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It is now understood that it is essential to include both
energetics and dynamics into the traditional structure~-function
correlation. Calorimetry, or microcalorimetry when dealing with
macromolecules, is the ideal technique available for
characterizing the energetics of biological processes and
systems. One important reason for this is that calorimetry
measures the heat of a given process or the heat capacity of a
certain system directly without having to make any assumptions
or further calculations; it alse provides thermodynamic
information unobtaniable by other techniques.

Calcorimetric methods can be broadly divided into two groups:
isothermal calorimetry (IC) and differential scanning calorimetry
(DSC). The former measures the heat (enthalpy) evolution
assocliated to a certain macromolecule-ligand interaction, whereas
the latter determines the heat capacity of the macromeolecule as
a functicn of temperature.

There are three fundamental types of IC instruments with
different operating Ccharacteristics; these are kKnown as batch,
flow, or titration calorimeters. Althought each one has its own
advantage and limitations, titration calorimeters are now the
most widely used IC instruments. IC is, in principle, a self-
sufficient technique, providing as it does the meaningful
thermodynamic functions for a given binding process, 1.e. the
number of binding sites, binding constants and the AH, AS, AG and
ACp values associated with the interacticn. Nevertheless, when
dealing with somewhat complex binding processes, such as
cooperative sites, additional nen-calorimetric techniques are
required for a complete thermodynamic descripticn of the process.

The more important reasons for thermodynanmic changes in
ligand binding include: 1) a change in solvation; 2} specific
interactions at the Pinding site; 3) the release or absorption
of protons by the macromelecule, ligand and buffer; 4)
conformational changes; 5) changes in the association state of
the system. Complementary techniques are again often necessary
to differentiate amoeng these possible contributions. The

out the relative importance of hydrogen bé#nding, hydrophebkic,
electrostatic and van der Waals forces in the specificity of the

and b provides a good illustration of the use of IC to analyze
ligand binding to both equal-and-independent sites and to
cooperative sites.

High-sensitivity Dsc is a most appropriate technique to
study the energetics of temperature-induced conformational
changes in macromolecules, e.g. protein thermal unfolding. Under
the assumption that the thermal unfolding process occurs under



equilibrium conditions, DSC allows us to obtain the heat capacity
of the protein in the experimental temperature range, the overall
theirmodynamic parameters (AH, AS, ACp) asscciated with the
transition, and the partition function, and hence the population
of possible intermediate states and their thermodynamic
characterization.

DSC provides directly the AH of the process by integration
of the experimental Cp function; in addition we can obtain the
enthalpy change, AH", from the shape of the transition using the
van’t Hoff equation and assuming a two-state mechanism. When both
AH values are equal it is a good indicator that the transition,
follows the two-state model. When AH > AHM, sufficiently
populated intermediate states are present during the transition,
whereas AH < AH'"™M points to the possible existence of
intermolecular interactions (associations) in the initial, native
state of the protein. In addition, a knowledge of AH, AS and ACp
leads to the AG(T), the stability function, the shape of which
predicts the "cold-denaturation" of proteins.

Some DSC protein studies are briefly described to show the
application of this technigue to the two-state situation and to
multi-step transitions, where the individual transitions can in
principle be correlated with the unfeclding of specific regions,
coperative domains of the macromclecule. The complementary use
of koth IC and DSC 1s alsc commented upon.

Thermodynamic analysis of DSC calorimetric traces due to
protein unfolding relles on the assumption that chemical
equilibrium exists throughout the process. It 1is not clear,
however, whether or not egquilibrium thermodynamics can be applied
to calorimetrically irreversible transitions (no heat effect in
the reheating of the sample). I show here that the scan-rate
effect on the caleorimetric traces may be used to ascertain their
equilibrium character. Several examples illustrate how the shape
of the traces, as well as the effects cof the scan rate on them,
can be explained on the basis of a two-state kinetic model.
According to this model the conversion of the native state to an
irreversibly denatured one (aggregated, fcr instance) 1is
determined by a first-order kinetic constant, which changes with
temperature acceocrding to the Arrhenius equation. In these cases
no thermodynamic infermation, other than enthalpy changes, can
be derived from the traces. This two-state kinetic model is ocne
particular case within the wider Lumry-Eyring scheme, N=U-F,
where N, U and F respectively are the native, unfolded and
irreversible arrived at final states of the protein.

Therefore, efforts to improve the thermal stability of
proteins should take into account the increase in AG and also,
whenever 1t applies, the kinetics and nature of the step(s)
responsible for the irreversibility of the overall denaturation
process.
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Binding to One Set of
Independent Binding Sites

v = Lsl nk(r)
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Sources of thermodynamic changes for ligand binding

1.

Change in solvation

2.

Specific interactions at the binding site

@

Release or absorption of protons

.

Change in the state of agregation

o1

Conformational change



Reprinted from Analytical Chemistry, 1990, 52,
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Calorimetric techniques have contrib-
uted a great deal to our current under-
standing of the mechanisms of regula-
tion and control of biological structures
and processes at the molecuiar level.
Over the past decade and a half, ad-
vances have been made in both the de-
velopment of highly senasitive microca-
lorimetric instrumentation and the de-
velopment of analytical procedures to
extract thermodynamic information
about biological systems (see Refer-
ences 14 for reviews).

Hp-
4wt

The principal calorimetric tech-
niques that have contributed this in-
formaticn are differential scanning ca-
lorimetry (DSC) and isothermal titra-
tion calorimetry (ITC). By applying
DSC, researchers have learned about
the nature and magnitude of the forces
that stabilize biological macromole-
cules (such as proteins and nucleic
acids) and macromolecular assemblies
(lipid bilayers, protein-lipid complex-
es, and protein-nucleic acid complex-
es). Accurate determination of the en-
ergy of stabilization of these biological
structures by DSC has made possible
elucidation of mechanistic details re-
garding interactions between regions
within macromolecules and among
components in multimolecular assem-
blies. DSC experiments invelve per-
turbing the system under study by
varying the thermal energy content of
the sample (i.e., by scanning tempera-
ture as the independent variable under
experimental control}. The heat capac-
ity of the system is then measured
against temperature as the direct ther-
modynarmic observable (recall that the
heat capacity is the temperature deriv-
" Pormanent address: Department of Phyvsical
Chemistry. University of Granada, Granada,
spain

ative of enthalpy).

In contrast, ITC measures the ener-
getics of biochemical reactions or mo-
lecular interactions (ligand-binding
phenomena, enzyme-substrate inter-
actions, and interactions among com-
ponents of multimolecuiar complexes)
at constant temperature. In this case,
reaction is triggered by changing the
chemical composition of the sample by
titration of a required reactant. The
heat associated with the reaction is the
direct thermodynamic observable (re-
lated to both the enthalpy and extent
of reaction). In an ITC experiment, the
total concentration of reactant is there-
fore the independent variable under
experimental control.

Because the majority of biological re-
actions can be induced isothermaily,
the potential range of applications of

il

ITC far exceeds that of DSC. However,
until recently, the use of ITC has been
limited because of a lack of sufficient
sensitivity. The situation has changed
with the recent development of instru-
ments capable of measuring heat ef-
fects arising from reactions involving
as little as nanomole amounts of reac-
tants (5-11). This new generation of
titration calorimeters makes possible
direct thermodynamic characteriza-
tion of association processes exhibiting
very high affinity binding constants
(106-10% M~!) that are frequently
found in biological reactions (5-117).

In this article we will present an
overview of ['TC and recent advances in
ITC technology, discuss future direc-
tions for further evolution and applica-
tion of ITC to biomedical research, out-
line the mathematical treatment of
data for some simple binding models,
and describe some recent applications
of ITC to systems of biological interest.

Binding equilibrium

The association of biological macro-
molecules with one another as well as
their association with small ligand mol-
ecules plays a central role in the struc-
tural assembly and functional regula-
tion of biological systems and thus has

« ANALYTICAL CHEMISTRY, VQL. 62, NO. 18. SEPTEMBER 15 1980

attracted the attention of many inves-
tigators in recent decades. Throughout
the years, biologists have studied these
processes using a variety of experimen-
tal techniques and analytical methods
to obtain accurate descriptions of their
equilibrium behavior.

Several parameters must be included
in the description of binding or associa-
tion equilibria. First is the number of
binding sites or stoichiometry of the
reaction. Second is the strength of the
association, usually expressed in terms
of the association conatant, K,, or the
Gibbs free energy of association, AG =
~RT In K,. Third is the characteriza-
tior of multiple sites and positive or
negative cooperative interactions for
those cases in which more than one
binding site is present. Fourth is the
characterization of the enthalpic and

Hiamp-
i

entropic contributions to the Gibbhs
free energy of association (AG = AH —
TAS). Fifth is the characterization of
the dependence of the binding equilib-
rium on other environmental variables
such as pH, ionic strength, and so forth.
Most experimental technigues and an-
alytical methods for binding studies
are designed to evaluate these different
parameters.

Two different approaches are nor-
mally used to study the binding equi-
librium between two molecules. One
approach relies on the direct measure-
ment of the concentrations of free and
bound ligand molecules using a tech-
nique such as equilibrium dialysis. The
other approach takes advantage of the
existence of changes in physical obser-
vables that are proportional to the ex-
tent of binding saturation. The binding
of oxygen to hemoglobin, for example,
causes changes in the optical absor-
bance in the Soret region (~420 nm} of
he noglobin (12-14). The magnitude of
these changes is proportional to the de-
gree of saturation and has been used
extensively in the analysis of this bind-
ing process (12-14).

Calorimetric titration, which belongs
to this second type of approach, mea-
sures the heat released or absorbed by

0003-2700/30/0362-950A/$02.50/0-
© 1990 American Chemical Society



Calorimetry

the stepwise addition of a ligand mole-
cule to a solution containing the macro-
molecule under study. In general,
whatever the approach used to exam-
ine binding, the goal is to generate a
binding isotherm, a curve that repre-
sents the degree of seturation in terms
of the ligand concentration. In ITC, the
degree of saturation is defined in terms
of the heat associated with the reac-
tion.

Throughout the years, different
mathematical procedures have been
devised to esiimate association con-
stants, numbers of binding sites, and
cooperative interactions from ligand-
binding isotherms. In this respect, the
analysis of calorimetrically determined
binding isotherms follows the same
principles. Among biologists, linear-
ized representations of the data have

ciation constant. Use of the relation
AG = —RT In K = AH — T'AS allows
further calculation of the entropy
change. Thus a single calorimetric ti-
tration provides a complete character-
ization of the energetics of binding. In
contrast, estimation of enthalpy and
entropy changes using noncalorimetric
techniques requires several binding ex-
periments at multiple temperatures
and subsequent analysis of the tem-
perature dependence of the association
constant. Calorimetry is unique be-
cause it provides direct measurement
of the thermodynamic quantities of in-
terest.

What is ITC?

With ITC, one measures directly the
energetica (via heat effects) associated
with reactions or processes occurring at

Direct Thermodynamic
Characterization of Biological
Molecular Interactions

been widely used in the past. A particu-
larly popular transformation has been
the Scatchard plot, in which the ratio
of the concentrations of bound and free
ligand is plotted against the concentra-
tion of bound ligand. These transfor-
mations, however, usually introduce
statistical biases in the analysis be-
cause they obscure the distinction be-

constant temperature. Experiments
are performed by titration of a reactant
into a sample solution containing the
other reactant(s) necessary for reac-
tion. After each addition, the heat re-
leased or absorbed as a result of the
reaction is monitored by the isothermal
titration calorimeter. Thermodynamic
analysis of the observed heat effects

INSTRUMENTATION
s

tween dependent and independent
variables.

In general, a more robust and statis-
tically significant parameter estima-
tion can be achieved by direct nonlin-
ear least-squares analysis of the depen-
dent versus independent variable.
With the widespread availability of
computers, the trend toward this type
of analysis has gained popularity in re-
cent years (I5, I6) and this is the type
we will discuss here.

