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and characterization of folding intermediates. Antibodies are becoming
powerful tools in the study of protein folding. Not only can antibodies be
made against peptides, but antipeptide antibodies cross-react with the
proteins from which the peptides were derived. These and other develop-
ments in technique will surely have a major impact in the next decade on
work aimed at solving the folding problem.

[2] Scanning Microcalorimetry in Studying
Temperature-Induced Changes in Proteins

By PETER L. PrRivaLov and SERGEY A. POTEKHIN

Introduction

The importance of calorimetric studies of changes in the state of pro-
teins induced by various factors stems from the fact that calorimetry is the
only method for the direct determination of the enthalpy associated with
the process of interest. Calorimetry acquires special significance in stud-
ies of temperature-induced changes in the state of the protein, since tem-
perature and enthalpy are coupled extensive and intensive variables. All
temperature-induced changes in macroscopic systems always proceed
with a corresponding change of enthalpy, i.e., they are accompanied by
heat absorption if the process is induced by a temperature increase, or by
the evolution of heat if it is caused by a temperature decrease. The func-
tional relation between enthalpy and temperature actually includes all the
thermodynamic information on the macroscopic states, accessible within
the considered temperature range and this information can be extracted
from the enthalpic function by its thermodynamic analysis.

The temperature dependence of the enthalpy can be determined ex-
perimentally by calorimetric measurements of the heat capacity of the
studied objects over the temperature range of interest. Since the heat
capacity determined at constant pressure is a temperature derivative of
the enthalpy function

Cp = (0H/3T), (1)
one can easily estimate the enthalpy function by integration of the heat
capacity

HD = [/ Cymar + HTy) @
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The so-called heat capacity calorimeters are used for heat capacity
measurements over a particular temperature range. There are many modi-
fications of this instrument designed for studies of various materials in
different aggregate states, over different temperature ranges, and with
different accuracies. As a material for calorimetric study protein has some
characteristics which distinguish it from other objects.

Among the protein characteristics the size of these molecules should
be mentioned first. The molecular weight of a protein is usually greater
than 10,000. Thus, these molecules, consisting of many thousands of
atoms, can be regarded in themselves as macroscopic systems. In this
respect proteins are similar to nucleic acids, the other important represen-
tatives of biological macromolecules, the calorimetric studies of which
attract no less attention.

The important feature in calorimetric studies of these biological mac-
romolecules is that we are interested in their physical properties not in the
isolated state—in vacuum, but in the dispersed state—in solution (partic-
ularly in aqueous solution) in which they can be regarded as individual
macroscopic systems surrounded by the solvent medium. The solution
concentration at which the interaction between macromolecules is suffi-
ciently small to be neglected is of the order of 10~* M for average proteins,
i.e., of the order of one tenth of the weight percent. In such dilute solu-
tions, however, the macromolecular contribution to the thermal proper-
ties of the entire samples should also be small: the protein heat capacity
does not exceed 0.03%, while the excess heat capacity at the peak of
denaturation is less than 1% of the solution heat capacity. At the same
time, even dilute solutions of biological molecules are quite viscous so
that they cannot be stirred to achieve rapid thermal equilibration during
heating, as is usually done in studies of liquids.

The other important peculiarity of biological molecules is their poor
availability and exceptionally high cost due to the difficulty of their isola-
tion and purification. The amount of material which can be used practi-
cally in experiments for the most available materials does not exceed a
few milligrams.

Thus, heat capacity studies of proteins actually boil down to calori-
metric studies of very small heat effects which occur in a few milliliters of
a viscous solution heated over a broad temperature range. These experi-
ments cannot be done in any of the known heat capacity calorimeters
used for physicochemical studies of nonbiological materials. The realiza-
tion of these experiments has required the creation of a qualitatively new
technique, which is known as heat capacity microcalorimetry.

We will consider in this chapter the experimental technique used in
heat capacity studies of individual macromolecules in solution, experi-
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ments with these materials, methods of treatment of experimental results,
and their analysis.

Experimental Technique

Microcalorimeters for Heat Capacity Studies of Liquids

During the last few years a number of review papers have been de-
voted to supersensitive and superprecise instruments for heat capacity
studies of small volumes of liquids.'® Unfortunately, the technical prob-
lems inherent in heat capacity microcalorimetry have been treated rather
briefly. Here we also cannot go into technical detail and readers interested
in this aspect are referred to the original papers.”!'' Nevertheless, some
general principles of construction of such instruments will be considered
here, to make clear what can be expected from this technique and how to
work with it.

All contemporary heat capacity microcalorimeters have a number of
features in common. First, they do not have a mechanical stirrer as do all
the macrocalorimeters for the rapid redistribution of the introduced ther-
mal energy over the sample volume. The stirring of a liquid with a high
and variable viscosity produces uncontrollable Joule heat in an amount
much greater than the measured heat effect. The elimination of the me-
chanical stirrer was made possible by the great decrease of the opera-
tional volume of the calorimeter. Therefore, a small volume of the calori-
metric cell is a key requirement in the construction of heat capacity
microcalorimeters.

All microcalorimeters measure heat capacity not in a discrete way at
stepwise sample heating by discrete energy increments as do all the classi-
cal calorimeters, but continuously with continuous heating or cooling of
the sample at a constant rate. In other words, they scan along the temper-
ature scale by measuring continuously small changes in the heat capacity
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Fic. 1. Differential adiabatic scanning calorimeter with two identical cells (C' and C”)
heated at a constant rate and a controlled temperature of the surrounding shell (S).

of the samples. As a result, these instruments are usually called scanning
microcalorimeters.

Continuous heating and measurement have great advantages over the
discrete procedure: it gives more complete information on the heat capac-
ity function and permits the complete automatization of all the measure-
ment processes. Its disadvantage is that the studied sample is never in
complete thermal equilibrium. This sets certain requirements for the sam-
ples and for instrument construction: the temperature-induced changes in
the samples should not be too sharp and the relaxation process at these
changes should be sufficiently fast, while the construction of the calori-
metric cell should provide minimal thermal gradients which do not change
with heating.

All scanning microcalorimeters measure not the absolute but the dif-
ference heat capacity, i.e., they are all differential instruments with two
identical calorimetric cells, and measurements consist in a comparison of
their heat capacities (Fig. 1). One of the cells is loaded with the solution to
be studied and the other one with some standard liquid. Thus, the heat
capacity of the studied liquid is determined relative to the chosen stan-
dard. In studying dilute solutions, it is convenient to take the solvent as a
standard, since, in this case, the measured difference heat capacity will
correspond directly to the heat capacity contribution of the molecules
dissolved in the solution.

The heat capacity difference of the ceils is usually measured by the
compensation method: the controller automatically monitors the power in
the electric heaters of both cells to maintain identity of their temperatures
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at heating, and the difference of these powers is recorded as a tempera-
ture function. Such a feedback by the heat balance in the cells improves
significantly the dynamic characteristics of the instrument which is espe-
cially important for a precise registration of the complicated heat capacity
functions.

The constant rate of heating over the entire temperature range in
scanning microcalorimetry is provided either by the controllable power
which compensates for an increasing loss of energy by the cells on heat-
ing!>1 or by the thermoisolation of the cells which prevents the loss of
their energy. The first method is simpler to construct. However, the large
amplitude of heating power regulation results in excessive noise and an
unstable baseline. That is why this method is not used in precision scan-
ning microcalorimetry where the normal practice is to use complete or
partial adiabatization of cells, i.e., their controllable thermal isolation
from the surrounding thermostat.b

The heat exchange of the cells with the thermostat is controlied by
enclosing them in thermal shells with a controllable temperature (Fig. 1).
The shells completely prevent the heat exchange between the cells and
the thermostat if its temperature is maintained equal to that of the cells,
while a constant difference between the cell and shell temperatures pro-
vides constant positive or negative heat flow into the cells. Such a heat
flow is necessary for scanning in both directions along the temperature
scale.

The thermal shell is made of metal with high thermal conductivity
(silver, copper). Electric heaters insulated by a thin film are uniformly
distributed on the outward surface of the shell. Precise instruments usu-
ally have several shells to provide a high symmetry and constancy of the
thermal field around the twin cells over the entire operational temperature
range.

One of the most difficult problems in scanning microcalorimetry is the
loading of the cells with equal and definite amounts of the studied and
standard materials and of the free volume. It is clear that when measuring
heat capacity with an error of less than 1073 J K1, the error in loading the
cells with the sample should not exceed 107 g. It is practically impossible
to load the calorimetric cells with such accuracy by weighing the sample.
A calorimeter with extractable cells never gives reproducible results;
each replacement of the cells results in a different slope and position of
the baseline of the instrument. Therefore, such instruments, being quite
sensitive to sharp changes of heat capacity with temperature, cannot be

2 E. S. Watson, M. J. O’Neil, J, Justin, and N. Brenner, Anal. Chem. 36, 1233 (1964).
B E. S. Watson and M, J. O’Neil, U.S. Patent, 3, 263, 484 (1966).
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FiG. 2. Undismountable calorimetric block with the cells completely filled with liquid
samples through the capillary inlets I' and I”. The measuring volume of the cells is fixed by
the point at which the adiabatic shell (S) contacts with the capillary inlet and shunts the
difference heat effect. The manostat is used to apply extra pressure on the liquid for squeez-
ing the bubbles which might be left in the cells and for preventing their appearance upon
heating.

used for determining the absolute heat capacity difference and its depen-
dence on temperature, i.e., they cannot be considered as precise instru-
ments for the determination of the difference heat capacity of liquids.

