
Using multiple binding theory and assuming inde-
pendent sites it is found that the free energy of
interaction of binding to n sites with an association  Later the binding model of denaturation was put
constantk’ is given by —nRTIn(1+K’[D]) where into a completely general fornfl5]. It can be
[D] is the molarity of the denaturant. The total shown that the excess macromolecular free energy

4. A general formula 1975

free energy of unfolding is then given §&2] which is produced by interacting with other solutes
_ _ is given by —RTInY, where ¥ is the binding

AG,;,=AG,,,—nRTIn(1+K'[D]) or polynomial discussed extensively by Wyman. The
InK,,,=InK;,+nIn(1+K'[D]) 2 relation is quite general and is applicable to several

different ligands interacting with the protein with

whereAG,,, is the free energy of unfolding in the no restrictions about independent binding. For
absence of denaturant. This formula was developedexample for two ligands A and B it is written as:

shortly after the deduction of the structures of the

a-helix, the two B-sheets and the DNA double ) =1+K;dA]

helix. At the time the hydrogen bond was consid- + Ko1[B]+ K 50+ [A]?+ K 1{A][B] +...

ered to be the major stabilizing force in the

structure of macromolecules Consequentlyvas where the K's are the standard ‘macroscopic’
interpreted asAn, the number of hydrogen bond equilibrium constants and the subscripts indicate,
sites exposed by the breaking of peptide hydrogen respectively, the number of A and B molecules
bonds as a result of unfolding. Note thst refers bound. TheK’s contain statistical factors and may
to the total number of binding sites, which are contain interaction paramete¢inkage9 amongst
exposed, not the number of bound molecules of the sites.

D. The connection with Eq.1), however, is direct If there is only one ligand and the sites are
via the well-known formula independent, the binding polynomial factors to
(1+K'[D])" and we regain Eq(2). For a change

M -7 from statef to stateu of a protein
oin[D]
wheren is the mean number of molecules of D AG:AGD_RT'”(Z»/ZJ or
bound. InNK =InK" +1In (3
The same formuldEq. (2)] was obtained by (Z“/Zf)
Aune and Tanford a number of years la{dg]. For denaturation: is the unfolded state angd

At this point the stability of macromolecular struc- is the folded state. If we assume independent sites,
tures was considered to arise exclusively from then the binding polynomial for siteis given by
hydrophobic interactions so thatwas defined as (1 +K’,C) and the binding polynomial for the
the number of binding sites with the emphasis on totality of sites by J(1+K",C) . Sites, which are
hydrophobic groups. Hydrophobic interactions are J

not stoichiometric like hydrogen bonds. This prob-
lem was circumvented by Tanford's group who
determined free energies of transfer of protein
groups from water to denaturing solvent systems
and applied the result to the transfer of groups A e ,
from the interior of proteins to the denaturing AGuy=AGuy=RT ) In(1+K',C) or

solvents in the unfolding reactioii4]. InK,,,,=InK;,,+ " In(1 +K',C) (3

common to the folded and unfolded states, cancel
out, leaving the binding polynomial for the sites,
which are exposed, on unfolding. We then obtain,
for solvent denaturation,
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The sum is over the exposed sites. Assuming
an average binding constant, this formula reverts
to Eq. (2). The reason for the prime ok will be
evident later on in this article.

As long as one is working with simple inde-
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of sites are abruptly made available for contact
with the solvent. Estimates of the value Kf[D]
are quite small so that the shape of the denaturation
curve has nothing to do with the steep slope of
the binding curve neak’[D] =1 (see Fig. ). Urea

pendent site models, nothing has been added byand guanidine are not ‘powerful chemical denatur-
the more general formulation. But the phenomenon ants’ as the old literature described them but
has been put into a rigorous thermodynamic frame- produce their effects by a very large number of

work and may be used for more complicated
models, for example, the effect of the binding of
substrate or other molecules on unfolding. It is
also applicable to other types of binding problems.
If fis oxy- andu is deoxy-hemoglobin, then the
binding polynomials can contain concentrations of
0,, CO,, H;O" and diphospho-glycerol phosphate
for a complete description of the phenomena
including the Bohr effect.

5. Linearity! 1974

In 1974, Greene and Pace published a remark-

able paper in which they demonstrated that plots
of the free energy of unfoldindor InK) were
linear in denaturant concentration for both urea
and guanidinium chloridd16]. Deviations have
been found for some systems, especially for guan-
idinium chloride at low concentration, but most
systems obey a linear relationship in the transition
region within experimental error.