The major advantage of titration ca-
lorimetry derives from the fact that the
binding isotherms are defined in terms
of the heats of reaction and as such
they allow a direct estimation of en-
thalpy changes in addition to the asso-

then permits quantitative character-
ization of the energetic Processes asso-
ciated with the binding reaction.
Applications of ITC in the 1970s
were directed toward characterization
of the thermodynamics of enzyme-cat-
alyzed reactions (17-19), ligand bind-
ing to macromolecules (20-23), and li-
gand- or pH-induced macromoiecular
conformational changes (24). However,
reliable measurement of heat effects
could be performed only at levels of
1072 cal or greater (see References 25—
27 for reviews). Because of these limits
in sensitivity, only those biclogical re-
actions exhibiting relatively strong
heat effects could be studied. Entire
binding isotherms for ligand-binding

reactions could be obtained only for re-
actions exhibiting ligand association
constants of 104 M~1 or less because
sufficiently low reactant concentra-
tions could not be examined to deter-
mine higher affinity binding constants,
For those binding reactions with X, >
10* M-, only overall binding enthal-
pies, but not binding constants, could
be determined directly from calorimet-
ric titrations (some other method was
required to determine ).

Over the years, technologies and in-
strument designs have avolved to pro-
duce isothermal titration calorimeters
with much improved capabilities for
detection of ever smaller heat effects.
Such efforts during the 1980s led to the
design and construction of titration mi-
crocalorimeters capable of me suring
heat effects down to levels of 10~ cal
(5-11). The most significant of these
developments have been those related
to increasing the specific sensitivity
and improving the time response of ti-
tration microcalorimeters. Because
biomolecular association reactions are
frequently characterized by very high
binding constants {in the range of
10% M~! or greater}, experiments must
be conducted under conditions of very
dilute reactants (105 M or less) to ac-
curately determine equilibrium con-
stants as well as binding enthaipies. As
such, a major goal in calorimetric de-
sign is optimization of the specific in-
strument gsensitivity (heat per unit vol-
ume) rather than the absolute sensitiv-
ity.

Fundamental principles of isothermal
titration calorimeter operation

Figure 1 is a schematic showing a dif-
ferential, power compensation isother-
mal titration calorimeter (ITC-2) de-
veloped at the Biocalorimetry Center
at The Johns Hopkins University. De-
tection of heat effects in this isother-
mal calorimeter is accomplished by use
of semiconductor thermopiles inter-
posed between the titration ceils and a
heat sink (a large metal mass in ther-
ul equilibrium with a thermostatted
water bath). Two titration cells reside
in the calorimeter assembly; one acts as
the reference and the other as the sam-
ple titration cell. When an ITC experi-
ment is being performed, the reference
cell contains buffer only and the sam-
ple cell contains buffer plus the reac-
tant to which the injected material will
be titrated.

Prior to beginning the experiment,
the instrument’s injection mechanism
is filled with titrant, the titration ceils
are filled with the material to be titrat-
ed, and the calorimeter is equilibrated

ANALYTICAL CHEMISTRY, VOL. 62, NO. 18, SEPTEMBER 15, 1990 »
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Figure 1. Schematic of the ditferential, power compensation isothermal titration

calorimeter.
See text for operational details.

to the desired temperature such that
all components of the instrument (ie.,
titration cells, heat sink, and thermo-
statted water bath) have come to ther-
mal equilibrium relative to each other.
Identical injections of reactant are
then introduced into both mechanical-
iy stirred titration cells by a dual-injec-
tion mechanism. The contents of the
reference cell exhibit heat effects aris-
ing from injection and dilution of the
reactant being titrated. The contents
of the sample cell exhibit these same
heat effects in addition to that agsoci-
ated with the reaction under study.
Dual-injection isothermal tiration cai-
srimeters compensate in real time for
both the heat effects arising from dilu-
tion of the injected reactant nto the
sample and for any mechanical heat ef-
fects arising from injection, yielding
the heat of reaction of interest directly.

e ~.ALYTICAL CHEMISTRY,

.

The titration cell compartments are
constructed to permit heat flow be-
tween the titration cells and the heat
sink only through the thermopile ther-
mal detectors. The output of the ther-
mopiles, an electrical potential (volt-
age), is directly proportional to the
temperature difference across the faces
of the thermopiles. This temperature
difference, in turn, is proportional Lo
the thermal power (rate of heat trans-
fer [cal 37!]) being exchanged between
the titration cells and the heat sink. In
the absence of power compensation,
the time integrai of this rate of heat
cransfer is the total heat of reaction
induced in the respective titration cells
as a resuit of injection.

Recause the thermoniles of the sam-
ple and reterence titration cells are
connected 1N 2DROSIon slectricaily,
the experimental guantity actually

wOL, B2, MO. 18, SEPTEMBER 15, 1289

monitored by this differential isother-
mal titration calorimeter is the differ-
ence in the rates of heat production or
absorption between the sample cell and
the reference cell. A nanovoitmeter
measures the differential voltage out-
put produced by the thermopiles and
transmits this information to a com-
puter interfaced for data acquisition
and dynamic control of a power com-
pensation mechanism. Power compen-
sation is accomplished by continuously
regulating the amount of heat applied
to the titration cells so as to drive the
tempe.ature difference between the
two cells toward the baseline, steady-
state value.

The computer monitors the nano-
voltmeter output {which is proportion-
ai to the temperature difference be-
tween the two titration cells) and ad-
justs the current applied to the cell
feedback elements to compensate for
the detected change in differential
remperature between the cells. The ap-
plied thermal power as & function of
time required to return the isothermai
titration calorimeter to its steady-state
temperature differential following an
injection then becomes the experimen-
tallv determined quantity and is di-
rectly proportional to the heat of reac-
tion of interest.

increased intrinsic sensitivity

Very precise determination of tem-
perature changes is necessary for reii-
able detection of heat effects on the
order of 107 cal or less. The output of
thermopile temperature detectors, as
employed in the isothermal titration
calorimeter developed in our laborato-
ry and discussed here, is an electrical
potential proportional to the tempera-
ture difference across the thermopiles.
The magnitude of the voltage change
per change in temperature is therefore
an important consideration in instru-
ment design so as to produce the maxi-
mum measurable responge. During the
past decade, semiconductor bismuth-
selluride thermopiles have been intro-
duced possessing 70 thermocouples
{the individual temperature-sensing
elements of thermopiles) per square
centimeter. The use of thermopiles
with a high density of thermocouple
junctions per unit area provides en-
hanced voltage per degree response.
The ITC-2 is equipped with 1056 of
these junctions and is able to detect
changes on the order of 1076 cal 37!
{i.e., 40-50 nW) in thermal power.
Minimization of baseiine noise is an-
sther factor important for improving
igothermal titration calorimeter sensi-
tivity levels. In the ITC-2 we have
housed the titration calorimeter as-
sembly in an ultrastable thermostat-
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ted water bath to regulate tempera-
ture. Any fluctuations in bath tempera-
ture will tranamit the temperature
change via the heat sink to the titration
cells and contribute to baseline noise,
compromising instrument perfor-
mance. The thermal damping effect
provided by the mass of the metal heat
sink in ITC-2 coupied with a stable
thermosatat capable of maintaining
temperatures to within 10-6-10~% °C
over periods of minutes (and within
107+ °C over 8 h} (28) has reduced the
magnitude of baseline noise to a level
on the order of 10-8 cal s~ (i.e., tens of
nanowatts), thereby facilitating detec-
tion of small heat effscta.

The ability to perform differential
measurementa of reference and sample
responses in dual-injection instru-
ments facilitates more accurate deter-
mination of heats of reaction. Because
reaction is initiated in an ITC experi-
ment by injection of a reactant, heat
effects resuiting from the mechanical
disturbance of the injection event itseif
and dilution of the titrant are present
in addition to the heat of reaction,
which is the quantity of interest. A dif-
ferential, dual-injection isothermal ti-
tration calorimeter compensates for
these heat effects in real time. This
eliminates the need for two separate
experiments (a reference experiment to
vield heats of .njection and dilution
and a sample experiment to exhibit

25 pcal Heat pulses

__.—— Power compensation

Heat conduction

/

these effects and that of the reaction of
interest) as required in a single-injec-
tic.. ITC (11).

Treatment of data obtained from
single-injection ITC experiments in-
volves subtracting these two individ-
ually observed responses to yield esti-
mates of the heat of reaction of interest
(11). Because they compensate in real
time for any mechanical and dilution
heat effects, dual-injection titration
microcalorimeters capable of differen-
tial measurements do not introduce the
additional error arising from consider-
ation of two separate measurementa.

improved time response

The implementation of power compen-
sation mechanisms some years ago has
been a major factor in improving the
time response of isothermal titration
and differential scanning calorimeters
and therefore in providing more accu-
rate measurement of samall heats of re-
action (7). Because the total heat asso-
ciated with a reaction is the time inte-
gral of the differential thermal power
released or absorbed as a resuit of the
reaction, reducing the time response is
a means to more sensitive detection of
total heat effects per injection. Heat
conduction isothermal titration calo-
rimeters passively transfer heat be-
tween the titration cell(s) and heat
sink, giving rise to instrument time re-
sponses with lifetimes on the order of

1 -

iITC-2 operation.

The observad differential thermal power vs. time response in the power
compensation mode is distributed over a shorter period of time than that
measurad In the heat conduction mode. The ampiitude of the thermal power
response in the power compensation mode is greater than that detected In
the heat conduction mode because of the mors rapid instrurnent response.

Figure 2. Power compensation vs. heat conduction modes of

100300 s {8-10). The instrument dis-
cussed here uses continuous power
compensation for active heat transfer
and exhibits both considerably re-
duced instrument response times and
improved signal-to-noise (S/N) charac-
teriatics. Active power compensation
mechanisms, as introduced by McKin-
non et al. (7), lead to reduced instru-
ment response times and produce
greater thermal power amplitude (the
experimental observable} for equiva-
lent hesat effects. In other words, the
S/N is increased as a result of the en-
hanced thermal power amplitude nec-
essary to generate the same total ob-
served heat signal (area under the ther-
mal power versus time curve) in a
shorter period of tirne before return to
haseline.

This effect is demonstrated in Figure
2 in which the response signal of the
instrument to identical 25 ucal pulses is
recorded for both the case in which
power compensation is active and in
which it is not (heat conduction mode).
In both cases, the areas under the
curves are identical but the signal de-
flection is approximately four times
larger when power compensation is ac-
tive. In the absence of power compen-
sation, the ingtrument time response is
100 s whereas under power compensa-
tion conditions it is only 15 s. The ra-
corded quantity in a power compensa-
tion titration calorimeter is the amount

Flgure 3. Ditferential thermal power vs. time response obh-
tainad from introduction of a 0.5 gcal mL~! slactrical callbra-
tion puise into the sampie titration ceil of ITC-2 (sample con-
tains 5 mL of water).

The maximumn peak amplitude is 105 ncal 8~ (21 ncal g—° mL™" with S/N
suficiently high to permit reliable measurements ‘o considerably less than
1 ucal mL™" event™',
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Figure 4. Isothermal calorimetric titration of cholera t

receptor for choiera toxin.
The diffarential power output in Microwatts

0ligo—Gay {30-uL injections of 0.1 MM oligo-Gu1) into a solution of 4.9 nmol of B-subunit pentamer in 1.4 mL.

of thermaj power that must be applied
to compensate for the heat of reaction
induced by injection. Because the in-
trument is both continuously monitor-
ing the temperature differential (ther-
mopile output) and continuously regu-
lating the amount of applied thermal
power {through the feedback elements)
to actively return the system to the
preinjection, steady-state temperature
differential, the time required to ob-
tain the total heat associated with the
induced reaction is reduced.