The free volume in the loaded cells raises similar difficulties. It is
evident that hermetic cells cannot be filled completely with a liquid sam-
ple, since the thermal expansions of the liquid and of the cell are usually
different. On the other hand, the free volume in the cell leads also to
numerous complications during heating caused by vaporization of the
liquid. Although the vapor pressures of the solvent and the dilute solution
do not differ greatly, the difference in the heat effect of their vaporization
might be quite significant because of the large specific heat of vaporization
(about 2 kJ g~ for water).

The problem of loading a scanning microcalorimeter with a sample and
that of the free volume was resolved by replacing heat capacity measure-
ments of a sample of definite mass by heat capacity measurements of a
sample of definite volume.®® The volume of the studied sample can be
fixed by the fixed operational volume of the calorimetric cell. The main
requirement which must be fulfilled is that the cell should be filled com-
pletely and no microscopic bubbles should be left in it. It is clear that this
can be done only by replacing the isolated hermetic cell, which has always
been used in heat capacity calorimetry, by an open cell connected with
the external vessel (Fig. 2). A thin capillary tube connects the cell with the
external vessel so that the cell can be filled with the sample without
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removing it from the adiabatization system of thermal shells. This permits
the liquid expanded on heating to flow from the cell. The operational
volume of the cell is determined by the thermal sheil which is in thermal
contact with the capillary tubes and which plays the role of a thermal
shunt, cutting off the influence of the external part of the capillary tube on
the cells.

To exclude bubbles from the cells, an excess pressure is applied to the
external ends of the capiliary tubes by a manostat and ali measurements
are performed under this constant pressure. A few atmospheres are suffi-
cient to compress all the bubbles in the cells and to prevent their appear-
ance on heating. Since the excess pressure raises the boiling temperature,
this extends the operational range of the instrument. For example, 5
atmospheres of excess pressure are enough to heat an aqueous solution to
150°, which is very important for studies of thermostable macromole-
cules.

When the described cells are heated, the expanding liquid filling the
cells is removed through the capillary tube, i.e., the mass of the liquid
which is in the cell decreases with an increase of temperature. However,
the flow of liquid from both cells is almost identical when studying dilute
solutions, since the thermal expansion coefficients of the dilute solution
and the solvent are almost the same. Therefore, expansion of the liquid
does not affect the measured difference of heat capacity, although a de-
crease of the mass in the cells should be taken into account when calculat-
ing the specific heat capacities.

The principle of fixed volume of liquid heat capacity measurements
was used in designing the precision scanning microcalorimeters DASM-
1M and DASM-4, manufactured by the Bureau of Biological Instrumenta-
tion of the USSR Academy of Sciences. Later this principle was also used
in the scanning microcalorimeter Biocal, manufactured by Setarum
(France), and in the model MK-2 of the scanning microcalorimeter manu-
factured by Microcal (United States).

The undismountable calorimetric biock of the DASM-IM instrument
with the cells filled through the capillary tube and a double adiabatic shell
is shown in Fig. 3. The golden 1 ml volume cells are made as flat disks.
The capillary tubes with a 1.2 mm inner diameter are made of platinum.
The thermal shells are made of silver.

The main difference between calorimeters DASM-4 and DASM-1M is
in the construction of the cells. In DASM-4 the cells are made completely
from capillary tubes wound into a helix (Fig. 4). Capillary cells have many
advantages: they are easily washed and filled without bubbles and they
provide a much more homogeneous thermal field with lower temperature
gradients in the studied liquids. This permits use of higher heating rates
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Fic. 3. Calorimetric block of the scanning microcalorimeter DASM-1M. (1,2) Internal
and external adiabatic shells with heaters; (3) calorimetric cells; (4) shell thermosensor:
(5, 6) capillary inlets; (7) thermopile; (8) cell heater; (9) internal shield rim; (10) external
shield rim.

during measurements, and therefore increases the sensitivity of the in-
strument in heat capacity studies. In the capillary cell there is no thermal
convection of the liquid during heating which is one of the sources of
artifacts in scanning microcalorimetry. Moreover, thin capillary tubes can
withstand much higher pressures than cells of any other shape and this is
important for extending the operational temperature range of the instru-
ment (Fig. 5).

Main Characteristics of Scanning Microcalorimeters

Usually the sensitivity of an instrument means the minimal signal
which can be detected against the background noise. Therefore, it de-
pends not only on the noise of the instrument, but also on the shape of the
signal.

In the case of the scanning microcalorimetry of biological molecules,
the spectrum of possible signals varies over a wide range, from fractions
of a degree (melting of homopolymers and phospholipid bilayers) to
dozens of degress (gradual changes of heat capacity, cooperative transi-
tions with small enthalpies) and the problem of their isolation against the
background noise requires detailed studies of noise characteristics, i.e.,
of the noise spectrum of the instrument. However, this is usually some-
what arbitrarily replaced by the evolution of a mean square deviation of
the recording from an ideal line (noise level) and by the evolution of the
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Fi1G. 4. Calorimetric block of the capillary scanning microcalorimeter DASM-4. (1) Capil-
lary inlets; (2) helical capillary cell with heater; (3) internal shell; (4) thermopile measuring
the temperature difference between the capillary cells; (5) external shell.

reproducibility of recordings at consecutive runs of the instrument with-
out refilling the cells with the sample (convergency). But this is far from
sufficient for characterizing the ability of the instrument to measure the
difference heat capacity. The main parameter showing this ability of a
scanning microcalorimeter is the reproducibility of the results after refill-
ing the cells with the same sample. In contrast to the mean noise level and
convergency which are usually estimated in power units (watts), the re-
producibility of the results of difference heat capacity measurements
should be estimated in heat capacity units (J K~!) at the optimal heating
rate.®

It is evident that the sensitivity of a scanning microcalorimeter de-
pends directly on the amount of the sample studied. The smaller the
amount of the sample and, consequently, its heat capacity, the smaller are
the heat effects registered on heating. Therefore, one of the widespread
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F1G. 5. Capillary scanning microcalorimeter DASM-4, manufactured by the Bureau of
Biological Instrumentation of the Academy of Sciences of the USSR.

methods of increasing the apparent sensitivity of a scanning microcalo-
rimeter is reduction of the volume of the calorimetric cells. However, in
solution studies it is the sensitivity to the heat effect occurring within the
sample of definite volume that is significant, and not the absolute sensitiv-
ity to the heat effect, since in solution studies it is the minimal concentra-
tions and not the minimal volumes that are of importance. The character-
istics of a scanning microcalorimeter reduced to a unit of volume are
denoted as reduced characteristics.® It is clear that the reduced character-
istics are basic in the assessment of the quality of an instrument designed
for solution studies.

Although at present many companies manufacture scanning calorime-
ters, it is difficult to establish a clear idea of the potentials of these instru-
ments from their descriptive brochures, since usually the descriptions
give only one or two most favorable parameters, for example, only the
noise level. The table summarizes the basic characteritics determined
from the descriptions and illustrations of some manufactured instruments
which at present are used most frequently in studies of macromolecules.
It is evident that although there is only a 100-fold difference in the noise
levels of these instruments, their reduced noise-levels, which per se deter-
mine their fitness for studying macromolecules in solution, differ more
than 1000-fold, while the relative error in estimating heat capacity varies
by two orders of magnitude. This qualitative difference compels us to
divide scanning calorimeters into two classes. The dividing line can be the
relative error in the estimation of the heat capacity. It is expedient to
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consider the instruments for which this error does not exceed 0.1% as
precision instruments, as these instruments can be used in quantitative
studies and, in particular, studies of macromolecules in solution. The
other instruments, which we cannot call precision ones, have a number of
advantages: a smaller cell volume and larger ranges of heating rates and
working temperatures. In other words, they are more universal. It is
evident that precision is the cost for the universality which has ensured
their wide usage mainly in applied studies. Such instruments are also used
in studies of macromolecules in solution: low sensitivity and accuracy is
compensated by using high concentrations and heating rates, but the pos-
sibility of their increase is rather limited. The maximally admissible heat-
ing rate in studies of macromolecules should be 5 K/min, but in many
cases it is much lower.

Calorimetric Experiment

Preparation of Samples

The calorimetric study of a protein usually begins with the choice of
appropriate conditions and the preparation of protein solutions. We as-
sume these conditions to be the required purity of the protein, the most
suitable solvent (pH, salt content), the concentration, the temperature
range, and the scanning rate.

The requirement for protein purity in calorimetric experiments is usu-
ally very rigid and not easily realizable, since even the most sensitive
instruments require large amounts of material for the experiment. Homo-
geneity of the studied protein preparation is crucial for a thermodynamic
analysis of calorimetric data, especially in studies of complex tempera-
ture-induced processes, since an admixture of small amounts of even the
same modified protein can alter the result seriously. The homogeneity of
the studied preparation must be checked by all possible tests: by electro-
phoresis of the native protein and of the unfolded one in SDS in the
presence of reducing agents, by isoionic focusing, chromatography, ultra-
centrifugation, and terminal group analysis. None of these tests sepa-
rately can guarantee the purity and homogeneity of the preparation, while
a combination of several tests can give a more or less certain answer. In
quantitative studies, the amount of contamination should not exceed 3%.

Arguments for the choice of solvent are as follows: (1) the protein
should be soluble in the solvent over the entire studied temperature range,
i.e., it should not aggregate on heating; (2) the states of protein to be
studied should be realizable in the chosen solvent; and (3) protein transi-
tions between the states should be reversible (at least partly).
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Irreversibility of the protein intramolecular transitions is usually
caused by various concomitant intermolecular processes, such as aggre-
gation, chemical modification, and intermolecular cross-linking. There-
fore, a search for conditions providing maximal reversibility of the con-
sidered changes in the state of the protein leads us, first of all, to
conditions which prevent direct contact between protein molecules, i.e.,
a low concentration and maximal electrostatic repulsion between protein
molecules, which is achieved by a proper choice of pH and salt content of
solution.