AGunf:AG;nf_mC;g or

INK ., =INK;,;+(m/RT)Cs (4

C; is the concentration of denaturant aredn

is the constant slope of a plot &G v6€. The

‘Pace plot’ has revolutionized the interpretation of
isothermal denaturation and has become a standar
method of determining the free energy of stabili-
zation of proteins at a given temperature. It also
demonstrates that the abrupt onset of unfolding

with a simple linear dependence on the free energy.
Any linear effect, for example changes in pressure,
will produce similar curves. The abruptness comes
from the magnitude ofAn. The co-operativity of
the process lies in the two-state nature of the
protein transition, not in the multiple binding event

per se. Because of the cooperativity a large number INKu, =INK;,,,— 3" In(1+K",C)

weak interactions.
6. Solution theory 1978 [17]

Pace’s linear relationship suggests the applica-
tion of multicomponent solution theory which has
been elegantly reviewed and creatively elaborated
by Casassa and Eisenbeftg]. Their work was
based on virial solution theory in which the free

energy of a solution component is given by=
G“+G* where G“ is the ideal part of the free
energy ands** is the excess free energy produced

by solute interactionsG** , which is usually iden-
tical to a free energy of transfer, is expressed as

G*=RTb=RTIny and b is a power series in
molar concentrations. For linear behavior only the
first term in denaturant is required, sb=
b53C 4 b%sis the coefficient of interaction between
the protein(2) and the denaturart3). The sub-
scripts will be dropped from here on. The concen-
tration of protein is kept constant in protein
denaturation studies so that:

INK=InK*—Ab°C (5)
where the notation on b and C has been simplified.

From Egs.(4) and (5) we see thatm/RT = —
Ab°. The advantage ahd° s that it is a common

qand important component of solution theory, not

ust a slope; it is directly related to properties such
as preferential interaction, activity coefficients,
colligative properties, etd19]; it is a second virial

coefficient and is the basis for most statistical

Oknechanical analyses of interaction in solution.

Viewed in the light of statistical mechanics,
Ab°C can be represented as a sum over the contact
free energies of sites exposed during unfolding.
For heterogeneous, independent sites we would

ave:

(6)
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Fig. 1. The standard curve for the simple titration of a site. The small box on the lower left indicates the region that is appropriate
for the binding of a molecule like urea to a protein.

Subscript j indicates a specific site on the still be proportionality with the area, but it would
protein. This relation can only be linear if tiiés depend on the composition of the exposed protein
are small, so the log can be expanded. surfaces. If proteins in general possessed internal

. , surfaces of the same or similar composition, then
K.y =INKy = C YK, X (K" would be the same for different proteins as
would the constant of proportionality between area
and Ab. This appears to be almost the case.
Calculated surface areas are in general proportional
InK,,,=InK;,,— An(K")C (79 to m or Ab° values determined by experiment.
However, sed20].

If the number of exposed sitesd\n, can be
enumerated this can be written as:

This is the form in which this formula is used
in practical applications(K") is the average value
over all sites. 7. K-1, binding vs. ‘being there

If all the sites were identicaAn would be
proportional to the area exposed to the solvent |t js not correct to use ordinary binding theory
when the protein unfolds. See below for a descrip- for the interaction of denaturants and osmolytes
tion of this type of model. However, we know that with proteins[21]. Biochemists speak of associa-
the sites are not identical since the sites may be attion constants of 10 and $0 as being small. One
anionic, cationic, polar, aliphatic, or aromatic pneeds a different type of discussion s of the
groups of the protein. We might constrdg K’ order of 0.01 which is typical of the interaction of
as being partitioned amongst various surface areas:urea with a protein site. We now inquire into the
ionic, polar, non-polar, etc. In this case there would meaning of such small values &t
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Imagine we have a solution of A and B mole-
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x1=1—x3 which is true for protein concentrations

cules of the same size and that the interactions of small compared to that of water and denaturant,

A with A, B with B and A with B are all identical.

For definiteness we assume also a mole fraction

of 1/2 for A and B. Then, because of the indiffer-
ence of the energy, there will be a 50% probability
that a contact site on a B molecule involves an
interaction with another B molecule. In a binding
curve we would be at the point indicated by a
circle in Fig. 1. Is this binding? It cannot be since
the model we have described is the model for an
ideal solution. All interactions occur by chance
since all are equivalent. Binding has to be defined
in terms of the excess of an interacting pair over

that which occurs by mere chance. Otherwise it
has no thermodynamic consequences. This intui-

tive conclusion is confirmed by thermodynamic
analysis.