In order to have the capability to
compensate for exothermic and endo-
thermic effects, a constant amount of
thermal power is applied to both titra-
tion cells and a steady-state flux of
thermal throughput from the cells to
the heat sink is established. The
amount of steady-state power applied
to the cells is sufficiently smail (0.5 mA
of current through ~230 & of resis-
tance, producing 14-15 X 107% cal st of
thermal power in 5 mL of cell volume)
so that the overall temperature is not
perturbed beyond the fluctuation re-
gime of the thermostat. Compensation
is accomplished by regulating the pow-
er introduced through the feedback el-
ements (by changing the amount of ap-
plied current) in proportion to the
change in thermopile output (detected
change in temperature).

In addition to power compensation,
the thin, disk-shaped geld titration
cells uged in the ITC-2 contribute to
optimizing the response time. Position-
ing the walls of the titration cells in
close opposition to each other mini-
mizes the distance heat must travel

P B

through the medium prior to encoun-
tering the thermopiles (which are in di-
rect contact with the cell faces between
the titration cells and heat sink). This
design facilitates rapid detection of
heat effects induced in the titration cell
contents by injection of titrant.

Definitions used for reporting re-
sponse times and noise levels vary in
the literature and commercial docu-
mentation. Qur definition of response
time is the time required for decay of
the thermal power amplitude to 1/e of
its maximurn value. Response times are
frequently referred to, however, in the
context of rise times to haif maximal
amplitude. By that definition, the ITC-2
has a response time of 3—4 s. In consid-
ering baseline noise levels, we report
baseline noise as the standard devi-
ation of the noise amplitude in individ-
ual baselines, in contrast to the stan-
dard error of reproducibility obtained
from a large number of multiple, iden-
tical injections.

The differential, power compensa-
tion isothermal titration calorimeter
described here currently has a limit of
resotution of 1079 cal of total heat. This
represents a substantial improvement
of approximately 3 orders of magni-
tude in sensitivity from the ~10-3 cal
resolution in earlier reaction calorime-
ters. The titration cell volume is 5 ml,
making the limit of specific sensitivity
~0.2 X 1075 ¢cal mL~%,

An example of the limiting resolu-
tion of the instrument is presented in
Figure 3, which shows its response to a
pulse of 9.5 X 1078 cal mL~1 {2.5 X 107*
cal total heat) introduced into the sam-
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(4.1B4 uW = 1 pcal s7') is shown as a funcuion of time and was oblained from successive injections of 3 nmol of
|
{Reprinted from Retference 10.)

ple -.iration cell. The baseline noise
level is £4-8 % 107 cal s™! {standard
deviation) or a peak-to-peak noise of
40 X 107% cal s~! corresponding to a
specific noise level of £0.8-1.6 X 107?
cal s7* mL~! (standard deviation) or a
peak-to-peak specific noise of 8 X
1072 cai s~ mL™L

Analysis of ITC data

The function of many biclogical svs-
tems is modulated by ligand binding
(e.g., binding of hormones or toxins to
their target receptors, ailosteric or
feedhack control of enzymes or other
functional proteins, signal peptide-
membrane interactions, and protein-
nucleic acid interactions). Characte:-
ization of the energetics of such pro-
cesses may be accomplished by ITC ex-
periments. Upon binding of a ligand to
a macromolecule {e.g., protein) or mac-
romolecular assembly (e.g., multisub-
unit protein or membhrane systemsj,
heat will be released or absorbed ac-
companying the binding event (i.e., the
enthalpy of ligand binding). The heat
eff "cts associated with each addition of
ligand represent the experimentally
observed response in an ITC experi-
ment. For each injection, the heat re-
leased or absorbed is given by

g = VAHA(Lg] (1)

where q is the heat associated with the
change in bound ligand concentration,
A[Lg] is the change in bound ligand
concentration, AM is the enthalpy of
binding {mol ligand)~!, and V is the
reaction volume.

Because ¢ is directly proportional to



the increase in ligand bound resulting
from each injection, its magnitude de-
creases as the fractional saturation of
the system is titrated stepwise to com-
pletion. This is illustated in Figure 4 in
which the B-subunit pentamer of chol-
era toxin is calorimetrically titrated
with oligo-Gwmy, the oligosaccharide
binding region of its giycolipid cell sur-
face receptor (see the section “Cholera
toxin binding to oligo-Gy, " later in this
article for more detail). The total cu-
mulative heat released or absorbed is
directly proportional tc the total
amount of bound ligand as

Q = VAH Z AlLg} = VAH[Ly] (2)

where @ is the cumulative heat and
(Lg] is the concentration of hound lig-
and.

Bvaluation of calorimetric titration
data as either individual or cumulative
heat requires consideration of the heat
evolved or absorbed as a function of
total ligand added, or the total ligand
concentration (the independent wvari-
able). Therefore, in the analysis of ex-
perimental data, the binding equations
must be expressed in terms of the indi-
vidual or cumulative heat released or
absorbed as a function of total ligand
concentration because these are the
quantities experimentaily known.

Muitiple sats of independent binding
sites

The most widely used theoretical
framework for the analysis of binding
data in biology is the so-called Multiple
Sets of Independent Binding Sites
model (for a complete review, see Ref-
erences 29 and 30). Within this frame-
work, a macromolecule possesses an ar-
bitrary number of sets of noninteract-
ing binding sites. All of the sites in the
same set possess the same intrinsic af-
finity for the ligand molecule. The
great popularity of this model is due in
part to its flexibility, which allows
characterization of a large number of
situations (See References 29 and 30
for some representative examples).

As expressed in Equation 1, the heat
associated with the binding reaction is
directly proportional to the concentra-
tion of bound ligand, {Lg). For a system
exhibiting rultiple sets of indepen-
dent binding sites, the concentration of
ligand bound to each set is given by

KL
lnd = (80 A

where [Lp ] is the concentration of lig-
and bound to binding sites of set i, [M]
is the total concentration of macromoi-
ecule available for binding ligand, K, is
the intrinsic site association constant

(3)

for binding sites of set i, n; is the num-
ber of binding sites of set { on each
macromolecule M, and [L] is the con-
centration of free ligand.

The cumulative amount of heat re-
leased or absorbed as a result of ligand
binding is given by the sum of the heats
corresponding to each set as

Q= VZ AH Ly ]

mAHK (L]
= VMl Z 1+ K[L]

where Af; is the enthalpy of binding
{mol ligand)~! to binding sites of set :.
This equation can be expressed in
terms of the total ligand concentration
by way of the mass conservation ex-
pression [Lt] = [Lg] + {L] (where [Lq],
{Lg], and [L] represent the total,
bound, and free ligand concentrations,
respectively). Analysis of calorimetric
titration data is then performed by es-
timating the variable model parame-
ters (n,, K, and AH,) by fitting either to
the cumulative heat, @, or to the indi-
vidual heat, q {where the individual
heat associated with the j-th injection
event is g; such that q; = @, ~ Q).
Analysis of data directly in terms of
individual heats, g, is preferable be-
cause it eliminates propagation of the
uncertainties associated with each
successive injection that are necessar-
ily present in cumulative heat data.
The two simplest cases are for one
and two independent sets of ligand-
binding sites. These cases allow explic-
it, closed-form expressions for @ as a

4

Figure 5. Schematic depiction and closed-

function of total ligand concentration
as illustrated in Figures 5 and 6.

Figure 5 presents a schematic depic-
tion and the closed-form equations
characteristic of ligand binding to a
macromolecule possessing one set of
independent ligand-binding sites, the
simplest special case of the general ex-
pression given by Equation 4. In the
example depicted in this figure, the lig-
and-binding macromolecule possesses
four independent and equivalent lig-
and-binding sites. Although n = 4 in
this example, the expressions present-
ed here are valid for any value of n. The
open circles in the figure correspond to
binding sites without bound ligand
whereas the shaded squares represent
binding sites with ligand bound. The
binding constant, K, characterizes the
affinity of each ligand-binding site for
ligand L. The factors of 4, %, %, and ¥,
are the particular statistical factors
necessary to define the respective mac-
roscopic equilibria for this case (i.e.,
n = 4} in terms of the site affinity con-
stant, K.

The total cumulative heat, @, is most
conveniently expressed in terms of the
free ligand concentration, [L]. Howev-
er, the independent variable in I'TC ex-
periments is the total ligand concentra-
tion, [Lt] (where [Ly] = [Lg] + [L] and
[Lg] is the concentration of bound li-
gand). By recognizing that [Lg] = Q/
VAH (where V is the reaction volume
ard AH is the binding enthalpy per
mole of ligand), a closed-form expres-
sion is obtained for the cumulative
heat, @, in terms of the total ligand
concentration, [L+]. The energetica of a
system cbeying this model for ligand

form equations characteristic of figand

binding to a macromolecule possessing one set of independsnt ligand-binding sites.
Shaded regions represent subunits to which ligand is bound. See text for a detailed description of relevant

concepts.
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two sets of independent binding sets.

FPY

Figure 8. Closed-form equations for ligand binding to a macromolecule possessing

Shaded regions rapresent subunits to which ligand Is bound. See text for a detalled description of relevant

concepts.

binding may therefore be considered in
terms of [L1], [M] (the total concentra-
tion of ligand-binding macromolecule},
n, K, and AH for a known V.

This simple case is one of the few
permitting such an explicit analytical
solution. In general, a numerical ap-
proach is needed to express § in terms
of [L7]. Estimation of the model pa-
rameters characteristic of this binding
model (n, K, and AH) then requires
fitting to either the cumulative heat, @,
or to the individual heat, q.

Figure 6 shows the closed-form equa-
tions for ligand binding to a macromol-
ecule possessing two sets of indepen-
dent binding sites. This case is an ex-
tension of the model presented in
Figure 5 according to the general ex-
pression of Equation 4 and permits

derivation of convenient closed-form
expressions for the cumulative heat
versus total ligand concentration. For
illustrative purposes, this figure shows
an example of a macromolecule pos-
sessing a total of four binding sites for
ligand L, two of which have a site bind-
ing constant K; and the other two char-
acterized by site binding constant K,
(ie,ny=2and no = 2),

Even though the example in the fig-
ure uses 71 = ng = 2, the equations in
the figure are valid for any values of n;
and ns. The open circles and ovals rep-
resent the two respective types of bind-
ing sites without ligands whereas the
shaded squares and rectangles corre-
spond to the respective types of sites
with ligands. The factors 2 and %, are
the statistical factors necessary to de-
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fine the indicated macroscopic equilib-
ria in this example in terms of the site
binding constants, K; and K3 (i.e., for
the case where both n; and ny = 2).

The total cumulative heat, §, will be
composed of contributions from bind-
ing to each of the two sets of ligand-
binding sites on the macromolecule, ¢,
and @y. These, in turn, are related to
the reaction volume, V, the respective
site-binding enthalpies, AH; and AH,
(per mole of bound ligand), and the
concentrations of ligand L bound to the
respective types of sites on the macro-
molecule, [Lp;} and [Lpz]- Although
the solution for this case is consider-
ably more involved than that for the
single-set-of-sites case (see Figure 5),
expressions in terms of the total ligand
concentration, [Lr] (the independent
vartable in a titration experiment),
may be obtained explicitly.

Cases in which more than two sets of
binding sites are present cannot be
solved in closed form and iterative nu-
merical procedures must be used to
solve Equation 4. In general, other situ-
ations like those in which cooperative
interactions are present can be ap-
proached following the same philoso-
phy, that is, development of the bind-
ing equations in terms of the total lig-
and concentration. For example, this
approach has been used for the cooper-
ative binding of cholera toxin to oligo-
Gmy, the oligosaccharide binding re-
gion of its glycolipid cell surface recep-
tor (10).

[TC applied to biological systems

We conclude this article by surveying
some representative biological systems
that have been studied by ITC.