In scanning calorimetric experiments pH stabilization is achieved by
the use of various buffers which are added in minimally required concen-
trations to avoid any direct influence of the buffer on the protein. How-
ever, one should bear in mind that the pH of buffer solutions is a function
of temperature. Since this dependence is proportional to the enthalpy of
ionization of the buffering compound, it is preferable to choose buffers
with a minimal enthalpy of ionization for scanning calorimetric experi-
ments, so that they should contribute minimally to the calorimetrically
measured heat effect. The buffers most preferable for studying conforma-
tional transitions of proteins are those which have the same ionization
enthalpies as the protein group, since in this case both effects, the heat of
protein ionization and the heat of buffer ionization, compensate each
other, and we measure directly the net heat effect of the conformational
transition. One such buffer is glycine, the carboxylic and amino groups of
which are ionized in the pH regions of 2-4 and 8-10, respectively.

In working with proteins which bind specifically ligands other than
protons, it is necessary to stabilize not only the pH but also the concentra-
tion of these ligands in solution during heating. For example, in studying
temperature-induced changes of calcium-binding proteins (calmodulin,
torponin C) it is necessary to stabilize the activity of calcium ions in
solution with an EDTA/Ca?* buffer. The concentration of free Ca?* in
solution [Ca?*] is determined in this case by the equation

[Ca]
[EDTA] — [Ca]

where K is the Ca?* binding constant by EDTA, [Ca] is the concentration
of calcium in solution, and [EDTA] is the concentration of EDTA in
solution.!

The required concentration of protein depends on the sensitivity of the
instrument and the experimental goals. The estimation of partial heat
capacity requires a quite high concentration of protein (about 2-5 mg/ml

[Ca’*] = K 3

T, N. Tsalkova and P. L.. Privalov, J. Mol. Biol. 181, 533 (1984).
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for the DASM-4 instrument). The required concentration for studying
conformational transitions of proteins depends on the sharpness of the
transition and its specific enthalpy: for studying the relatively sharp tran-
sitions of globular proteins with a half-width of about 5-10 K and a spe-
cific enthalpy of about 20 J g~! the concentration can be about 5 times
lower than that indicated above (about 0.4—1 mg/ml). For studying sharp
transitions, such as the melting of collagen and phospholipid bilayers, the
concentration can be an order lower (about 0.1 mg/ml), while for studying
multidomain proteins which melt over a close to 100 K temperature range,
the concentration should be high (about 3 mg/ml).

The preparation of a protein solution for calorimetric experiments
starts by dissolving the protein in the chosen solvent in amounts required
to obtain the desired concentration and volume. Then, the protein solu-
tion is carefully dialyzed against the solvent for 12 hr with several changes
of buffer to achieve complete equilibrium between the low molecular
compounds in the protein solution and the pure solvent. This is an abso-
lutely necessary procedure since the protein solution and solvent which
are loaded into the two cells of the differential calorimeter should differ
only in the protein content. (The small difference in the solvent compo-
sition caused by the Donnan effect is negligible for a dilute protein
solution.)

After dialysis, the protein solution should be centrifuged (30 min,
15,000 g) to remove aggregates and dust, and its concentration should be
determined by some standard method. For a quantitative thermodynamic
analysis of calorimetric results, the error in determining the concentration
should not exceed 3%.

In some cases the studied liquids are degassed under vacuum before
loading into the calorimetric cells. However, one should bear in mind that
this procedure could change significantly the concentrations of the stud-
ied solutions. If experiments are done on calorimeters which operate
under excess pressure (DASM-1M, DASM-4), no degassing is needed,
except for some special purpose, €.g., oxygen release from the solution.

The excess pressure which is used in scanning microcalorimetric ex-
periments to prevent degassing and boiling of the liquids depends on the
upper temperature to which the protein solution is to be heated. It is 1 atm
for heating to 100°, 1.5 atm for 110°, 3 atm for heating to 130°, and 5 atm
for heating to 150°.

When choosing the optimal scanning rate the following considerations
should be taken into account: (1) the sensitivity of the scanning calorime-
ter increases with an increase of the heating rate; (2) an increase of the
heating rate leads to a decrease in the uniformity of the temperature field
of the sample; this results in smoothing of the studied effects; and (3) the



18 UNFOLDING AND REFOLDING OF PROTEINS [2}

rate of the temperature-induced transition in protein is limited, it is about
10® sec™! for the denaturation of globular proteins and only 1072 sec™' for
the denaturation of fibrillar proteins.

The main criterion in choosing the optimal heating rate is the lack of
dependence of the calorimetric recordings on the heating rate. If the
heating rate is too large, the observed transition will appear broader,
flatter, and will be shifted to higher temperatures. The optimal rates for
calorimeters with capillary cells (DASM-4) are 1-2 K/min for globuiar
proteins, 0.25~1.0 K/min for fibrillar proteins, and 0.1-0.25 K/min for
phospholipid bilayers.

Difference Heat Capacity Determination

Although a differential scanning microcalorimeter is designed for the
difference heat capacity determination of liquids, this cannot be done by
single measurements of the heat capacity of its two cells loaded with the
two liquids (solvent and solution). The first thing that should be done for a
precise determination of their heat capacity difference is to load both cells
with one of the liquids which is considered as a standard (solvent) and to
determine the zero or the baseline of the instrument over the entire re-
quired temperature region (Fig. 6). This ‘‘line’” in most cases is neither
linear nor horizontal for supersensitive instruments, because it is practi-
cally impossible to make the two cells absolutely identical. However, in
precise instruments, it is stable and reproducible in repeated runs of the
instrument after refilling the cells with new aliquots of the same liquid.
The slope of this line can be easily corrected by applying a temperature-
controlled power into one of the cells. A more radical correction of the
baseline, including its linearization, can be achieved by memorizing the
result of the first run of the instrument and subtracting it from the results
of all other runs. This can be done by a special electronic corrector with a
memory unit or by a computer on line with the scanning microcalorimeter
used for further processing of the data.

Once the baseline has been determined, one of the cells is filled with
the studied solution. The deviation of the recording for the solution from
the baseline should correspond to the heat capacity difference of the same
volume of solvent and solution. Therefore, in difference heat capacity
determinations we are comparing the heat capacity of the solution with
that of the solvent which had been in the same cell previously, while the
other cell with the solvent is used only as a reference one. This permits
complete exclusion of the influence of nonidentity on the results of mea-
surements.

To estimate the difference heat capacity in heat capacity units, the
instrument must be calibrated. This cannot be done with standard liquids
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F1G. 6. Microcalorimetric recording of the difference heat capacity of 0.182% lysozyme

solution against the solvent—40 mM glycine buffer, pH 2.5. The baseline was obtained on
filling both cells with the solvent.

with known heat capacity, since absolute heat capacity has never been
determined with the accuracy required for the calibration of scanning
microcalorimeters. Therefore, it can be calibrated only electrically by
applying some definite power, 8W, to one of the cells, which imitates the
heat capacity change of this cell. The apparent heat capacity change will
be equal to 8C, = SW/(dT/dt) = 8W(dt/dT), where dT/dt is the heating
rate and dt/dT is the time required for heating the cell by one degree.
Dividing 8C,, by the observed deviation of the recording from the baseline
8/, we obtain the heat capacity value of a unit displacement on heat
capacity versus temperature record, (8W/8l) (dt/dT).

If the calibration power was applied for a duration, &z, the energy
released in the cell is 8E = W& and it corresponds to the 85 area of the
calibration mark. Therefore §W8T/86S will be the energy value of the
square unit on the record.

Determination of Protein Partial Heat Capacity

The difference in heat capacity between a solution of biological macro-
molecules and a solvent measured by scanning microcalorimetry is al-
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ways negative, i.c., the heat capacity of the solution is smaller than the
heat capacity of the same volume of solvent (Fig. 6). It follows that the
heat capacity of macromolecules in solution is smaller than that of the
same volume of the solvent. For the observed difference in heat capacity
between the solution and the solvent we have

AC?)pP(T)pr.sol/solv = Cp(T)prm(T)pr - Cp(T)solvAm(T)solv (4)

where C,(T), is the partial specific heat capacity of protein at temperature
T, m(T),, is the mass of protein which is in the calorimetric cell at temper-
ature T, and m(7),o is the mass of the solvent displaced by proteins in
solution. The latter equals

V(T)or

Am(T)solv = m(T)pr V(T) i

&)
Here V(T),, is the partial specific volume of protein at temperature T and
V(T)sor is that of the solvent. From Egs. (4) and (5) we obtain the partial
specific heat capacity of protein:

V(T)pr _ AC?Jpp(T)pr,sol/solv
V(T)solv m( T)pr

Cp(T)pr = Cp( T)solv (6)

It should be noted that the heat capacity of protein determined by the
above equation is not strictly the partial heat capacity since the latter is
the value which is obtained by extrapolation to an infinitely dilute solu-
tion. However, if we take into account that the protein concentration in
the solution used for the scanning calorimetric experiment is less than
104 M and this solution does not show any concentration dependence of
the heat capacity it becomes evident that we can consider the value deter-
mined by Eq. (6) as the partial specific heat capacity of the protein in
solution.