This problem does not arise for strong interac-
tions where chance plays a very small role com-
pared to the binding free energy, but it is very
important for very weak interactions with a solvent
component in high concentration. The important
key is the realization that the binding of a molecule
like urea to a protein site is in fact an exchange
of one solvent component for another at the site.
The free energy formula, Eq(3a), is a good
starting point. With two solvent components we
write for the binding polynomial*K;x;+3K;x3)
rather than(1+K'C) . The switch from molarity
to mole fraction simplifies the derivation consid-
erably. ’K is the binding constant for the main
solvent, water, anc®K is the binding constant
for the denaturant. The contribution of a site is
then —RTIN(*K ;x1+°K;xs) = — RTINK;— RTIn(x,

+3K,/ 'K X3)- —RTIan is the free energy of
hydratlon of the site and is incorporated in the
standard state free energy in watt,/ 'K, =K is
the equilibrium constant for replacement of a water
molecule at the site by a denaturant molecule
which may be written as

3] X1

a (1] xs

where [3] and [1] are the respective averages of
occupation of the site by 3 and 1, respectively.
Introducing K; into the above and also putting

we then have:

INK ,,,=InK;,,.+ Y In(1+(K;— 1)x) (8)

J

instead of Eq.(3a). This is the desired relation.
X3 can be converted t@ if desired, but this will
be done in a more favorable context below. When
K; is much greater than X;_, is essentially equal
to K; and we have normal binding theory. When
K; equals 1 we have random occupation of the site
nd the free energy contribution goes to zero.
When K; is less than 1, we have preferential
interaction with solvent water. This is easily seen
by rearranging the above expression to:

[31/[1]=K;xa/ X1

X3/ X1 1S the ratio of occupations for the random
case,[3]/[1] is the ratio for the real, non-random
case.K; is the multiplicative factor that converts
from one to the other. In the discussion of proteins
in mixed solvents we will be dealing witlk’s
slightly greater than unity. For osmolytes ties
are slightly less than unity.

We see that the constart; which appeared in
Eq. (2), Eqg. (3a) and Eg.(6) is not a normal
association constant, but has a built-in subtraction
for the random replacement of the principal sol-
vent. For other concentration uni&s1 is replaced
by K-c where c is a factor that depends on the
particular concentration unif22]. K-1 is very
closely related to the preferential interaction coef-
ficient for the co-solvenfdenaturant or osmolyje
and has the same sign. The theory has been put
on a more rigorous basis using thermodynamic
activities and the Gibbs—Duhem equatif22].

(9

8. Excluded volume

There is a further chapter in this long history,
which is sufficiently new that the results have not
yet been published. This section is not only a part
of the long story being developed, but also a
preliminary research report. Up to here the empha-
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sis has been on a molecular interpretation of
empirical quantities such as values,Ab,, virial
coefficients, and preferential interaction that are
all thermodynamically-related to one another. But
there is a deficiency in the work outlined above in
that it does not take into account excluded volume.

Excluded volume has played an important role
in solution theory for a very long tim¢23]. It
produces spectacular effects in solution of macro-
molecules[24-24 and is now being demonstrated
to be of major importance in real biological sys-
tems [27,29. On the other hand, the excluded
volume effect in the interactions of small mole-
cules with macromolecules has received relatively
little attention. Physical studies of these interac-
tions are normally expressed in terms of molalities
or mole fractions, so that volume effects are not
perceived directly. Presumably most workers,
including myself, considered the effects to be small
when expressed in concentration units that do not
explicitly depend on volume. However, this is not
true. Excluded volume effects can be quite impor-
tant in protein solvation. This will be demonstrated
here by direct calculation. The methodology will
be given in a later publication. The importance of
excluded volume in small molecule—large mole-
cule interactions has recently been stressed by
Wills and coworkers[29] and by Saunders et al.
[30].

With the appropriate osmotic conditions the
chemical potential of a protein can be written as

wo=w5+RTINC ,+ RTB L s+ higher terms
In'Y =82C3

where C is the concentration of cosolvent aid

is the second virial coefficienB, is clearly related

to the empiricaln and b values discussed earlier.
All subscripts will be dropped hereafter sinde

b, X andK all designate the interaction of protein
with cosolvent, component 3. Excluded volume in
liters per mole will be symbolized b¥. It is well
known that the second virial coefficient for a pair
of molecules is given by the excluded volunig,
for a ‘hard’ potential, i.e. a potential which is zero
outside the contact region, but jumps abruptly to
a very high value at the contact distance. Thus,
B=X in this limit. At the opposite extreme, if two
molecules interact via a weak association, we have
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BC=—-In(1+K'C)=—KC from the expression
for weak binding. SaB= —K in this case. It can
be shown that these effects are additive so that, in
general,B=X—K. Note thatX and K have the
same units. Generalizing to the multiple binding
problem, we have:

AB=AX-Y K';=AX—n(K") (10)

The deltas arise from the fact that it is the
difference in virial coefficient, excluded volume
and intrinsic association which is required, and all
three terms of Eq(10) refer to the changes which
occur when the protein is unfolded. The calculation
of excluded volume of molecules of complex shape
has always been a difficult problem. In the protein
field we are very fortunate in having algorithms
[31-33 and computer programs which can cal-
culate the surface area, volumes and excluded
volumes of proteins relative to small spherical
molecules. For non-spherical molecules like urea
and sucrose one may average over all orientations
of approach and assume a sphere with the average
contact distance. This solves the problem of deter-
mining X with sufficient accuracy for any protein
with known conformation.

The aim of the work is to unscramble the
thermodynamics in order to evaluate the real inter-
action terms. The steps are as follows.

1. ObtainAb° (or m) values from the literature.

2. FromAb° calculate\B.

3. Determine the accessible surface d&8A) of

the native protein for the water molecule,
assuming a radius of 1.5 A. The Molecular
Surface program of Connoll{34] was used for
this purpose.

Determine the surface area of the unfolded state.
This is the major limitation of the entire calcu-
lation. The surface area and excluded volume
of the unfolded protein depend on the number
and nature of the intramolecular contacts. Not
only is this unknown but presumably changes
with concentration of cosolvent following Flo-
ry’s rules for good and poor solvents. Both the
expansion of polypeptide chains in denaturants
[35] and their contraction in stabilizing osmo-
lytes have been observed experimentdBg).
For the ASA of the water molecule we make

4.
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use of the tables of Creamer et §7]. One The principle results of the calculation are the
table is for the fully unfolded peptide chain; the values for the average intrinsic association con-
other is based on the average of realistic chain stant,(K) and the evaluation of the relative con-
conformation found in unordered regions of tributions of the excluded volume andK"), the
proteins. As a best value we took the mean of genuine interaction with the cosolvent. Fig. 2
these surface areas for each protein. presents the results for a protein denatuamea
. The change in surface area is determined as theand a protein stabilize(TMAQ). Each bar graph
difference between the surface areas of the has three components. The one on the left meas-
unfolded and folded protein. A binding event is ures the change in excluded volume which is
defined as the replacement of a surface water always positive for a normal unfolding; the central
molecule by a group of the cosolvefNH,, one is the sum of the contributions of the contact
CO, OH, CH, eto A water molecule is interactions with exposed sit¢A(K")), which can
assumed to occupy 10 A of surface area. There- be positive or negative; and the right one is the
fore, the area change divided by 10 A is the algebraic sum of the other two. It is proportional
number of sites: in the formulas above. to the experimentaln or Ab° values for the
. The excluded volume of the folded protein for unfolding.

various cosolvent species: urea, TMA®ime- Fig. 2a represents the urea denaturation of ribo-
thylamine oxide, guanidinium, Ct and sucrose nuclease A. Then value was taken fronfil6], and

is obtained using the volume segment of Con- the structure 1RND of the Protein Data Bank was
nolly’'s Molecular Surface program. used for volume and area calculations. We note
. The tables of Creamer et al. do not extend to that both the excluded volume and the interaction