Nuecleotide binding te ribonucie-
ase A. The detailed thermodynamic
propertiea of 3’-cytidine monophos-
phate (3’CMP) binding to ribonuclease
A (RNaseA) were studied in a compre-
hensive calorimetric titration study
undertaken by Biltonen and co-work-
ers in the 1970s (20, 21, 31, 32). Initial
experiments were directed toward
characterizing the fundamental ther-
modynamic binding properties of this
system {(Gibbs free energy, enthalpy,
and entropy of interaction) in addition
to binding stoichiometry and how these
properties are influenced by salt con-
centration (20). In low-ionic-strength
solution (g = (.05 in either NaCl or
KCl, pH 5.5), a binding stoichiometry
of one 3'CMP bound per RNaseA mol-
ecule was found exhibiting AG =
~~—6.2 keal mol~! (corresponding to an
association constant of 3.7 X 10¢ M~1),
AH = ~=15.5 kcal mol™!, and AS =
~=30 cal K~! mol™! for the binding
process.

The thermodynamic binding param-



eters varied in & continuous manner
with increasing ionic strength until at
u = 3 {in sodium acetate, pH 5.5}, the
AG for binding became less favorable
to ~—4.5 kcal mol~! {corresponding to
an association constant of 2.1 X 103
M-1) as a result of a considerably less
favorable AH for hinding (which be-
came ~—6 kcal mol™') and despite a
somewhat more favorable AS for bind-
ing (~—5 cal K~! mol~1).

Analysis of the enthalpic and entro-
pic contributions to the free energy of
protonation of the four histidine resi-
dues of RNaseA suggested that binding
of 3’CMP is coupled to icnization of
three of these residues. It has been sug-
gested that the negative phosphate
moiety of 3’CMP interacts electrostati-
cally with two positively charged histi-
dines and that interaction with the
third {which shows an anomolously
large enthalpy of protonation} involves
a conformational rearrangement of the
structure of RNaseA (27). The depen-
dence on pH of the enthalpic and en-
tropic contributions to the overail free
energy of 3’CMP binding, when consid-
ered in conjunction with structural in-
formation, led to the coneciusion that
both van der Waals and electrostatic
interactions contribute to binding but
that the binding process is only weakly
coupled to the conformational change
associated with protonation of the his-
tidine residues (31, 32).

Ligand binding and conforma-
tional transitions in human hemo-
globin, The energetics associated with
the binding of a variety of ligands to
native and mutant human hemogio-
bins have been examined by applica-
tion of titration calorimetric methods
(33-386). By performing calorimetric ti-
trations in buffers differing in their
heats of protonation, the enthalpies of
protonation of ionizable groups (histi-
dines and/or «-amino groups) in re-
sponse t0 oxygen, carbon monoxide,
and inositol hexaphosphate (IHP) bind-
ing have been determined at different
pHs. Enthaipies of carbon monoxide
binding have been reported to be ~—~23
kecal (mol CO)~Lin the pH range from 6
to 9 {after correction for enthalpies of
ionization of protein groups) (33).

These results were shown to be con-
sistent with a model in which two ioniz-
able histidines explain the origin of the
Bohr proton effect. Interpretation of
the relative enthalpic contributions of
carbon monoxide binding and protein
group ionization in a mutant and na-
tive human hemoglobin suggests that
the enthalpy of protonation of ioniz-
abie protein groups is an important
driving force for regulating heme site
ligation as well as subunit association
and hemoglobin tetramer conforma-

tional transitions.

The regulation of hemoglobin’s func-
tional properties is related to its ability
to bind oxygen cooperatively. Calori-
metric information from carbon mon-
oxide-binding results obtained from a
mutant hemoglobin (Hb M Iwate) and
native hemoglobin, in conjunction with
independent determinations of T-to-R
transition free energies, suggests that
the structural transition responsible
for modifying the affinity of human he-
moglobin for oxygen (the T-to-R tran-
sition, which gives rise to its coopera-
tive oxygen-binding properties) is
enthalpically controlled at pH 7.4 (with
AH = 9 % 2.5 keal mol™!) but entropi-
cally controlled at pH 9 (with AH =
-12 £ 2.5 kcal mol~1) (34).

The interaction of the regulatory iig-
and inositol hexaphosphate exhibits
binding enthalpies of up to ~~25 kcal
maol-! at pH 7.4 (after correction for
uffer ionization effects). This binding
corresponds to ~—11 kcal (mol H* ab-
sorbed) ! associated with [HP binding.
The binding of this regulatory ligand
has therefore been concluded to he
driven primarily by the exothermic
protonation of histidine and/or
a-amino groups as induced by the
proximity of the negative phosphate
charges on IHP {35, 36).

Signal peptide-lipid association.
The interactions of the signal peptide
of ornithine transcarbamvlase with
phospholipid vesicles of varying com-
position have recently been studied by
isothermal titration calorimetry (9). It
is the signal peptide sequences of newly
translated mitochondrial proteins that
have been recognized as being respon-
sible for targeting and facilitating
transport of these proteins inte mito-
chondria. Because these sequences
contain a large proportion of basic
amino acids, they are expected to ex-
hibit a strong interaction with the high-
ly negative charged inner mitochondri-
al membrane. Titration of the signal
peptide into phospholipid bilayers of
surface charge density similar to that of
the inner mitochondrial membrane re-
veals a strong binding characterized by
an asscciation constant on the order of
10° M~} and an enthalpy change of
—60 kcal mol=!,

The experiments were consistent
with a binding stoichiometry of 1 pep-
tide bound per 20 negatively charged
phospholipid molecules. The magni-
tude of the binding constant indicates a
strong membrane association, similar
to that required for mitochondrial pro-
tein import and similar to that ob-
tained from inhibition studies of the
precursor protein (pre-orhithine trans-
carbamylase) by the synthetic signal
sequence (37).

Cholera toxin binding to oligo-
Gwm;. Cholera toxin is s multisubunit
protein consisting of a five-subunit
ring, the B-subunit pentamer (M, =
58 000), which surrounds the dimeric
A-subunit (M, = 27 000). The B-sub-
unit pentamer binds to five ganglioside
Gwm; molecules on the outer surface of
the cell membrane, and subsequently
the A-dimer penetrates the cell mem-
brane where it activates adenylate cy-
clase. The association of the B-subunit
pentamer with the oligosaccharide re-
gion (oligo-Gw,) of the ganglioside trig-
gers the sequence of events that leads
to the release of the A-subunit from the
B-subunit pentameric ring and its in-
sertion into the interior of the mem-
brane.

For many years it was known that
the association of oligo-Guy; with the
toxin exhibited positive cooperativity
(38) even though the actual energetics
and mechanism of this behavior re-
mained difficult to elucidate by con-
ventional techniques. These coopera-
tive effects have their origin at the oli-
gosaccharide-protein interface and
result in the modification of the behav-
tor of the pentameric ring (39) during
membrane association, presumably fa-
cilitating the release of the A-subunit
into the membrane interior.,

Recently, the binding of oligo-Gu;
was measured by isothermal titration
calorimetry (I0). These experiments
also indicated positive cooperativity
and allowed a complete mapping of in-
trinsic as well as cooperative interac-
tions. The data were consistent with a
nearest-neighbor mode! in which the
binding of oligo-Gw; to one B-subunit
enhances the affinity of adjacent
B-subunits. The experiments yielded
an intrinsic association constant of 1.05
X 10° M~! at 37 °C and a cooperative
free energy of —850 cal moi~!. The
magnitude of the cooperative free ener-
gy indicates a fourfold enhancement in
the oligo-Gy; binding affinity of a
B-subunit adjacent to a subunit to
which oligo-Guy; is already bound. The
intrinsic enthalpy change of binding
was —22 kcal {mol oligo-Gu)~! and the
cooperative interaction enthalpy was
=11 kcal mol~!.

The magnitude of the cooperative in-
teraction enthalpy is consistent with a
moderate structural “tightening” of
the B-pentamer in agreement with
spectroscopic data. Within the context
of the cholera toxin—cell surface inter-
action, the cooperative enhancement
has a twofold effect: It facilitates a
complete (i.e., productive) attachment
of the-toxin to the membrane surface
once the initial contact has occurred
and it facilitates the release of the A-
subunit into the interior of the mem-

ANALYTICAL CHEMISTRY, VOL. 62, NO. 18, SEPTEMBER 15, 1990 «



NS §F ULV TE=l ™M 1 ART 10l
e

brane through its associated conforma-
tional change.

Amino acid interactions with hu-
man plasminogen. A thermodynamic
characterization by titration calorime-
try of the binding of ¢-amino caproic
acid (EACA) to the isolated kringle 4
region (K4) of human plasminogen has
recently been reported (40). Activation
of human plasminogen is effected by
the binding of a- and w-amino acids.
The K4 of human plasminogen is one of
five highly homologous regions that are
believed to be quite independent do-
mains. These domains are believed to
be the functionally significant struc-
tural components of plasmin(ogen) re-
sponsible for mediating interactions
with substrates as well as with negative
and positive effectors. Calorimetric ti-
trations with EACA were consistent
with a single-set-of-binding-sites mod-
el and produced model parameters of
n=087K,=382x10*M}, AH =
—4.50 kcai mol~!, and AS = 6.01 cal
K-i mol~! (¢0). The lack of a signifi-
cant pH dependence on the thermody-
namics of EACA binding (in the range
from 5.5 to 8.2) suggested that titrat-
able groups on K4 do not affect this
binding interaction.

Further experiments with a series of
structural analogues of EACA (3-amin-
opropionic acid, 4-aminobutyric acid,
5-aminopentanoic acid, 7-aminochep-
tanoic acid, 8-aminooctanoic acid,
trans-{4-aminomethyl)cyclohexane-
carboxylic acid, and L-lysine) demon-
strated that both the length of the hy-
drophobic region between the amino
and w-carboxyl groups of the ligand
and ligand steric structural constraints
are important factors in determining
the affinity of interaction {40).

Calcium and magnesium binding
to oncomodulin. The calcium- and
magnesium-binding properties of on-
comodulin, a calcium-binding protein
found in a variety of tumor, trans-
formed, and nonembryonic placental
cells, have been thermodynamically
characterized by direct binding studies
and calorimetric titration experiments
{41). Oncomodulin possesses two CaZ*
and/or Mg®* binding sites. The first
site binds either Ca?* or Mg?* ions and
exhibits a much higher affinity for Ca**
than Mg2+ {K,(Ca?*) = 2.2 X 10" M~}
Ko (Mg?*) = 4.0 x 103 M~!), Calcium
binding to this site is competitively in-
hibited by Mg?*. The second site binds
Ca*t only, but with & lower intrinsic
affinity than the first (K, = 1.7 x 106
M-!), Despite these differences in Ca2*
binding affinity, the exothermic Ca®*
binding enthalpies were the same for
each site (AH = —4.52 kcal mol™!) giv-
ing rise to different positive Ca** bind-
ing entropy changes for the two sites

(AS = 18.4 cal K~! mol™! for the high
affinity site and AS = 13.4 cal K-!
mol~! for the low affinity site). Binding
of My, ?* is associated with an endother-
mic enthalpy change and an even more
positive entropy change than that seen
with Ca®* binding to either site (AH =
3.1 keal mol~! and AS = 26.5 cal K~!
mol™1).

The thermodynamics of ion binding
to the Ca®t-Mg?* site are similar to
those observed in parvalbumins, a fam-
ily of structurally related Ca®* and
Mg2t binding proteins that are be-
lieved to function simply as intracellu-
lar Ca?* and Mg?* buffers. The pres-
ence of a Ca?*-specific site on proteins
of this class, however, suggests that on-
comodulin may function as a signal-
transducing Ca?* binding protein {47).
The presence of such specific Ca’*
binding propetties has been associated
with other proteins of this class that are
involved in signal transduction {(e.g.,
calmodulin, troponin C, 5100, calpains,
squidulin, and Ca®* vector protein)
and is believed to provide a mechanism
for inducing conformationai changes
that regulate interactions with target
proteins in response to changes in in-
tracellular Ca** (41). Comparison of
the thermodynamics of Ca®* binding to
oncomodulin at its Ca2*-apecific site to
that of calmodulin shows some inter-
esting differences. Whereas modula-
tion of the exposure of hydrophobic
protein regions is suggested to be in-
volved in the functional regulation of
calmodulin by Ca?* binding (because
of the strong entropy-driven nature of
the binding interaction), Ca?* binding
to oncomodulin may be primarily elec-
trostatic in nature (because of the near-
ly equal favorabie enthalpic and entro-
pic contributions of Ca®t binding) (41).