Since partial specific volumes of proteins and solvents do not change
significantly with temperature, we can consider their ratio V(T),,/ V(T )0
as temperature independent in the first approximation. As for the second
term in Eq. (6), it also does not depend significantly on temperature
because thermal expansion leads not only to a decrease of the mass of
protein in the calorimetric cell (m,,) but also to an increase of the sensitiv-
ity of the instrument as a result of the cell heat capacity decrease and
these two effects greatly compensate each other. Therefore, if high preci-
sion is not required in the partial specific heat capacity determination one
can use the values for the specific volumes of protein and solvent and for
the mass of protein in the cell which had been estimated for 25°. For many
proteins and solvents, the values of the specific volumes at 25° are tabu-
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lated and can be found in handbooks. Specific volumes for proteins can be
also calculated with quite reasonable accuracy from the known specific
volumes of the amino acid residues.

If it is necessary to determine the partial specific heat capacity of a
protein with a greater accuracy and over a larger temperature range, the
specific volumes of the protein and the solvent should be determined
experimentally in the same temperature range using precise densimeters,
e.g., the digital vibrational densimeter DMA 02 (Anton Paar, Graz). Spe-
cific volumes must be determined in heat capacity studies of phospho-
lipids, since their partial specific volumes change significantly with tem-
perature variation,

In determining the partial specific heat capacity of macromolecules in
solution with high accuracy, it is necessary to use precise data on the heat
capacity of the solvent, as well as to take into account the change of the
mass of macromolecules in the calorimetric cell due to thermal expansion
of the solution and the cell.

The specific heat capacity of the solvent can be determined over the
desired temperature range with the required accuracy using the same
scanning microcalorimeter. To do this, we have to measure the difference
heat capacity of the considered solvent in relation to distilled water:

Acgpp(T)solv/HzO = Co(Dayom(Tao — ColDsotvm(Tsolv

u(T) w(T)
- C[T solv
VDo e
where v(T) is the operational volume of a calorimetric cell at temperature

T and V(T )y,o and V(T ) are the specific volumes of water and solvent at
this temperature. From Eq. (7) we have

Co(TNsot _ CoMyo  ACT(T)sorny0

= Cp( T)Hz() (7)

VDo VDo oD ®
and substituting it in Eq. (6) we get
Cp( T)HzO Acgpp( T)solv/HZO ] ACSPP( T)pr sol/solv
= — — 58 9
T = | S R (), o)

The specific volume and the heat capacity of pure water (Vi,o and Cp 1,0)
are known with high accuracy over the entire temperature range of its
existence in the liquid phase and can be found in handbooks. As for the
operational volume of a calorimetric cell »(T) and the mass of protein in
the cell m(T),, at temperature T, they can be calculated from their values
at room temperature Ty and known coefficients of thermal expansion of
the solution and the cell material. Bearing in mind that

m(T)pe = (T)p(T ) (10)
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where p(T),, is the protein concentration in solution at temperature T, we
have

| dV,
p(T)y = p(Tl))pr/[l + m*{ﬁ—l (T - To)] (1)

u(T) = o(To)[1 + B(T = To)] = v(T)Il + 3T — Ty)] (12)

In Eq. (11) the specific volume of the solution is approximated by the
specific volume of the solvent since they do not differ significantly for
dilute solutions. In Eq. (12) the volumetric thermal expansion coefficient
8 is replaced by the linear thermal expansion coefficient « which is equal
to 14.3 x 107¢ for gold.

Finally, we obtain the following equation for the partial specific heat
capacity of protein in solution

_ [Co(Duyo  ACF(Tsotvinyo
= [T i ML
app
_ ACPP (T)pr]/sol dv “3)
P(Ty)pet(To) [1 + (3(1 VT d}"‘) (T - To)]

1t should be noted that the difference heat capacity of solvent/water
could be much larger than the difference heat capacity of protein solution/
solvent, since a protein solution is dilute while the solvent can be a quite
concentrated solution of a low-molecular-weight compound (salts, alco-
hol, urea, etc.). Therefore the difference heat capacity of the solvent is
usually measured at low sensitivity of the scanning microcalorimeter.

The operational volume of a calorimetric cell v(T) is determined by
measuring the difference heat capacity of two liquids with different
known specific heat capacities, or just by measuring the heat capacity
difference of an empty cell and the cell filled with water.

Changes of Partial Heat Capacity and Enthalpy in
Temperature-Induced Changes of a Protein

The partial specific heat capacity of native proteins at 25° varies over
the range of 1.2t0 2.3 1 K~ ! g~! for various proteins and increases linearly
with a temperature increase with a slope of the order of 1073 J K=" g~'.
The heat capacity of a protein in the denatured state is significantly higher
than that in the native state (Fig. 7). For various proteins this difference is
from 0.30 to 0.70 J K~! g=! and seems to be independent of temperature
(for details see Ref. 15). In nucleic acids, the heat capacities of the native

5 P. L. Privalov, Adv. Protein Chem. 33, 179 (1979).
16V. V. Filimonov and P. L. Privalov, J. Mol. Biol. 122, 465 (1978).
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FiG. 7. Partial specific heat capacity of lysozyme in solutions with different pH values.

and denatured states do not differ noticeably, in any case this difference is
not greater than 0.06 J K~' g,

Since the pure native and denatured states of a protein in any given
conditions are realized at different temperatures, it is evident that the heat
capacity difference of these states can be estimated either by extrapola-
tion of their heat capacity values to the considered temperature, or by
varying solvent conditions if they do not affect the heat capacity of the
protein as is true in the case of pH variation (Fig. 7).

If the heat capacity of the protein in the native state is known over a
quite extended temperature range, we can calculate the so-called ‘‘ex-
cess’" heat capacity of the protein by extrapolating it to the range in which
it cannot be determined by direct measurements. The ‘‘excess’’ heat
capacity of the protein relative to some state, considered as its ‘‘zero”’
state, is the difference between the heat capacity of the protein and the
heat capcity of this ‘‘zero’’ state at the considered temperature T

<Acp(T)> = Cp(T)pr - Cp,O(T)pr (14)
Correspondingly for the excess enthalpy of protein we have

(MH(T) = || (AC(T)ar (15)

Although in the above equation the integration is from absolute zero
temperature, in practice it is integrated from some temperature 7 from
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which the heat capacity of the protein is distinguished from the heat
capacity of the protein in the zero state.

The importance of the excess heat capacity and the excess enthalpy
functions follows from the fact that only a part of the observed heat effect,
which is accounted by these functions, is related to changes of the macro-
scopic states of a system. Therefore, these functions actually include all
the thermodynamic information on the states realized in the considered
temperature range. This is expressed by a very general relation of statisti-
cal thermodynamics

din QO
dT

where Q = 2 K; is the partition function of a system and K is the probabil-
ity of all accessible states.!”!8 Thus, for the partition function of a protein
in solution we have

(AH(T)) = RT? (16)

0 = e ([T T2 1) v ([ 1 [ xuman] ar} o

Thermodynamic Analysis of Calorimetric Data

Transition between Two States

The simplest temperature-induced process for macromolecules is the
transition between two thermodynamically stable states—the native (N)
and denatured (D) ones. A general scheme of this process for a biological
macromolecuie, not necessarily consisting of a single polymer chain, can
be presented as

N:m,D1+m2D2+---+mka

assuming that the transition results in the disintegration of the macromol-
ecule into k different subunits (chains) each present in m; copies. Desig-
nating the initial and final states by indices 0 and 1, we have for the
equilibrium constant

A(‘,G) = ex (A_})g B AéH)
RT R RT
Let F be the fraction of molecules that have undergone the transition

at a given temperature 7, and [N], be the initial concentration of the
preparation in the native state. Then, the concentration of molecules in

K = exp <— (18)

7 E. Freire and R. L. Biltonen, Biopolymers 17, 463 (1978).
8 R. L. Biltonen and E. Freire, Crit. Rev. Biochem. 5, 85 (1978).
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the native state can be presented as
[N] = [N(1 = F) (19)
The concentration of each subunit in the denatured state will be
(Di] = mi[N]oF (20)
and for the equilibrium constant we will have

k &
H [D;]mi n (m; yni| N g Fmi

i=1 _,',[
K= N~ N - B @D

or
n—1lrn

where n = 2% ,m; is the order of the reaction. Thus, the equilibrium
constants of reactions of identical order and various stoichiometries differ
only by a constant multiplier. Consequently, the temperature derivatives
of the equilibrium constant logarithm will be indistinguishable for such
reactions

dIn K _ AH _ dF 1 dF n—-F(n—-1)dF

o7 RO gt T—FarT Fa-F ar P
Hence we get for the temperature derivative of parameter F
F  AlH -
dFF A F(1 - F) (24)

dT ~ RT*n - F(n — 1)

At the same time for the excess enthalpy of the considered system we
have

(AH) = AlHF (25)
and for its excess heat capacity
d(AH) _ d(A HF) 1 g 9F .
(AC,) = T a1 - = AVH a7 + AJC,F (26)

Substituting Eq. (24) into Eq. (26) we obtain

(AAH? F(A - F)
RT? n—Fn—-1)

(AG,) = + AIC,F 27)

By determining the temperature dependence of F from Eq. (22), one can
calculate the excess heat capacity function for a reaction of any order.
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For example, for a monomolecular reaction N = D for which n = 1
and

F
K=1—% (28)
we have
1 2
(ACy) = ‘j;;’;i Ch XAJG/2RT)
A(I)CP 1 -1 1
+ =5 exp(~AJG2RT)Ch '(A{G/2RT) 29)

This is an analytical expression for the dependence of the excess heat
capacity on temperature and the thermodynamic parameters of the transi-
tion for a monomolecular reaction.