volumes. To get the excluded volumes of the term are much larger than the virial coefficient
unfolded chains use is made of a numerical rule itself. It is the latter which is aCtua”y measured in
for the ratio of excluded volume to ASA. This €xperiments via the Pace plot. The conclusion is
rule is very accurate for fully extended polypep- that the interaction with protein is much larger
tides but a possible uncertainly remains in than has been deduced from interpretations ignor-
applying it to the ensemble of structures of iNg excluded volume. For urea-ribonuclease
Creamer et al. roughly 80% of the contact free energy is used to
_nK' is determined from the relatiohB=AX — cancel out the excluded volume. Only the residual
An(K"y followed by the determination ok-1 20% contributes ton or 5°. On this basis we can
and K itself, which is an average association define a denaturing agent as a substance that has
constant over all the sites. a favorable interaction with exposed groups that is
.K is defined in terms of volume fraction con- Strong enough to overcome the excluded volume,
centration units: which favors the folded form.
The values okK) that come out of this analysis
[3] @, [3] @1 are remarkably uniform as can be seen in Table 1.
K= 1] e or 1 =K This is evidence for the uniformity of composition
#s s of the inner surfaces of the proteins. Of the sample
because the volume fraction provides a better of proteins only staphylococcal nuclease shows
measure of the probability for site occupation. deviations. This is not surprising since this protein
Compare with Eq.(9). ¢s/ ¢, is the ratio of displays an abnormally higl value and unusual
occupations that would take place by random stability properties. Even with the enhanced con-
chance X is the multiplication factor that con- tribution of the binding component, which results
verts @3/ ¢, to the actual ratio of occupations. from the present analysis, the population of solvent
This differs from the random case because of species in the first layer is not much different from
the difference in interaction of the two compo- that of bulk solvent. From Table 1 and the volume
nents.K may be greater or less than 1 depending fraction of urea we calculate that at the midpoint
on the relative occupancies f] and [3]. of the ribonuclease transition the fraction of sites
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that have contact with urea molecules is approxi- Table 1 _ _
mately 36%. For a random system, in the absence?”Vverage(k) for five proteins

of preferential interactions, it would be equal to 5 s K

32%. This is a relatively small perturbation of the —

solvent composition in the contact region. Ribonuclease T1 1.208
An additional feature of the analysis is th&t Ribonuclease A 1.204

_ ac _ Yy HEW lysozyme 1.211

is sufficiently small that a linear plot &G,,, VS.  staph. Nuclease 1.260

C is predicted. T4 lysozyme 1.212

The right side of Fig. 2 shows the solvation
behavior of ribonuclease T1 in the presence of a
stabilizer, TMAO. Calculations were made with
the PDB structure 9RNT. The possibility of this ing), which is an essential part of the analysis
calculation is dependent on a very special type of outlined above. Note that though this protein is
experiment performed by Bolen’s grouf8§]. smaller than ribonuclease A, the change in exclud-
These investigators prepared an altered form of ed volume is larger because the mean radius of
ribonuclease T1 that does not fold into a stable the TMAO molecule is larger than that of urea.
conformation. By adding TMAO they were able The result is the dominance of the excluded vol-
to refold the protein into a form that is enzymati- ume term. The average association constant per
cally active and has the solution physical properties site, (K), is 1.130 for this system, which is to be
of the folded protein. They were also able to compared with the value of 1.208. Since the
measure then value (negative for inducing fold-  contribution to the free energy is proportional to

Urea TMAQ

n<K> n<K>

AE AE AB

. AB <

rna rnt

Fig. 2. The composition of the virial coefficient. The ordinate represents the magnitude of a virial comp#&éntX, or B. The
units are inverse molarity. The left half of the figure deals with the interaction of urea with exposed sites of ribonuclease A. The
right side shows the results for TMAO interacting with ribonuclease T1. See text for discussion.
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K-1, this indicates that the TMAO interaction is hand, one wants a chemist’s description in terms
on average 62% of that for urea. of association, on the other, a link with molecular
Bolen’s group has measured the free energies of statistical mechanics. The bridge between these
transfer of amino acid side chains and the peptide descriptions will be presented in a later publication.
group into TMAO solutions. With this they have | would like to think the results are an intrinsic
analyzed the stabilization of ribonuclease [BH]. and important part of the large picture, but realize
Their results probably indicate a larger unfavorable also that most of the real progress has come from
interaction with TMAO than that obtained in the scores of outstanding experimental papers. The
present analysis, but direct comparisons will current standards of data collection are very high.
require careful and sophisticated analysis becauseThe problem is now viewed very broadly via a
of different interpretive methods. spectrum of co-solvents that vary from the strong-
At any rate, as far as the author is concerned, est denaturants to the strongest stabilizers. If this
this is the present status of this long development. 50-year history has demonstrated anything it is
The interaction of folded proteins with co-solvents that ‘details of molecular interaction’ are hard to
is a balance between excluded volume and weakcome by in complex systems. We must wait for
binding (corrected for random occupancyit is the day when the molecular models, stability rela-
the algebraic sum of these two effects that controls tions, the calorimetric data and transfer free ener-
the behavior of the protein. For denaturants the gies are all comprehensible in terms of the same
intrinsic interaction free energy is considerably basic model.
larger than the observed free energy because of
cancellation by excluded volume. WherK') is Acknowledgments
larger than the excluded volume, the cosolvent is
a denaturant; when it is smaller, the co-solvent is B
a stabilizing osmolyte.
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9. Conclusion

The work discussed above represents a narrow
thread that runs through a broad and major field.
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