Conclusion

The ability to measure smail heats of
reaction on the order of 10-7-107¢ cal
{mL of solution~!) has opened the door
to a direct thermodynamic character-
ization of many biclogical systems.
Current sensitivity levels of isothermal
titration microcalorimeters allow di-
rect examination of binding processes
exhibiting K,s as high as 108-10° M~1,
High sensitivity is also important when
considering structurally complex sys-
tems like biclogical membranes, intact
cells, or other biological systems that
are difficult to concentrate or obtain in
relatively large amounts. The recent
developments in ITC technology pre-
sented here together with parallel ad-
vancements in data analysis methods
are permitting a direct calorimetric
characterization of biological phenom-
ena previously beyond the scope of this
experimental technique.
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Reaction microcalorimetry and equilibrium dialysis
have been used to study the binding of AMP and IMP
to glycogen phosphorylase b (EC 2.4.1.1) at 25 °C and
pH 6.9. The combination of both techniques has ena-
bled us to obtain some of the thermodynamic parame-
ters for these binding processes.

Four binding sites were found to be present in the
dimeriec active enzyme for both AMP and IMP. The
binding to two high-affinity sites, which, in our opin-
ion, correspond to the activator sites, seems to be co-
operative. The two low-affinity sites, which would
then correspond to the inhibitor sites, appear to be
independent when the nucleotides bind to the enzyme,
The negative AG" of binding/site at 25 °C is the result
in all cases of a halance between negative enthalpy and
entropy changes. The large differences in AH and AsY
for the binding of AMP to the activator sites {~27 and
=70 kd mol™'; =22 and —150 J.K~' mol-}) suggest the
existence of rather extensive conformational changes
taking place in phosphorvlase & an binding with the
allosteric activator. Whereas the affinity of AMP for
the activator sites is about 1 order of magnitude higher
than that of IMP, the affinity of both nucleotides, in-
cluding their AH and AS® values, seems to be the same
for the inhibitor sites.

Glycogen phosphorylase 5 (EC 2.4.1.1) is a kev enzyme in
glveogen metabolism which undergoes a distinctive allosteric
activation by AMP. Initial studies (1. 2) showed the existence
of one AMP site/enzvme protomer. Recent evidence for twa
AMP-binding sites/monomerie unit of the enzyme has, never-
theless, been provided at 4 *C by equilibrium dialysis [3) and
x-ray diffraction studies i4). Support for the presence of these
two sites at 25 "C was also supplied by the biphasic thermal
titration curves of the enzvme with AMP (5-3). We have
shown, however, in a recent communication (9) that these
hiphasic calorimetric protiles were due, in our case, to the
presence of an impurity, AMP aminchydrolase (EC 3.9.4.6),
and that monophasic thermal curves are obtained when phos-
phorylase b is freed from this impurity 9. 10). This result
cast doubts on previous experimental evidence for a second
AMP site/monomer of phosphorvlase & in solution at 25 °C,

In order to perform quantitative thermodynamic analvsis
of ligand binding to multisubunit proteins displaving site
cooperativity, additional equilibrium techniques, besides cai-

* This research was supported by a grant from the Comision
Asesora from the Spanish government. The custs of pubiication of
this article were detraved in part by the payment of page charges.
This article must therefore he hereby marked “advertiserment” in
accordance with 13 17.5.C. Section [734 solelv to indicate this fact.

T Supported by g lellowsiip from the Formacion de Personal
Investigator.

orimetry, are required. Even with several techniques. this
energetic characterization can often become complicated due
to the complexity of tne process itself, and not much infor-
mation of this kind is found in the literatyre (11-15),

In this context, we have undertaken the studv of the binding
of AMP, and also IMP, tv phosphorylase b by equilibrium
dialysis and microcalorimetry at 25 °C and pH 6.9. Under
these conditions, four sites have heen found per active dimer
of the enzyme for both AMP and IMP. which have heen
assigned to the two nucleotide or activator sites. N, and to
the two nucleoside or inhibitor sites. | (4, 16, 17). The hinding
15, ail cases. enthalpy-driven at 25 °C, overcoming a nega-
tive entropy barrier.

MATERIALS AND METHGDS

Glveoen phosphorvlase & wis prepared from rabbic skeletal muscle
by 1he method of Fisher et al 1%, 191 with the modifications described
by Krebs of al (200, The catalvtic activity of the enzvme was derer-
mined by the assay of Hedrick and Fisher (21}, The preparations
used had specific activities of 3091 units/mg. Protein concentration
was determined from absorbance measurements at 280 nm using the
absorhance coetficient E17, = 13,2 122). The moiecular weight of the
moenomer was taken as 97400 ¢23). The enzvme was crystallized ar
least three times and used within | week of the final crystailization.
Phosphorvlase b preparations were freed from AMP by passing them
through a Sephadex G-25 column equilibrated with 30 myM KCI, 0.1
mM J-mercaptoethanol, 0.1 mM EDTA, 50 mM buffer solution {gly-
cviglveine, glvcerophosphate. or Tris), adjusted te pH 6.9. The
Ausaidago ratio for the AMP-free phosphorylase b solutions was always
less than 0.53. Traces of AMP aminohydrolase were eliminated by
incubation with alumina C~, 1s has heen described eisewhere (10).

{37-MCJAMP and [5°-“C|IMP were obrained from the Radiochem-
ical Center, Amersham. England, AMP, IMP, glveylgiyeine, alumina
Cw, Tris, and 3-mercaptoethano! were purchased from Sigma; sodium
glycerophosphate was from Merck. and EDTA was from Fluka. All
chemicais used were of the highest available purity. Distilled. deion-
ized water was used throughout,

An LKB flow microcalorimeter with a water bath at 25 °C was
used for the calorimetric measurements. The temperature in the water
bath was concrolled by a proportional heater with adjustable precision
hased on a combination threshold detector and zero-crossing trigger
(24). The centrol of the hath temperature was better than 0.0] °C.
Electrical and chemica! calibrations were made in the same range as
that which we obtained in the calorimerric experiments themselves.
The ¢hemicai calibration was accomplished bv the neutralization of
Tris with HCI (25). Enzvme and AMP ior IMP) solutions were
allowed to flow into the calorimeter at rates of 7 mi h™' in most
experiments, with occasional changes in order to check the complete-
ness of the reaction. The dilution gradient method of Mountcastle et
al (26) was also used in the phospherviase b/IMP calorimetric
titration (see Fig. 5). All appropriate corrections for heats of difution
and mixing were applied. The enzvme activity was routinely checked
prior to and after the calorimerric and dialysis experiments. The pH
vaiues of the buffer. AMP. IMP. and enzyme solutions were controiled
at 25 °C before initiating the hinding reaction. The equilibrium di-
alvsis experiments were carried out 4t 25 °C as described by Heim-
reich ef al 127).
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RESULTS

Binding of AMP to Phosphorylase b—The binding of AMP
to phosphorylas » b was observed as a function ¢ ' the activator
concentration by equilibrium dialysis at 25°C and pH 6.9 (Fig.
1). The result of this binding is presented in a Scatchard plot
in Fig. 2, where Y stands for the saturation fraction and v =
nY for n (number of sites} equal to 4. The shape of the curve
which shows a maximum is of the form expected for a system
exhibiting positive cooperativity. Extrapolation of the lower
part of the plot leads to a value clearly higher than 2 maol of
AMP hound per mol of enzyme at saturation. Morange et al.
(3), using the same technique, found at 4 °C that there were
two classes of AMP-binding sites/subunit of phosphorylase b,
a low affinity and a high affinity site, Le. four sites/dimer.
Similar results were also obtained at 4 °C by Johnson et al.
{4) in x-ray diffraction studies using an AMP concentration
{100 mm).

The shape of the Scatchard plot suggests that AMP starts
to bind to the lower-atfinity sites when the high-affinity sites
are practically saturated. Hence, most of the experimental
points at low AMP concentration in Fig. 1 would mainly
correspond to the hinding of AMP to the high-aftinity sites,
these being for the most part responsibie for the cooperativity
shown in the Scatchard plot. Assuming then that the values
with » < 2 correspond only to the binding to the two high-
atfinity sites, a srraight Hill piot s obtained for these values
with a Hiil coefficient of 1.4 = 0.1, which agrees well wirh
thuse obtained hy other authors (28-31} for these sites ar
similar AMP concentrations.

The reaction of AMP with phosphorvlase b can he consid-
ered as the binding of AMP to two independent sets of sites.
The high-affinity sites show positive cooperativity according
to their Hill coefficient. whiie the low affinitv sites can them-
seives be considered as independent of each other, an as-
sumption that is justified below. On this basis, the saturation
fraction, Y, as a function of the free AMP concentration is

KnAMP] + K, K. [AMPJ? 1 K. |AMP]

S+ - (1)
1 + 2K, [AMP] + Ko K., [AMPE 2 1 + K, [AMP]

!
=

where K, stands for the microscopic binding constants at the
ith site, and K., = K... K., and K, values can be initially
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caleulated from the Hill coefficient, ny, and the concentration
of the free ligand at 50% saturation of the high-affinity sites,
Sos, obtained from the previous Hiil plot, according to the
following relations (32).

2 1
= —— d Spy o — 2
L KKy T O S T @

The value of K,,, can be obtained by subtracting the saturation
curve corresponding to the two high-affinity sites, using the
K, and K., values given by Equation 2 (first term in Equation
1), from the experimental points. The resulting difference
represents the saturation data for the second class of sites. A
Hill plot of these new values gives a straight line with a Hill
coefficient equal to 0.97 + (.15, which can be taken as evidence
of the non-cooperativity of the low-affinity sites. The binding
constant calculated from this plot, K., and the K, and K.,
values obtained above were then used as input for the iterative
Newton-Gauss method isee Ref. 33) to fit all the experimental
data to the theoretical Equation 1. The optimum K., K.,
and K., values thus obtained are shown in Tabie I, Curves in
Figs. 1 and 2 are the theoretical ones using the calculated
hinding constants { Table 1),

The results of the calorimetric titration af phosphorviase b
with AMP in three different hutfer solutions at 25 °C and pH
A.9 are shown 1n Fig. 3. The binding of AMP was exothermic
in all cases. giving rise to 1 well-defined monophasic curve.
This curve is the same regardless of the huffer system used,
and since the heats of [enization of the three butfers are
different (34). no proton uptake or release seems to oceur in
the activator hinding to the enzyme, particuiarly to the high-
atfinity sites.

Fig. 3 shows the heat evolved per mot of phosphorvlase b
dimer as a function of free AMP concentration in equilibrium
with the enzvme. This concentration was calculated by using
the binding constants previously obtained in the dialysis
experiments (Table I). As stated before, the AMP binding to
phosphoryiase b can be understood as the binding of a ligand,
S. to a protein, P, with two sets of sites: the high-affinity
sites. N, and the low-affinity sites, I. Thus, [Px] and [P,] are
the protein concentration when the high- and low-affinity

j T T T T
va ! I := J‘ .
. e t—
24 - 08 1 150 E
- ! -
—___ b
.l o T 04 4‘ E 10
/ - . i 1
/ ", e ] ~
. =
oel o {az . ! < 50!
3 S
OL o] Q . ; s} : I . .
a 2 4 G 0 08 16 24 0 4 8 12 16
[amPl 10t /mol dm v [AMP] ~ 10%/mel dm?

Fi. 1 tlefr). Binding of AMP to phesphorylase
25 °C. The saturation fraction. Y. and the moles of AMP
AMP concentration. The enzvme concentration was

b at pH 6.9. Data were obtained by equilibrium dialvsis at

hound per mol of enzyme. v, are platted versus the free

60 uM. and the buffer used was 50 mM Tris. 50 ma KCLn.1

mM EDTA and 1 mpt 3-mercaproethanol. The soiid {ine was drawn using Equation © and the values listed in Table
L. The dashed line is the theoretical one corresponding to the binding of AMP to the nigh-affinity sites (see texr).