By comparing the observed excess heat capacity of a macromolecule
with the calculated one from this equation, it is possible to find out, using
the best fit procedure, whether the studied process indeed represents a
monomolecular two-state transition and to determine the enthalpy and
entropy of transition which should also satisfy the two basic requirements

A H

aOT = A\C, (30)
and

dAS  AYC,

oT T 31)

In practice, however, this can be determined by a much simpler analysis
of the main characteristics of the heat capacity peak—the area, height,
and temperature of the maximum.

Let us estimate the position of the heat capacity peak maximum and
its value for an arbitrary process. Differentiating Eq. (27) with respect to
temperature and bearing in mind that (A}C,/9T) is likely to be very small
for biopolymers and, therefore, can be neglected,’” we get

¥AC,)  F(1 — F) 20 H(TAYC, — AbH) N (AYH)

oT 1 — kF nRT? n?R2T*
F(1-F)1 - 2F + kF*» _ ., . A\H F(1 - F)
+ 0 = kF) T Ak T 3P

where k& = (n — 1)/n. At the extremum this equation is equal to zero.
Dividing the above equation by (AYH)/(rnRTH[F(1 — F)I/(1 — kF) # 0,
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we get at the maximum

2ATAYC, — AYH) N (AJH)* 1 — 2F + kF?

1 =
T ZRT2 (1 = kb T A6 =0
or
1 —2F + kF? _ nRT(TA)C, — 2A0H)
(- kF)? (ATHY? =X (33)
where
RT(3TAIC, — 2A0H
x = RTGTAK, oH) (34)

(AHY

Thus, Fax, which corresponds to the maximum of the heat absorption
peak, must satisfy the equation

1+ nX

2 B
F 1 + knX

maxk = 2Fmax + 0 ‘ (33%)

Since for a first-order reaction & = 0, we have two quite different cases
for Eq. (35): it is linear for first-order reactions and quadratic for higher
order reactions.

Let us consider the first case when

1+X
Fmax 2
and the maximal heat capacity is
C(AGH? L AG
(ACpmax = IRTE (I = X°) + 5 (1 +X) (36)

max

Equation (36) is exact and can be used for an exact estimation of the
enthalpy of the process if the latter represents a ‘‘two-state’’ transition.
However, since we can never be certain about the correctness of this
assumption, the enthalpy value estimated by this equation based on the
van’t Hoff relations, is regarded as an effective one and is usually called
the van’t Hoff enthalpy to distinguish it from the real one measured calori-
metrically. Equation (36) can be simplified if the parameter X is suffi-
ciently small relative to unity. In this case, it can be written as

(ALH)? _AlG,
4RT2 - <ACp>max 2

max

(37
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and the value of the van’t Hoff enthalpy of the process can be expressed
either as

4RT%nax(<ACp >max - A(])Cp/2)
Aé Hcal

ALHY = (38)

or as

A{C
AéHVh = 2Tmax \/R(<Acp>max - 02 p)

(39

The advantage of the first expression is that the value of the van't Hoff
enthalpy AJH*! in this case does not depend on the absolute values
(ACp)max and AJH®¥, and, consequently, neither on possible errors in
determining the concentration of the studied preparation nor on the cali-
bration of the scanning calorimeter.

The applicability of the simplified Eqgs. (37)—(39) can be verified by
evaluating the parameter X. As a rule, 3TA}C, > 2A}H for biological
macromolecules. Hence for X we obtain an approximate value

X = 3RTHaxA0Cy _ 4RThax 380C, _ 3 AYC, (40)
(ALH)? (ALH)? 4 4 AyC
<Acp>max - P £

Let us estimate the error in evaluating the van’t Hoff enthalpy using
Eq. (37) instead of (36) induced by the nonzero value of the parameter X.
From Eq. (36) we have

(AGH) _ (AC)mar — (A6Co/2)(1 + X)

ARTL,., - x?

- _ANG, [ _ AC, ]/ o

= ((Acp>max > ) 1 AT T — A(gcp/z)X (1 - X2

~ 2 32 AoCy ] / 2

- [(1 - 3X )((Acp>max - ) > (1 -X?9

~ ((ACp)max — AYCH/2)(1 + X2/3) (1)
Thus

4RT} AlC
1 igvh — max _ p 2
AcH AL ((Acp>max > ) (1 + X%3) (42)

In order for the error in the estimate of the van’t Hoff enthalpy not to
exceed 1%, it is necessary that X2 = 3 x 1072, and that the heat capacity
difference A}C, should not exceed approximately 20% of the maximal
heat capacity value.
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In the case when the transition between two states is a reaction of an
order higher than the first one, we have from Eq. (35) for the value of F,x
at a heat capacity maximum

(1= =T 4) fe= (- ) /4
_1-VI-k ”k'_k+<\/1 k- \/,L—_k:;()/k

Fmax

ZI—\/l—k+\/l—k[1_ 1

k k V1 + knX

_n—Vn Vn I

e e L v e e e )

Taking into consideration the small value of the parameter X, we get
from Eq. (43) by expanding it into a series with an accuracy of a quadratic
term

n—Vn 1 3n—1)
+ X -
n—1 2Vn 8n\Vn

It is easy to see that even at a very low value of the parameter X the F..
value corresponding to the maximal heat capacity differs significantly
from 0.5. Indeed, for a bimolecular reaction this value will correspond to
approximately 0.59, and in the case of a third-order reaction it will be
approximately 0.63.

Substituting the value F.. [Eq. (44)] in Eq. (27), we obtain

Frax = X? (44)

1 2 1 1
(AC Yo — (AH) N AC,Vn L MeCoX
RT2, (Vn+ 1?2 Vn+1 2Vn
T(AH)  3A¢Cyn — 1)] X2
* [4RT,2nax 2 v )
If X is sufficiently small, the van’t Hoff enthalpy values are expressed as
|
(\/; + l)zRT;ax<<ACp>max - A()Cp\/;>
ALH Vi + 1 46
0 B A(I)Iical ( )
or
AC,Vn
l7yvh — _Zo=p Y7
ALH™ = (Vi + DT \/R (<Acp>max i 1) (47)
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The errors related to the deviation of X from zero using Egs. (46) and (47)
are of the same order of magnitude as those for the monomolecular
reaction.

The value of the transition entropy can be calculated easily if the
temperature corresponding to the heat absorption peak is known. In this
case, for the first-order reaction when F,c = (1 + X)/2 we have

Foo 1+ X

Ko == F "1ox 12 (48)
In Kpax = In(1 + 2X) = 2X (49)
AdGmax = — RTIn Ko = — 2RT X (50)
AlS. = AbHumax = DoGax _ BoHmax + 2RTmin X

) Timax Tmax
_ Boflms 5y (51)

Tm ax

If we take into account the real values of the parameters included in this
expression it becomes evident that the transition entropy at peak temper-
ature amounts to with good accuracy

A(]]Smux = All)I"Imax/Tmux (52)

For higher order reactions we have

_ NI Fa

Kmax - 1 — Fmax L (mz) ' (53)

k n
In Kpax = (n — 1) In[N], + 2 m;Inm; + In —Fﬂ—
i=1

]_Fmax
(n—\/E+ | X)
| Floy | n—1  2Vn
n = 1in
F=Fox O a-Va 1
n—1 2Vn
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v _ "
=) 0+ v ¥)
1 1
Va-1 2Vt
V=1 _\
I+ X
= In <1_\/2;”_1)>( +1n{(\/%/§1)" (\/2—1)}
2Vn

(1 B+ )

= In

~ 1n(1 + ”2——\/71)() + In {(\r—n"_/%}

ni2 —_ 1
n " x (54)

=k e T v

k
NI~ [T Gmiyrn

~ 1

=1In £l + 2z
RTax (\/E — ! 2Vn
_ A(1)11max - A(])(;max A(l)flmax

A(l)S max T = T
max max

I
]n Kmax — AOc;max

X (59)

NI ] (myminn
i=1 + RXn -1
- 2V

The ratio AJH<4/A}H " can be considered as a measure of the validity
of the assumption that the studied process is a two-state transition. For
heat denaturation of small compact globular proteins, this ratio is usually
very close to 1.0."° The deviation from 1.0 in most cases does not exceed
5%. This means that the population of all intermediate states between the
native and denatured ones of these proteins is rather low, and denatura-
tion can be considered in the first approximation as an ‘‘all-or-none’’
process.

However, for the denaturation of large proteins, and in some cases
even of not very large ones, the ratio AJH/A}H " exceeds significantly
1.0, which indicates that the process of disruption of their native structure

+ RlIn

(56)
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is not of an “‘all-or-none’” character even in the first approximation, and
that in this process several intermediate states are realized.'®

It should be noted that this ratio can also be smaller than 1.0, but this
can occur only in two cases: when the molecular weight of a coopera-
tive unit is determined incorrectly and when the studied process is irre-
versible.

The first case is found frequently for molecules which exist in solution
as dimers and not as monomers, and which denature in the dimeric form.
For a reversible process, a value of the ratio AJH/AJHY" smaller than
1.0 can be considered as an indisputable argument in favor of the exis-
tence of a specific complex of several molecules.

Influence of Irreversibility on the Value of the AYH“'/ASH" Ratio

The problem of irreversibility of a process and its influence on the
estimated thermodynamic characteristics is rather complicated. In princi-
ple, a quantitative thermodynamic analysis is based on equilibrium stud-
ies. Nevertheless, in some cases, one can use this analysis for studying
processes which are practically irreversible. If the process of protein
unfolding is irreversible due to the metastability of the initial state of a
molecule, then the equations of equilibrium thermodynamics are inappli-
cable for its analysis.