Fia. 2 icenter.
the values listed in Table I

Fic. 3 triwhn. Calerimetrie titration of
released per monomer of enzvme s plotted as
was A mgyml Titration
sotutions contamed 5 my KCLL 1]
using the values shown in Table [

Scatchard plot of the data included in Fig. 1. The theoretical curve was calculated using

phosphorylase & with AMP at pH 6.9 and 25 °C. The heat
4 funetion of the free nucleotide concentrativn. Knzyvime concentration
wis in A0 mat glveviglveine 1@V, 30 mm glveerophosphate
mM EDTA 0.1 ma -

(234 and 30 mM Trs (A). All

mercaptoethanol. The rure vorresponds to Fquation 3



J36b AMP and [MP Binding to Glycogen Phosphorviase b
TasLE I
Apparent thermodynamic parameters for the binding of AMP and IMP to phosphorylase b at 25 °C and pH 6.9
The uncertainties are standard errors in the fitting of the curves.
Nucleotide N sites , Tsites Total
. K 1077/m™ AMP 401 C265%9 . T 032x02 0 T 0T
IMP 0.74 £ 0.2 212 0.6 +04 ]
AG%kd mol™! AMP ~205%£1- "~ =252%x1- " <1432 - -74.3+3
IMP -164 = 1 -189+3 -158+£2 —67.0%4
L2007 AH/k) moi™t AMP =277 - -T0£9 * -38+2 T -173+ 12
IMP ~18 %5 -3 x21 -37+13 -125 + 28
-y ASYT K™ mol™ AMP -22+£23 - *. -150x30 - —B2%10 ~336 + 40
. IMP -6+ 12 —47 £ 71 -T1x44 —~195 + 95

sites, respectively, are empty; [PxS] is the protein concentra-
tion with only one high-affinity site empty regardless of the
state of the low-atfinity sites; [Py3;] is the concentration of
protein with AMP bound to both high-affinity sites regardless
of whether the low-affinity sites are empty or not. The protein
states PiS and P/3: are defined similarly. The hinding can
then be represented by the following equilibria

Put S =PySi K =2K.; A,

Py3 + 5= PuSy Ky = Ka/20  AH. (3
Pi+S=PS K=K A

P8 + 8 =P3Sy K = K./2 AH,

where K, and K., are the macroscopic and microscopic hinding
constants, respectively, AH, stands for the enthalpy values/
mol of AMP bound to each site. and K, = K., and AH, =
AH, since the two low-atfinity sites are considered as being

independent,.
From the above Equation 3. the enthalpy change/mol of

enzyme (dimer), A, is given by

— AHLPNS] + (AH + AHL)[PuSy)

AH
Pyl + [PS] + [Pa3:] @)
. AH}[P:SI + 2_\H3[PIS'2]
(P + [PS] + [PiS]
which can be expressed as the following.
Ly o ZAKS] + (AH + M K K[ ST . 2AHKEA 8] i5)
L4 2K (3] + Ko Kol $1° 1+ Kum[S]

The experimental data in Fig. 3 were fitted by trial and
error to Equation 5 giving the values for AH, that minimize
the deviations of the observed values of AH from the calcu-
lated ones. These AA, values were later optimized by the
Newton-Gauss method (see Ref. 33) using the K. values
previousiy obtained. The curve in Fig. 3 is that corresponding
to Equation 5 for the caiculated K., and AH, values. Ther-
modynamic parameters for the binding of AMP to phospho-
rylase b at 25 °C and pH 6.9 obtained from the AH: values
and the microscopic hinding constants are included in Table
L

Binding of IMP to Phosphorviase b—The binding of IMP
to phosphorylase & was also achieved by equilibrium diaiysis
and calorimetry at 25 °C and pH 6.9 in the same way as
described above for the AMP binding. The enzyme concen-
tration for the equilibrium dialysis experiments was .5 mg/
ml. higher than that used for the AMP binding, since phos-
phorvlase b displays a lower affinity for IMP than for AMP.
The experimental results for Y and » versus free IMP concen-
tration are shown in Fig. 4. A Scatchard plot of these values
clearly extrapolates to » = 4 (data not shown).

Thermal titration data of the protein by IMP are displayed

in Fig. 5 for two different buffer systems, Tris and glycyigly-
cine. Experiments using the latter buffer were carried out
following the exponentiai gradient method described by
Mountcastle et al. {26). There is no apparent difference be-
tween the results for the two buffers and the methods used
for the thermal titrations.

The dialysis data of the IMP binding give rise to a practi-
cally straight Scatchard plot, which might be taken as evi-
dence for the existence of four identical and independent
binding sites. It has been established from x-ray dif*-action
studies (4}, however, that there are two types of IMP sites,
namely, the two N and two [ sites/dimer. This being the case,
the simplest analysis of the data would be to consider that
the IMP is binding to two independent sets of sites without
any cooperativity. Thus, the saturation fraction is given as

A e[ IMPY K. [IMP]

|
I = K.IMP] ' 2 1 = K.[IMP] ®

vl L

2 2
taking K., and K., as the binding constants for the high (N)-
and low ([)-affinitv sites, respectively. The fitting of the
dialysis data to this equation gives the optimum values K.,
= 1250 = 360 M~ and K., = 600 = 200 M™".

On the other hand, the ract of having different sites should
give rise to a Scatchard plot showing convexity towards the
X axis (47), while we have indicated that our plot is practically
straight. This means that some factor is counteracting the
curvature towards the axis, and this could be explained if
there were some positive cooperativity during the binding
process (47}, In this respect, the binding of IMP to the N sites
has been reported by several authors (35-37) as cooperative,
as is the case for the AMP binding to those sites. In addition,
the binding of several ligands (nucleosides, nitrogen bases,
FMN) to the I sites has been shown to be non-cooperative (3,
38), which, as we saw before, seems also to be the case for
AMP.

Therefore, the nature of the IMP binding to phosphorylase
b seems to be qualitatively comparable to that of AMP. In
other words, the overail IMP binding process could be de-
scribed siumilarly to that of AMP and, consequently, with the
same equation for the saturation fraction as Equation 1. In
order to fit the expe~mental data to this equation, an initial
value of K., = K., = K., = 600 m~" and different couples of
K, and K, values which fulfilled the relation (K, - Km,)"
Koy = 1250 M™! were used. The optimum values obtained for
Kn, Kn,, and K., by a later application of the Newton-Gauss
iterative method (see Ref. 33) are included in Table L.

The enthaipy change/mol of dimer would also be described
by an equation such as Equation 5, and the corresponding
enthalpies/site were obtained as described before for the AMP
binding te the enzyme. The thermodynamic parameters for
the binding of [MP to phosphorylase b at 25 °C and pH 6.9
are also included in Table L.

The different shape of the Scatchard plet for the AMP
binding compared to that ot [MP couid be explained by the
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Fia. 4 (left). Binding of IMP to phosphoryiase b at pH 6.9 and 25 °C as measured by equilibrium
dialysis. The enzyme concentration was 75 u«M. and rthe buffer used was the same as in Fig. 1. The selid line 1s
the one corresponding to Equaton 6 for the values K, = 500 M~ and Ko = 1250 M~ The dashed line was drawn
using an equation similar to Equation | for IMP binding and the vaiues included in Table [

FiG. 3 trighty, Thermal titration of phosphoryviase b with [MP at pH 8.9 and 25 °C. The heat evolved
per moel of enzvme (s plotted versws the total IMP concentration. The enzvme concentrarion was 6.3 mg/ml in 30

my KCL 0.1 mM EIYTAL and 0.1 mo d-mercaptoethanal.

A, 50 mM glveviglycine: @, 50 my Tns and following the

exponential gradient method isee text). The sofid curve sives values ot enthalpy caiculated acenrding to an equation

sumilar o Equation 5 using the dara listed in Table I

fact that the hinding of AMP to the N sites shows higher
cooperativity than that of IMP to those sites and also because
of the very close affinity of IMP for both the N and I sites,
while the AMP affinity for the N sites is more than 1 order
of magnitude higher than the AMP affinity for the I sites
{Table I).

It should be stressed at this point that it is not possible,
when working within a limited range of accuracy, to obtain a
unique valid fit of experimental binding data when several
difterent binding sites are involved. it is only through given
certain assumptions and accepting certain restrictions that a
given set of binding parameters can be arrived at. Further-
more, their physical meaning is not only iimited by their
standard uncertainties (particularly high in our case for the
IMP binding to phosphorvlase &) but also by the assumptions
and, to some extent, the behavior that these parameters are
forced to follow.

DISCUSSION

In addition to the x-ray studies of Johnson et al. (4) on
crystals of phosphorylase 5 and those of dialysis by Morange
et al. (3) and Buc et gl (48}, the main evidence for a second
AMP-binding site/monomer at 25 °C was the biphasic calo-
rimetric profiles of Wang et al. (5}, Ho and Wang (6), and
Merino et al. (7, 8). The results of these latter groups showed
clear divergences concerning both the AMP saturation range
tor the second site, I, and the 3H value for this site. We
initially obtained hiphasic curves for this thermal titration,
but, as was shown, it was due (o the presence of an enzvmic
impurity in our phosphorvlase preparations, which. once elim-
inated {10), gave rise to monophasic calorimetric curves (9},
It is not possible, however. to obtain information about the
number of sites from calorimetric experiments alone when
dealing with allosteric enzvmes, as it is in the case of phos-
phorvlase 5. The combination of equilibrium dialvsis and

calorimetric studies enables us now to actually obtain the
number of binding sites for AMP and IMP in solution at
25 °C, as well as to characrerize the thermodvnamic parame-
ters associated on binding hoth nucleotides. The main differ-
ence between the binding of these two activators appears to
be in the much closer affinity of IMP for the two types of
sites, N and I, in the dimer than in the case of AMP.

Ho and Wang {6} gave un average AH value, —13.2 keal
imol site)™'. for AMP binding to the two N sites of the
phosphorylase & dimer at 25 °C. Twice this value compares
well with AH, and AH. obrained in our study for this site
iTable I}. These authors detected an association of the enzvme
10 the tetrameric state upon AMP binding at 18 °C, while no
association seemed to occur at 25 °C (6). We did calorimetric
experiments at different phosphorviase concentrations Fig.
B}, and there was no detectable change in the heat evolved for
the concentration range investigated. Thus, no protein asso-
ciation effects seemed to oceur in our experiments.

To our knowledge, only Steiner et al (39) have tried to
identify the contribution of each N site to the enthalpy change
on the binding of AMP, although they did not investigate the
other binding sites because thev only used low AMP concen-
trations (<1 mm). While their values at 23 °C are somewhat
different from ours, the total AH for the N sites coincides
with ours within experimental uncertainty. This difference
also correiates with the comparison between our K, and
K., values and theirs, in the sense that we obtain a higher
homotropic cooperativity as indicated by the Hill coefficient
(1.4 in our case. 1.0 in ther case). This variation could be
attributed to small differences in temperature, pH, and buffer
used, although Dreytus et al. (29) aiso obtained a Hill coeffi-
cient of 1.4 at 26 *C for this binding. An equal value of 1.4
had previously been obtained by Avramovic and Madsen (28)
and other authors (30, 31},

The binding of AMP and [MP to the N sites shows positive
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Fi6. 6. Dependence of the heat of binding of AMP to phos-
phorylase b with the enzyme concentration at pH 25 °C. The
heat evolved per unit velume of solution is plotted versus the enzyme
concentration. The AMP concentration was 8.7 mM in a 50 mM Tris
huffer sclution containing 30 mM KCl 0.1 msm EDTA. and 0.1 mM
J-mercaptoethanol.

homotropic cooperativity. This effect is more proncunced in
the AMP binding (ny = 1.4} than that of IMP (ny = 1.2).
The difference in cooperaiivity is also seen in the MM values.
Thus, in the case of AMP, the AH values are very different,
=27 and =70 kJ mol™', favoring the entrance of a second
AMP molecule into the dimer. The corresponding 35" vaiues
go in an opposite direction, balancing to some extent the
enthaipic influence. The binding at 25 °C is clearly of an
enthalpic charncter, The same qualitative situation applies to
the IMP binding, although here the AH and AS® values are
comparatively lower than in the AMP binding. The differ-
ences in Aff and AS® values between the two N sites for both
nucleotides make for a higher affinity and cooperativity in
the binding of AMP than in iMP binding to those sites.

A structural interpretation of these thermodynamic param-
eters is not. possible at this point since these values are the
Joint product of those of the so-called intrinsic binding {40}
and those of the conformational change produced in the
macromolecule, which is structurally responsibie for the co-
operative effect. We are currently working out a method to
evaluate both contributions to the overal. binding process
{41).

The corresponding thermodynamic parameters for the
binding of AMP and IMP to the [ sites are very close for the
two nucleotides within experimental uncertainty (Table [},
This implies that the 1 site (nucleoside or inhibitor site) does
not apparently discriminate between the two nucleotides. This
site seems to be more specific for the inhibitors of the enzyme,
such as adenine or adenosine, although their binding to the I
site is also non-cooperative (3, 38). It has been suggested that
any ligand bound to this site would produce some enzyme
inhibition (17), and we have detected in this case a decrease
in the enzymic activity at high AMP concentrations (results
not shown}. In this context, it has also been suggested that
the lovs activation produced by IMP in comparison to that
produced by AMP could be assigned to the close affinity of
IMP for both the N (activator) and I (inhibitor) sites (17).
Besides this possibility, however, we have seen that the ther-
modynamic parameters for binding AMP and [MP to the
activator sites are different enough to expect different confor-

AMP and [MP Binding to Glvcogen Phosphorylase b

mational changes and, therefore, different final conforma-
tions. The differences in these AMP- and IMP-induced con-
formational changes have been reported by several research-
ers using various techniques, such as ESR (42), fluorescence
(43), and SH reactivity (3).

The binding of these nucleotides to the I site is enthalpy-
driven at 25°C, overcoming the negative entropy barrier
{Table I). It seems that the enthalpic contribution would
mainly come from the interaction between Tyr-612 and/or
Phe-285 with the nitrogen bases in the nucleotides (44). The
AS® values cannot be easily accounted for since the site
structure is not well defined at present. The binding of FMN
to this site in phosphorylase ¢ shows a negative AC, value
which is itself a function of temperature (38). If it were aiso
the case for our nucleotides, one would expect a change in the
sign of AS" at temperatures somewhat lower than 25 “C. This
FMN binding shows the same enthalpy value as AMP and
IMP, =37 kdJ mol™', but a positive change in the entropy is
responsibie for the higher affinity of this compound for the I
site at 25 °C (38).

Finally, the binding of AMP to the [ site (which, it has been
suggested, may play a possible role in vivo in controlling the
enzyme activity (7)) does not seem to have much physiological
role in muscle given the levels of free AMP in either resting
muscle or under extreme fatigue (45, 46) and the affinity of
AMP for this site, although our affinity values were obtained
i gitro, in the absence of anv other physiological effectors
and/or substrates,
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Thermodynamics of the Binding of AMP to Glycogen Phosphorylase a*

Pedro [,. Mateo, Juan F. Gonzalert, Carme

From the Departments de Quimica Fuaca, F

The binding of AMP to rabbit muscle glycoien phos-
phorylase a (EC 2.4.1.1.) has been studied bv cqutlib-
rium dialysis and isothermal microcalorimetry al pH
$.9 over a temperature range of 25 °C to 35 "(. 1 !:cr-
mal titration experiments were carried out in various
buffer systems. We have found by these methods that
a certain number of protons are released when the
protein binds to the ligand and are taken up by the
buffer.

The tetramer of phosphorylase a has becen shuwn to
have four equal and independent. non-cooperalive
binding sites for AMP at 25 °C, 30 °C, and 15 "} these
siles can be assigned to the so-cailed nucleotide or,
activator, sites in the protein. The binding constants
together with the changes in Gibbs energy, enthalpy,
and entropy per site for the AMP binding were calcu-
luted at each temperature. A negative AC, value (_:l’
~2.3%0.2J K- (AMP bound)™' was obtained for this
hinding process.

The hydrophobic and vibrational contributioasof the
heat capacity and entropy changes have been resolved
by the method described hy Sturtevant (Sturievant, :1-
M. (1977) Proc. Natl. Acad, Sci. U. §. A 7L ‘.!‘.H'b—
22.10). From this analysis, it appears that the h_indmg
is, in all cases, enthalpy-driven, the two entrome con-
tributions, hydrophabic and vibrational, huving oppos-
ing effects.

Highly temperature-dependent AH and A8 values have
heen found in many protein-ltigand binding processes. This
must be due to the existence of a rather large A, [or these
processes. The structural interpretation of the chnnges i the
thermodvnamic functions is usually complicated, pnrltcu_l;nrly
when the process is accompanied by extensive conformational
changes in the macromolecule. This appears to ocour when-
ever the binding turns out to be very cooperative, (or example,
in the binding of O, to hemoglobin, or AMI' to glycogen
phosphorylase b. The large heat capacity and entropy Chflf‘ﬁeﬂ
are considered to originate largely from hydrophobie effects,
although there are several other contributing factors (1)

We studied the cooperative hinding of AMD to the phos-
phorvlase b dimer and found the thermodynamic parimeters
at 25 °C (2). The difference between this protemn and 118
interconvertible active form. phosphorylase u, hws in Lh?
phosphorviation of the Ser-14 residue in the a form, Whlt‘l} L]
also known to he a tetramer at concentrations of a lew

* This research was supported :n part by a grant from Ih_e “(Comi-
s10n Asesora” of the Spanish government. The costs of publication of
this article were defraved in part by the payment of page L‘hﬂl".ﬂel
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accordance with 18 U.5.C. Section 1734 solely to indicate this tact.

t Supported by a fellowship from the “Formacion del Personal
[nvestigador.” Present address: Laboraturio y Control Ambiental,
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milligrams per ml (3). The Fourier difference analysis by x-
ray diffraction studies in hoth forms has shown that minor
differences exist between them, mainly in the ordering of the
19 N-terminal residues (4. 5). We have now studied. hy
equilibrium dialysis and isothermal calorimetry, the binding
of AMP to phosphorylase a. The hinding has been found to
be non-cooperative, as had previously been reported (6, 7),
and we have calculated its thermodynamic functions over a
range of temperatures. The vibrational and hydrophobie con-
tributions to these functions have been obtained as described
eisewhere (8). To our knowliedye, this is the first time that a
calorimetric study has been carried out with this system. We
have made some observations about the possible specific
interactions and molecuiar events responsible for the ther-
medynamic parameters. which we alse compare with those of

the 5 form of the enzyme.

MATERIALS AND METHODS

Proteins and Chemicals—Phosphorylase b was prepared from rah-
hit sketetal muscle according to the method of Fisher et ai (9, 10)
with the modifications described by Krebs er al. {11). The catalytic
activity of the enzyme was determined by the assay of Hedrick and
Fisher (12). The preparations used had specific activities of 80-90
unita/mg. The protein concentration was calculated {rom ahsorbance
measurements at 280 nm using the absorbance coefficient £1%, = 13.2
(13). The molecular weight of the monomer was taken as 97,400 from
its known sequence (14}, Thr enzyme was crystallized at least three
times and used within 1 week of the final crystallization. Enzyme
preparations were [reed of AMP by passing them through a column
equilibrated with 50 mM KCl, 0.1 mm 3-mercaptoethanol, 0.1 mM
EDTA, 50 mM buffer solution adjusted to pH 6.9. The A sl ratio
for the AMP-free phosphorylase b solutions was always less than
1.53. Possible traces of AMP aminohydrolase (EC 3.5.4.6) were elim-
inated by incubation with alumina Cy as we have described elsewhere
{15}

Phosphorytase & kinase (EC 2.7.1.38) was also prepared from rabbit
skeletal muscte by the method of Krebs (16) with the modifications
proposed by Cohen {17} Glycogen phosphorylase a was obtained from
the phosphorylation of the & form of the enzyme by using ATP, Ca’*,
and Mg** in the presence of phosphorylase b kinase (10), The phos-
phorylase a was also recrystallized at least three times and obtained
no more than 1 day prior to use. Solutions of phosphorylase a were
prepared by dialysis of the crystal suspensions against the required
buffer solution for 24 h at 4 "C. The suspension was then centrifuged
at 15,000 x g for 20 min at 4 "C, and the crystals were redissolved at
30 *C in the sume buifer. The ratio Ae:Aswm was in all cases less than
0.55.

The protein concentration was determined in the same way as that
of phosphorviase b. The specific activity of the enzyme in the absence
of AMP was always in the range of 30-60 units/mg, while thia value
increased to ahout BO-9 in the presence of ANMP.

[5°-""C]AMP was obtained from the Radiochemical Center, Amer-
sham, England. The AMP, alumina Cv, Tris. Hepes,' and 3-mercap-
toethanol were purchased from Sigma; the sodium giveerophosphate
was bought from Merck, and the EDTA and ATP were from Fluka,
while the Sephadex (-2 - and Sepharose 4B were manufactured by
Pharmacia. All the chemicals used were of the highest available

' The abbreviations used are: Hepes, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid: 1, liter.
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Tvetimgues—~ The equilibnum dialysis experiments were carried
out at 25 *C, as described elsewhere (2), according to the method of
Helmreiwch et at (18). An LS 7500 Beckman scintilation counter was
used in the dralysis experiments to calcuiate the enzyme gaturation
fraction by AMP. The fluorescence intensity of the protein, as a
function of the enzyme concentration, both in the presence and the
absence of AMP, was measured with an LS-5 Perkin-Elmer lumines-
cence spectrometer with a thermostat. The protein concentration and
#nzvmalic assavs were undertaken with a Cary-210 spectrophotome-
ter with the cells maintained at 25 *C.

[sothermal culorimetry experiments were carried out at 25, 30, and
35 °C using an LKB 2277 BieActivity Monitor equipped with a flow
unit. Electrical and chemical calibrations were made in the same
range as that which we obtained in the calorimetric experiments
themselves. The chemical caiibration was accomplished by the neu-
tralization of Tris with HCl (19). Phosphorylase ¢ and AMP solutions
were ailowed Lo flow into the calorimeter cells at rates of about 15
and 5 ml h™', respectively, in most experiments. The completeness of
the reaction was checked by occasional changes in the {jow rate of
the reactants. All appropriate corrections for heats of dilution and
mixing were applied. The heat effect of the enzyme dilution was
negligible in all cases. The phosphorviase a activity was routinely
checked prior to and after the calorimetric and diatysis experiments,
The pH values of the several buffers, AMP, and enzvme solutions
were controlled at each temperature before starting the binding
reaction. Calorimetnic experimenis initially planned at 20 *C could
not be carried out due to the spontaneous, fast crystallization and
consequent precipitation of the enzvme within the calorimetric tub-
ing. thus precluding calorimetric measurements at this and lower
temperatures. This fact was checked and confirmed by patallel ex-
periments undertaken outside the calorimeter at 20 *C.