However, the observed irreversibility of protein unfolding can be
caused also by some ancillary concomitant processes occurring signifi-
cantly slower and with a significantly smaller enthalpy than the gross
conformational changes. For example, this may be the process of proline
isomerization, which is rather slow and is practically not accompanied by
any enthalpy change, but which hinders sterically the refolding of the
polypeptide chain into a compact native structure. This may be also the
aggregation of unfolded protein molecules which proceeds much more
slowly than the unfolding of the native structure; it depends greatly on
concentration and ionic conditions and blocks the refolding of the poly-
peptide chain into a compact native structure.

Thus, the process of irreversible denaturation can be presented sche-
matically as

ki k3
Ne=—U—mD
k>
where N is the initial native state, U is the unfolded state, and D is the
aggregated state. The reaction U — mD results in a decrease of the

9 P. L. Privalov, Adv. Protein Chem. 35, 1 (1982).
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concentration of active molecules participating in the equilibrium N = U,
and the rate of decrease of the active concentration increases with an
increase in temperature. This will lead to a sharpening of the observed
heat absorption peak and, hence, to an increase of the apparent van’t Hoff
enthalpy of the transition and to a decrease of the AJH /A H *! ratio. It is
clear that this change in the van’t Hoff enthalpy value is more significant
the slower the heating rate; if the reaction U — D is not a monomolecular
one, the change in the van’t Hoff enthalpy will grow with an increase of
the sample concentration. Therefore, the influence of irreversibility can
be decreased by increasing the heating rate and decreasing the concentra-
tion of the studied protein solution.

Since the process of unfolding of the compact protein structure N — U
is rather fast (~1073 sec™!), the value of A\H " obtained upon extrapola-
tion to infinite heating rate and zero concentration should be very close to
the real values that could be obtained for the first stage of the process in
the absence of the second irreversible stage. This was demonstrated in
our laboratory by a comparison of the data obtained on the same protein
at different pH values, namely at pH values at which denaturation is
completely reversible and, in turn, irreversible.

Analysis of Complex Processes

Under a complex process we mean these cases in which a tempera-
ture-induced transformation of a macromolecule proceeds through a num-
ber of intermediate macroscopic states. The complex nature of a process
can be noticed by the appearance of additional extrema and bends on the
melting curve and by the deviation of the calorimetrically measured total
melting enthalpy from the effective one estimated by the van’t Hoff equa-
tion. The main goal of complex process analysis is the determination of its
reaction scheme and the thermodynamic description of all the macro-
scopic states which are realized in the process. A general case, in which
the stages of a complex multistage process are not necessarily first-order
reactions, is too complicated to be considered here, especially since real
cases are usually much simpler: most of their stages are, as a rule, first-
order monomolecular reactions. Therefore, here we shall limit our consid-
eration to multistage monomolecular reactions.

It should be noted that the reactions representing a release of ligands
can be considered also as monomolecular ones if the concentration of free
ligands does not change considerably during the experiments, i.c., if there
are free ligands in large excess or if the solution is correspondingly buf-
fered.
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Thermodynamic Description of Multistage Processes

Let us assume that a temperature increase induces the macromolecule
to pass through distinct macroscopic states. Arranging all these states
according to increasing enthalpy values, we can formally describe the
equilibrium existing between these states by the following sequential
scheme

Ko.( Kia

I, 2

K 1
L -1,

ll)

"

Denoting the equilibrium constant between the states i and j by K, ;, we
can write the following thermodynamic relations for this system

Ko = ll_lll Ki-1, (57)
AYG(T) = GAT) = G(T) = g A\ G(T) (58)
6mn=mn—mm:§Mva (59)
AYS(T) = S{T) — H(T) = ,21 A\ S(T) (60)
AYCAT) = Co{T) — Cpo(T) = 2. AL C)(T) 61)

The partition function of this system is
Q = > Ko = 2 exp(—AG/RT) (62)
i=0 i—0
and the population of states is
exp(—AYG/RT)
Q

The mean excess enthalpy of the system in relation to the initial state can
be presented as

Fi = Ko,/Q = (63)

mmm=§%ma

IRESIN AVH NS ]/[ - _M é{)_S ]
- [z. BoHexp <“ RT T T) 2 exP( RT " R ) (64)

i=1
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and the excess heat capacity as

, d(AH) ¢ dF; &
mga»:‘ﬂ ZmﬂdT+2AmF

H?) — 2 ‘ .
95—%ﬁ§égl+-§)mcga BCE(T)) + (BC™T)) (65

where

(AH?) = Y, (AYH)F, (66)
i—t

is the mean value of the enthalpy squared.

Our task is to find the number of realizable states and to determine
their thermodynamic parameters in such a way that the experimental
curve would coincide with the calculated one within the accuracy of the
experiment. Since each of the states is specified by three thermodynamic
parameters, (AoH, A)S, AjC,), this task actually comes down to the mini-
mization of the following function

SOH, 83, MCy. 1) = [ (ACTieor = (ACUT oo PdT  (67)

which depends on (3n + 1) parameters. In the analysis of calorimetric
data, the dependence of the transition enthalpy on temperature is usually
neglected, since it is weak and does not lead to significant distortion of the
(8C™(T)) term in Eq. (65). However, the second term in this equation,
(8C L‘“(T)), should be taken into account and subtracted from (AC,(T)).

The simplest is to approximate (SCL“‘(T)) by a straight line connecting
the beginning and the end of the melting curve (Fig. 8). Such an approxi-
mation works well in the case of processes which are extended over a
broad temperature and which consist of many overlapping broad transi-
tions. A more accurate approximation can be achieved by assuming that
the changes of specific enthalpy and specific heat capacity are propor-
tional for all transitions:

AYC,  ACY
AH T T AH®

where ACy" is the heat capacity difference of the final and initial states
and AH™! is the total denaturation enthalpy. In this case we get the
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and Privalov.' Dot-dash line, first approximation of 3C™(T); dashed line, final approxima-
tion of 8Cy(T) by Eq. (68).

expression
BCR(T)) = 2, MiCoFi = k 2, AVHF; = k(AH(T))
i=1 i=1

= (ACAH) [ (6C5<(rdr (68)

which relates (8C'(T)) to (8CF(T)). Although this relation is only an
approximate one, the error in the (SC;*) value introduced by such an
approximation of (§C :)“') is not great, since (8C;*°(T)) is much larger than
(BCY(T)). .

The determination of (8C}") and its subtraction from (AC,) can be
performed in the following way. The straight line connecting the begin-
ning and the end of the excess heat capacity is taken as a zero aproxima-
tion of (SCy")". Then (8CE) = (AC,) — (5C™)' is integrated, and the
complete integral is accepted to be AH'. The value of ACy" is known; it
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is equal to the difference between the heat capacities of the initial and final
states; hence the coefficient « is determined and the more accurate func-
tion {(8C g“)" can be calculated by Eq. (68). The procedure should be re-
peated until the values of (6C ip"‘> and (8C,*) do not change. The obtained
value of (8C;*) is used for further analysis. Thus, we eliminate the param-
eters A{)Cp in Eq. (67) and decrease to (2n + 1) the number of parameters
which have to be found.

In using the best fit procedure for this analysis of calorimetric data one
should bear in mind that the approximation of the experimental heat
capacity curve by the calculated curve improves with an increase in the
number of considered states, but this improvement significantly slows
down after some definite number of states. This takes place due to a too
low population of states added (for details see Ref. 20). Therefore, the
states above this critical number can be neglected.

The best fit procedure for approximation of calorimetric data can be
simplified significantly in the case when the considered process can be
represented as the sum of independent transitions and the system can be
considered as consisting of independent subsystems. In this case, the
partition function of the system can be represented as the product of the
subsystem partition functions

o=[le=]]10a+ky (69)
i=1 i=1

The enthalpy and heat capacity of such a system is equal to the sum of the
enthalpies and heat capacities of each of the subsystems

d ln<,ﬁ] Q,-)

AHT) = r72 200 _ gy

aT - aT
" l
= RT? Zl 9 a“ & 2 (AHAT)) (70)
@y = LD 5 acyry an

i=1

while the heat capacity of each subsystem is described by Eq. (27) for a
“‘two-state’’ transition. The model of independent subsystems was effi-
ciently used, for example, in studying the melting of transfer RNA.?

8. J. Gill, B. Richey, G. Bishop, and J. Wyman, Biophys. Chem. 21, 1 (1985).
2 P. L. Privalov and V. V. Filimonov. J. Mol. Biol. 122, 447 (1978).
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Recommendations for the Best Fit Procedure

What has been said can be summarized by the following recommenda-
tions. Determine the excess heat capacity function. Extract from it the
effect of the intrinsic heat capacity change (SCip"‘). Minimize the function
[Eq. (67)], assuming the most probable number of states. If the experi-
mental curve cannot be approximated by the calculated one, increase the
number of states. If the shape of the calculated curve is close to the
experimental one, eliminate the states with a low maximal population and
repeat the minimization. Obtain the minimal number of well-populated
states required for a description of the melting curve. One should bear in
mind that the lower the level of the maximal population in the given state,
the higher is the error in determining its thermodynamic parameters.

For minimization of function [Eq. (67)] one can use practically any
algorithm. However, it should be noted that, since the dependence of this
function on variables is of a higher order than quadratic, a change of the
second derivatives of this function is significant. Therefore, methods sug-
gesting constant values of second derivatives will give satisfactory results
only near the minimum. In regions remote from the minimum the method
of steepest descent can be used.

Sequential Analysis of the Excess Heat Capacity Function

An alternative approach to the analysis of the excess heat capacity
function was suggested by Freire and Biltonen'’-'® in 1978. The starting
point in this approach is that, at sufficiently low temperature, only the first
transition contributes noticeably to the observed excess heat capacity.
The thermodynamic parameters of the first transition can be determined
by using the following function

(I

For a system which has only two states, this function comes down to
ASH, while, for a more complicated system, it is equal to

Z (ALH — AYH)F; _2 A\HF/F,

o = AMH + = - = AVH + ——
> F, 1 + > FiF,

i—1 i=2

2, AiH exp(~A|G/RT)
= AVH + 22—
I + > exp(—AiG/RT)

= AYH + (AH), (73)
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The second term of this function is nothing else than an averaged excess
enthalpy for the system consisting of (n — 1) states, and the initial one is
considered here as state I, but not zero. At rather low temperatures at
which only the zero state and state 1 are noticeably populated, (AH), = 0
and ¢, approaches A{H. Bearing also in mind that F, = 1/Q and Q is
determined by the excess enthalpy function according to Eq. (17), we get

(AH)
o1 — Fy ’Ilr(} — ex (_ T {(AH)
P\™ )y RT?

= AH (74)

ar)

The partition function of the new subsystem consisting of (n — 1) states
can be estimated from the enthalpy of this subsystem

(AH), = ¢ — AGH (75)
01 = exp([] G0 o) (76)

The enthalpy of the second transition can be obtained in the same way as
that of the first transition using the function

> A{H exp(—AiG/RT)

AH » iz 2
¢ = 1—%% = AlH + —— = AlH + (AH), (77)
: 1 + >, exp(—AYG/RT)
i=3
for which
im ¢ = Al
and

(AHY, = ¢ — ATH

Repeating the above procedure and using recurrent relations

(AH);

Pir1 = I—:E (78)
QAT) = Z exp(—AlG/IRT) = exp( fOT %;,12)" dT) (79)
(AH); = (2 Al \H (80)
lim ¢; = AL, H

70 81)
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one can obtain the thermodynamic parameters of all the realizable states.
The equilibrium constant for these states, as is clear from Eq. (79), is

Qi1 — 1
Kioy = —F— (82)
' 0
and the population of the ith state, consequently, will be
i-1 l
Fi=Fi1Ki-1; = Fi Q—]Q—- (83)

The thermodynamic parameters of transitions between the (i — 1)th and
ith states can be obtained from the condition of equality of their popula-
tion. Assuming under Ty ; a temperature at which F;_; = F; and the equilib-
rium constant K; ;; becomes unity, we can determine Ty, from the con-
dition

Qi (T) — 1 = O(T) (84)
On the other hand, since

K; ;= exp(—A,_ |H/RT_ + Al_|S/R) = 1

we have for the entropy of this transition

!
AlLS = A H (85)
T,
This algorithm is mathematically strict and, as has been shown by Freire
and Biltonen, gives the single solution if the function (AC,) and, conse-
quently, (AH) are known over the entire temperature range from absolute
zero up to temperatures at which the last transition is completed. How-
ever in reality the (AC,) value is not known from absolute zero tempera-
ture and is estimated with some error.
Actually the (AC,) function is determined only from some temperature
Ty at which the difference (C, — C, ) begins to exceed the experimental
error. Therefore the value of the experimentally determined (AH), func-
tion equals zero at Ty, whereas Qy and F are equal to unity. Correspond-
ingly, ¢ at this point cannot be determined since it tends to +~ at T— T,
(Fig. 9). Therefore the function ¢, approaches the first transition enthalpy
value with a reasonable accuracy (of about 7% error) only at
4RT},

T=T, + _A—(I)H—_ ~ Ty + ATM (86)

i.e., at a distance of half-width of the first transition from 7,. Thus, if we
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have several transitions, and the first transition is followed by a second
one, the determination of its enthalpy value becomes a problem, since the
contribution of the subsequent transitions to ¢, can become noticeable
before the value ¢, approaches AH. That is why in reality one has to
search not for the limit but for the minimum of function ¢, and to accept
this value as the enthalpy of the first transition. Hence, it becomes clear
that the extent of transition overlap imposes certain limitations on the
applicability of this method to excess heat capacity analysis. A serious
obstacle to this method arises also from the accumulation of errors at
consecutive steps of the analysis.

In order to decrease the influence of the enumerated factors, the possi-
bility was studied of using for the deconvolution analysis, instead of func-
tion ¢, some other one which could give also a transition eathalpy at the
limit T — 0.2 In particular, it has been shown that the function ¢’ =
(AH?*/{AH) approaches the transition enthalpy value faster than function

22 V. V. Filimonov, S. A. Potekhin, S. V. Matveyev, and P. L. Privalov, Mol. Biol. (USSR)
16, 551 (1982).
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¢ (see Fig. 9), and, consequently, is much more useful for sequen-
tial analysis of complicated processes. Nevertheless, even with the
use of this function, the error accumulation is significant in sequential
analysis.

The results of the analysis can be improved by an optimization proce-
dure carried out at each stage of sequential deconvolution.?? After deter-
mining A)H and T, the heat absorption peak corresponding to this
parameter is synthesized, and the initial and synthesized curves are com-
pared in the temperature region from 7, to 7,, where T, corresponds to
the temperature at which the minimum of the function ¢’, corresponding
to AjH, is achieved. The optimization procedure consists in a search for
the minimum of the function

7
SAHH,T) = [ (AC  neor = (AC)pdT (87)
The refined values of AYH and T, ; are used to determine (AH),. Then the
parameters of the second transition are optimized in the same manner and
the parameters of both transitions are optimized in the temperature range
from T, to T> which includes the first two transitions. The same procedure
is then repeated. The efficiency of optimization at each stage of the se-
quential deconvolution analysis of the complex function was demon-
strated on synthesized model functions.

Interpretation of the Results of Heat Capacity Function Analysis

The problem which arises after the determination of the number of
states of a macromolecule realized in the temperature-induced process
and the thermodynamic parameters of the transition which constitutes this
process is the interpretation of the found values, their physical and struc-
tural meaning.

In many cases, discrete states of macromolecules result in their struc-
tural discreteness, i.e., in the subdivision of their structure into coopera-
tive structural blocks, which disrupt on heating in an *‘all-or-none’” way.
Thus, each of the realized states represents some definite combinations of
blocks in the ordered and disordered states. If there are N such blocks in
the molecule, the number of possible states will be 2¥. However, far from
all possible states are realized upon heating. The number of such states is
determined both by the thermodynamic parameters of stabilization of the
blocks and by their interaction.

Let us consider as an example a macromolecule consisting of two



(2] CALORIMETRIC STUDIES OF CHANGES IN PROTEINS 43

cooperative blocks A and B which can be either in state N or D. The
scheme of possible transitions in such a molecule is

v \ADBD
N\ A,

ADPBN

ANBN

Not all the equilibrium constants in this scheme are independent, since
K, K; = K,K,. Itis clear that, if there is no interaction between the transi-
tions, then K, = K, and K, = K;.

However, all these transitions can be represented formally by a linear
scheme of sequential reactions, as well

KT K3 K3
ANBN — ANBD —_— ADBN —_— ADBD

The equilibrium constants K are related to the equilibrium constants X;
in the previous scheme in the following way

K}k ZK] K] = K;k
K;( = Kz/Kl or K>, = KikK'_;k (88)
K} =K, K= K5

K; = K¥K?

Using these relations, we can obtain the enthalpy and entropy of transi-
tion of blocks A and B with the ‘‘neighbor’ in the ordered or disordered
state from the thermodynamic parameters for the linear scheme, which
can be determined by the sequential deconvolution analysis of the calori-
metric melting curve

ANBYH = AHF + AHF  ARENS = AST + AS}
ANBIH = AHY + AHY  AXBS = AST + AS}
AMBNH = AHF ngﬂs ASF
ASBYH = AHY ASRYS = ASY

(89)

Then, for the enthalpy and entropy of interaction between blocks A and
B, we have

SH e = ASNENH — AMNBoH = AHT — AHY (90)
8 Sier = AMBN S — AMBNS = A SF — A SF

In real cases, the enthalpy of interaction between the blocks is much
lower than the enthalpy of structure stabilization of individual blocks.
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Nevertheless, it can be easily determined by measuring the heat effect of
melting at conditions with different transition sequences of the blocks (see
for example Ref. 23).

Increase of Analysis Reliability

The incorrectness in the determined transition enthalpy values,
caused by the inaccuracy of the experimental curve, increases with a
decrease of the maximal population of the corresponding state. At the
limit when the population of intermediate states tends to zero, the shape
of the melting curve becomes indistinguishable from that of the ‘‘two-
state’’ transition, and, in this case, the thermodynamic parameters of only
the final state can be determined reliably. The population of the intermedi-
ate states decreases with an increase of the transition overlap. Therefore,
one of the possibilities to increase the reliability of the analysis consists in
carrying out experiments at solvent conditions which assure a maximal
spread of the studied process over the temperature scale, and, as a result,
a minimal overlap of its constituent transitions.

The criterion of reliability of the results of the deconvolution analysis
can be the continuity in the changes of the found parameters with varia-
tion of environmental conditions. Indeed, variation in the stability of
individual states results usually in significant changes in the observed
overall melting profile (Fig. 10). However, if the analysis is carried
out correctly, the temperature and enthalpy of individual transitions
should vary continuously, and their functional dependence on envi-
ronmental conditions should be interpreted physically (see for example
Ref. 24).

When the studied macromolecular system is too complicated, consist-
ing of many subsystems undergoing transitions in the overlapping temper-
ature ranges, it is expedient to simplify it by fragmentation. Studies of
melting of a set of fragments permits identification of the found transitions
with the melting of a definite part of the molecule, i.e., to carry out
actually a structural analysis of the molecule at the domain level (Fig. 11).
However, fragmentation of a large molecule into quite definite parts
and isolation of highly homogeneous fragments in amounts required
for calorimetric experiments by biochemical procedures is much
more time consuming than calorimetric measurements and analysis of
results.

B S. V. Matveyev, V. V. Filimonov, and P. L. Privalov, Mol. Biol. (USSR) 6, 1234 (1982).
V. V. Novokhatny, S. A. Kudinov, and P. L. Privalov, J. Mol. Biol. 179, 215 (1984).
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F1G. 10. Deconvolution of the excess heat capacity functions of plasminogen fragment
K1-3 in solutions with different pH values: (a) pH 7.4, (b) pH 5.4, (c) pH 4.0, and (d) pH 3.4.
Crosses indicate the experimentally determined function to distinguish it from the calculated
one using the parameters of the transition estimated by the convolution analysis (see for
details Novokhatny et al.?).

Additional Information Obtained from Melting Curves

Information Obtained from Calorimetric Melting Curves

Carrying out calorimetric experiments at various solvent conditions
permits us not only to increase the reliability of the deconvolution analy-
sis, but also to obtain some additional information on the revealed transi-
tions, particularly on the amount of ligands released during the transition.
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various proteolytic fragments which are given schematically in the upper right-hand corner
of each panel (see for details Novokhatny e al.*).
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The equilibrium constant of a reaction which proceeds with ligand
binding, such as

N=D+ /L

where N and D are the native and denatured states of the macromolecule
and L is the ligand released at denaturation, can be expressed as

K = exp( 2? + jIn aL> 91)

where a; is the activity of the ligand in solution. The conditions corre-
sponding to some fixed value of the equilibrium constant, for example,
conditions at which the equilibrium constant is equal to unity, i.e., transi-
tion conditions, can be found from the requirement

a’an_[( ANG J/
dina d RT +jlnaL (d In a)
___ANH dT[
RT!d In a.

+j=0 (92)

From this equation, we get immediately

d1/T) R

dina, _  APH 93)

Therefore, knowledge of the functional dependence of the reciprocal of
the transition temperature on the logarithm of the ligand activity in solu-
tion permits us to determine the amount of ligands released during the
transition (see for example Refs. 19 and 25).

Information Obtained from Noncalorimetric Melting Curves

In order to carry out a structural interpretation of the stable states that
are realized on heating the macromolecule, it is useful to have as many
various physicochemical characteristics of these states. However, al-
though obtaining the temperature dependence of some physicochemical
parameter characterizing the molecule usually does not present any ex-
perimental problems, their deconvolution analysis, intended for the deter-
mination of a characteristic specific value for each realizable state, is
practically impossible without scanning microcalorimetry data.

Indeed. if a temperature increase induces the molecule to pass through
n macrostates which are specified by definite values of the considered
parameter AjA, the observed overall melting profile of the quantity A will

35 P, L. Privalov, O. B. Ptitsyn, and T. M. Birshtein, Biopolymers 8, 559 (1969).
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be
(AA(T)) :2‘6 ALAF; (94)

-[§ a3 ) S ok )

i=0 i=0

The principal difference between any parameter A and enthalpy, i.e.,
between Eqgs. (94) and (64), is that in the case of enthalpy it figures not
only as a coefficient but also in the exponents. Therefore, this equation is
solvable only if A is the enthalpy and not any other parameter. The
enthalpy function is unique in this respect. For any arbitrary A, this
equation can be solved only if we know the thermodynamic characteris-
tics of all the realized states, i.e., their population over the entire consid-
ered temperature range. The latter can be determined only by deconvolu-
tion analysis of the calorimetric melting curve. If the population of
intermediate states, F;, is already determined from calorimetric experi-
ments all other characteristics of these states can be found from the
observed melting curve, (A(T)), just by minimization of the function

n 2
354 = || [aay =3 siarcn| ar ©5)

For this purpose, ¢ is differentiated with respect to parameter AfA and
equated to zero, assuming A§A to be independent of temperature.

o T N
At = 2 )1 {@aa) - sar) Fnar

=2 { fTT (AA(T)F(T) dT

~ 3 AiA [" F(r) Fe(m) dT} =0 (96)
im1 0

Thus, the problem is reduced practically to the solution of the linear
system of equations

L”A(I)A + L|2A%A + -+ LlnA(’)lA =M,

LaAlA + LoAZA + -+ + LuAlA = M, ©7)

where
T T
Ly =Ly = [ EMFMAT, M= || (AT)F(DaT

(for details see Ref. 26).
* S. V. Matveyev, V. V. Filimonov, and P. L. Privalov, Mol. Biol. (USSR) 17, 172 (1983).
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Thermodynamic Description of a Cooperative Unit

Although the enthalpy and entropy of the transition of a cooperative
unit between its two realizable states (native and denatured) can be mea-
sured calorimetrically only within the transition temperature range, the
enthalpy, entropy, and Gibbs energy difference of these states can be
estimated over a much broader temperature range if the heat capacities of
these states or their differences are known. Indeed, bearing in mind that
(08/0T) = C,/T and, at transition temperature, T,

ARG(T) = ARH(T,) — T ARS(T) =0 (98)

we have for these difference functions at temperature T

ARH(T) = [ CMTYaT + ARH(T) + [ co(nydr

= ARH(T) — [ ARCU(T)dT (99)
. Cp(T) ARH(T) | 1 CR(T)
ARS(T) = [ =2 ar + e [} == ar
D
ANI;(T' [ arcundm T (100)
ARG — AD D — AD L-T
RG(T) = ARH(T) — TARS(T) = ARH(T) =
t
~ ["apcymar + 1" A *’(T) (101)

Usually the heat capacity difference between the native and denatured
states, ARC,(T), does not depend significantly on temperature'” and can
be considered in the first approximation as a constant specific for the
considered cooperative unit. This permits us to simplify the above equa-
tions and to rewrite them in the following way:

ARH(T) = AH — AC(T, — T) (102)
AH T
D AH t
ARS(T) = T, - ACpIn T (103)
T[ - T_

T,
ARG(T) = Co(T, — T) + AC,TIn —T—‘ (104)

T,

where A\H = ARH(T)) is the calorimetrically measured transition en-
thalpy at transition temperature 7, and A,C, = ARC(T}) is the heat capac-
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F1G. 12. The enthalpy, entropy, and Gibbs energy differences between native and dena-
tured states of CN-metmyoglobin in 40 mM glycine solution, pH 10.7.

ity difference extrapolated to the transition midpoint between the native
and denatured states. As already shown, the transition temperature 7, is
usually close to the temperature of the maximal heat absorption T, [see
Eq. (52)].

Figure 12 shows the enthalpy, entropy, and Gibbs energy differences
of the native and denatured states of a typical small compact globular
protein, myoglobin, whose denaturation is very close to the two-state
transition. As can be seen, the enthalpy and entropy differences are both
increasing functions of temperature, while the Gibbs energy difference is
a function with an extremum. The maximal value of the Gibbs energy
difference is achieved at the temperature at which

JARG(T)

oT
Since the Gibbs energy difference between the native and denatured
states determines actually the stability of the cooperative structure, since

~ ARS(T) =0 (105)
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it is the work required for its disruption, it follows that the maximal
stability of the cooperative unit structure is achieved at conditions at
which the native and denatured states do not differ in their entropy values
(for details see Refs. 27 and 28).

2 P. L. Privalov and N. N. Khechinashvili, J. Mol. Biol. 86, 665 (1974).
8 W, Pfeil and P. L. Privalov, Biophys. Chem. 4, 23 (1976).

[3] Kinetic Mechanisms of Protein Folding

By Hirovasu UTivyaMA and RoBERT L. BALDWIN

Introduction

The main purpose in working out the kinetic mechanism of folding of a
protein is to take the first step in determining its pathway of folding. The
second step is to find conditions in which structural folding intermediates
are well populated. The third step is to characterize the structures of the
intermediates and to place the intermediates in order on the folding path-
way. This chapter considers how to determine the kinetic mechanism of
folding; later chapters consider how to characterize the folding intermedi-
ates (see, for example, the chapters on circular dichroism' and on amide
proton exchange?). Another chapter’ considers the use of subzero tem-
peratures as a means of populating folding intermediates for long times. If
a folding reaction shows no populated intermediates, the only direct infor-
mation that can be learned about the folding pathway is that the process of
folding is highly cooperative. The nature of the rate-limiting step can,
however, be studied by investigating the dependence of the folding rate
on temperature, pH, and denaturant concentration.

The goal of determining the pathway of folding by characterizing the
structures of intermediates has now been pursued by protein chemists for
more than two decades. Attention has centered on small, single-domain
proteins in an effort to find out how the simplest proteins fold up. The
conclusion has been widely accepted for a decade that folding intermedi-
ates can be detected only with difficulty, if at all, in equilibrium studies of
single-domain proteins in aqueous solvents. (It remains to be secen
whether the use of high-resolution two-dimensional (2-D) NMR will
change this conclusion.) Consequently, there has been wide interest in the
kinetic intermediates found in the folding reactions of single-domain pro-

t A. M. Labhardt, this volume [7].
2 P. S. Kim, this volume [8].
3 A. L. Fink, this volume [10].
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