SO AR LIV e

RESULTS

Fluvrescence Determunations—Glveogen phosphorviase &
shiows two fluprescence transitions (20} one 1s caused by the
nrofern morety (excitation and emission maxima at 280 nm
and 135 nm, respectively, and a quantum vield of 0.12}. and
the other is assoc:ated with its cofactor, pyridoxal 37-phos-
nhate fexcitation maxima at 335 and 425 nm, emission max-
rum at 533 nm, and a quantem yvieid of 0.012). Munoz et af,
21+ have recentlv shown that this pvridoxal 5'-phosphate
MTorescence 1s quenched by the addition of Mg**-AMP 10 the
dimeric b form, which promotes the tetramerization of the
enzyme. We have in fact determined the quantum vield of the
pvridoxal phosphate fluorescence of the a form at 9 mg/ml,
where the enzyme is a tetramer, and found that it is haif of
vhe vahie described for the b form (results not shown). Thus,
we have used this fluorescence of the cofactor to determine
any change taking place in the quaternary structure of the
pratein under the conditions in which we have conducted the
dialvsis and calorimetric experiments (see below). The guan-
tum vield is independent of the excitation wavelength, within
the range of 330 nm to 440 nm (as occurs with the b form).
The enzyme was cxcited at 425 nm in our experiments in
order to keep the absorption of the samples below (1.1, We
then carried out measurements of the pyridoxal phosphate
fluorescence intensity, both in the presence and the absence
of 1 and also 10 mM AMP, as a function of the enzvme
concentration within the range 2-12 my/ml at 25 and 35 °C.
in all cases. straight lines were chtained when plotting the
Nuorescence intensity versus the protein concentration {re-
suite not shownl for the whole range investigated. Thus. there
was no evidence for intermalecuiar effects, Le. detectahle
associntion-dissociation phenomena. dependent an the en-
svme concentration for the above range.

Faudibrium [Mailvss Measurements—The hinding of AMP
trothe phosphoryviaze o tetramer was oliserved by equilibrinm
Jiadvas as a funetion of the nucleotide concentration at 25 °C
and pH 8.9 i 30 mat Hepes buffer 1Fig 10 I the eurve in
Fro s compared to that of the binding o1 AMP o phosph-
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F1G. 1. Binding of AMYP to phosphorylase a at pH 6.9. The
data were obtained by equilibrium dialysis at 25 *C. The saturation
fraction, Y, and the mol of AMP hound per mol of enzyme, », are
plotted versus the free AMP concentration. The enzyme concentra-
tioh was 3 mg cm™ and the buffer used was 50 mM Hepes, 50 mMm
KCl, 0.1 mMm EDTA, and 1 mMm mercaptoacetic acid. The solid line
was drawn using Equation 1 and the X value listed in Table L.

rviase b at 25°C {2), it is evident that the & form of the
enzvme has a higher affinity for AMP than the b form. The
Scatchard plot of this binding data is practically straight and
clearly extrapolates to 4 mol of AMP bound per mol of enzvme
at saturauon. A Hill piot of these experimental values leads
to a Hill coefficient, ny, of 1.; = 0.1. This indicates a very low
or indeed nil coeperativicy, within experimental error, for the
AMP hinding to the tetramer. As expected. this result agrees
with the straight line of the Scatchard plot and also with
similar conciusions reported in the literature (6. 7. *2). There
is & dramatic difference in cooperativity when AMP hinds to
the nucleotide sites of phosphorvlase a and b, the latter in its
dimeric form showing an n,, value of 1.4 + 0.1 (2},

If we take into account the negligible cooperativity during
the binding of AMP to phosphorylase a, it is completely
reasonable Lo consider the four AMP sites in the enzyme as
being independent. Then, the caiculation from the Hill plot
of the value of the microscopic binding constant, K, far any
site is straightforward. This value was used as the initial input
value [or the sterative Newton-Gauss method (23) to fit all
the expertmental data in Fig. 1 to the equation

_ __KJAMP]

1+ K{AMP] ()

The optimum K value thus obtained was (1.8 + 0.2)10" M~
practicaily equal to that calculated from the Hili plot. The
theoretical curve in Fig. 1 results from this estimated binding
constant.

Calorimetric Experiments— The ent halpy change during the
binding of AMP to nhosphrrylase @ was measured as a func-
tion of the nucleotide concentration at several different tem-
peratures and with various buffers. The huffer systems em-
pioyed were 50 msm Hepes. 50 mM Tris, and 50 mM i3-
glvcerophosphate, all adjusted to pH 6.9 and contatning 50
mM KCL 0.1 mM EDTA. and 0.1 ms g-mercaptoethanot. The
temperatures used were 25, 30, and 35 °C.

The heat evelved during the AMP binding. at each temper-
ature and ligand concentration, changes with the buffer SVS-
tem used and. theretore, on the hinding of AMP, the protein's
state of protonation changes and the extent of this chanpe
depends o temperntore, The interpretizaon of the experi-



mental enthalpy data, AH, thus requires that the heat of
ionization of the hufters used, AH,, should be known at each
temperature; these values have been reported in the literature
(24). Thermal ticration curves for the binding of AMP to
phosphorylase a h e been carried out with different buifers.
The binding of AMP was exothermic and Jave rise to well-
defined monophasic curves in all the cases lavestigated (re-
sults not shown).

The analysts of the calorimetric results at 25 *C is quite
strmghtforward since we are dealing with a binding process
of AMP to four equal and independent sites, where the
association constant, K, ts known. Hence, the individual
cajorimetric data, AH, should be proportional to the satura-
tion fraction, Y, according to the equation

AH =m Y AH, {2)

where m stands for the number of binding sites, 4, and AH,
for the corresponding total heat effect, which can itself be
expressed as

JH: = AHw + n AH, h

with n being the number of protons exchanged between the
peotein and the buffer during the binding, AH, 'he heat of
hutfer onizatton, and AH, the enthalpy change per mol of
AMP bound. The slope of AH versus Y leads to the 3K, value
toreach butfer, and a second fitting of AH, versus AH, provides
the values of AH, and n {Fig. 2). The AH, vaiues can he
Aternatively ohtained by Hitting 1/AH versus {/[AMP] ac-
eording to the following equation (25)

l 1 1 1
— = x +
AH mKLH, [AMP] m AH,

(43

where the free AMP concentration, [AMP), is calculated from
the known K value. The intercept provides the AH, value,
winle the K value, obtained from the slope, coincides with
that previously arrived at through the dialysis experiments.
The good fitting of this equation confirms the non-coopera-
tvity of the AMP binding at 25 *C. The JH, values, as well
as the AHM, and n values thus obtained (Equation 4), are the
same as those found before (Equation 2).

The thermodynamic binding parameters at 30 *C and 35 °C
have been obtained in the following manner: at each temper-
ature, 30 *C or 15 °C, Equation 4 can be fitted according to
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Fic. 2. The variation of the enthalpy change per site of
phosphoryiase a with AMP (AH,) with the heat of ionization
of the buffer {(AH,). Lines A. B, and C correspond to experiments
carried out ac 25, 30, and 15 "C, respectively.

the iterative process proposed by Bolen et af. (26). Thus, final
Af, and K values are ohtained for each buffer at the temper-
ature in question. An average K value results from the K
values calculated for each butfer, while AH, and n are arrived
at by using Equation 3 with the AH, values for each huffer
{Fig. 2).

The equilibrium constants at 25, 30, and 35 "C should be
initially consistent in terms of the van't Hoff equation. Thus,
the K values at 30 *C and 35 *C can be recalculated from the
K value at 25 °C using the binding enthalpies and assuming
AC, to be independent of temperature. The integrated form
of the van't Holf equation is then

1 .’f."=l(£i_'\‘”’) :)‘..C_"| ﬂ 5)
kor\7 Tr)tR T (

where the heat capacity _hange, AC, = (dAH/3T),, can be
obtained from the temperature dependence of the AH, values.
Minor vartations arose in the K vaiues thus obtained from
Equation 5 at 30 °C and 35 °C.

Finaily, the thermal data at 25, 30, and 35 °C were fitted to
the general equation

MP
N m KTA !

= H, ,
L+ Kjamp] |2+ Al (6)

by means of the Newton-Causs method, using the hinding
constants as fixed parameters and the values of AH, and n,
aiready obtained, as inputs in the iteration. Once more, the
optimum vaiues found :n this way for these two parameters
were practically the same. within experimental error, as those
used as the input values in the Newton-Gauss method (23).

Once the influence of the extent of protonation during the
binding was taken into account and the appropriate correc-
tions to the experimental titration data were made {Equation
7), three single sets of thermal values, AH(c), were obtained,
one for each ‘emperature.

mK[AMP)

Affle) = AH - [+ KIAMP]

n AH, (n
The solid lines in Fig. 3 result from the application of Equation
8 to these corrected values.

AHie) = —HIAMP]

=1+ Kiamp) (8)

The variation of Af, versus T, which leads to a AC, value of
=23 £ 0.2 kJ K" (mol of AMP bound)™, is shown in Fig. 4.
Gibhs energy and entropy changes for the binding of AMP
were obtained from the K and AH, values, and these functions
are displayed at each temperature in Table {. The standard
state is that of 1 mol {”'. The calculation of thermodynamic
functions implies the usual approximation of setting standard
enthalpies equal to the observed ones.

DISCUSSION

The thermodynamic parameters which characterize a given
binding process mav include structural contributions arising
from different molecular events. One such contribution might
be a change in the aggregation state of either reactant. Qur
thermal dilution experiments {see “Materials and Methods”)
appear to rule out this element. The flucrescence results also
confirm that no AMP-induced protein association/dissocia-
tion effects occurred in our binding experiments,

The dialysis measurements at 25 *C point to the AMP
binding to the phosphorylase a tetramer taking place ut the
four equal and independent nucleotide sites, a conclusion
which agrees with previous publications (6, 7, 22). At 30 *C
and 35 "C, the number and the non-cooperative character of
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the binding sies seem 10 he the same as at 25 "C. Thus, the
extrapalations of hoth the inizial slopes and the plateay re-
sions o the calorimetne curves at 23, 30, and 43 C aive
intereepts whnch correspond 10 4.0 ~ 0] independent sires
per tetramer, in addition, the stringht piots obtained from
Fruation £ at 20 °C and 35 iresulrs net showni support
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the idea that the binding is non-cooperative. Furthermore,
Hill plots. using the thermal data at 30 °C and 35 °C and
assuming lour sites, resulted in straight lines with the [ollow-
ing Hili coelficients: 0,430 °C) = 0.93 0.1 35 °C) = 0.95
* 0.1,

Another contribution 1o the thermodvnamic functions is
the exehanue of protone duriny the binding, In our case. the
vuraber of protons taken up hy the protein-lizand svsten, n
depends on temperature, and their values are (see “Results"}:
M2 = 0.0 = 0.1 a(30 Ci = =10 + Q.02 nidq7 °Cy =
=017 = 005, From the relatjon (24)

f'J_)H") ) . (r'm |
e I P -—) a
(,'-,,H . o " o

it follows that, at about pH 6.9, within the lemperature range
studied here, an increase or decrease in pH will give rise to a
corresponding increase or decrease in the AH of binding,

The atfinity of AMP for phosphorvlase g seemns to he
practicaliv the same throughout the 25-45 ¢ range (‘Tabie 1)
t spite of the evident diflerences in (he AH and AN binding
vilues, Thys enthalpv-entropy compensation appears to he
nrre the rule than the excepnLion in these binding processes,
as well as in the stability of proteins and other biopolviners
in their nanive conformations {27). The binding constan at
2"CATable 11 is 1=2 orders of magnitude higher than tha
af the cooperative binding of AMP 1o the N sites of the
phosphorvlase b dimer 7). This known higher affinity of
AMP for the g form ol the enzyvme may be related (o the role
of the 19 N.terminal residues of the protein, which are close
to the dimer interface and to the N site, the structyre of which
is the main: difference in the crvstallographic studies of hoth
forms of the enzyme (5),

The temperature derivatives of the Gibhs enerey function.
such as enthalpy, entrupy, and heal capacity values, permit a
more detailed molecular interpretation than the (xihhs fune.
ton itsel! It should be stressed here that the determination
of these jiirameters without model assumptions of the rene.
ton mechanism i onlyv possible hy direct calorimetric mens.
urements. A rather high negative AC, value i« normal in
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Equilibrium dialysis and isothermal microcalorime-
try experiments have been carried out to characterize
the thermodynamies of the binding of AMP to glycogen
phosphorylase b (EC 2.4.1.1) at pH “* 9 over the tem-
perature range of 25-35 °C. Thermal titrations were
performed at each temperature in various buffer Sys-
tems, which have afforded the calculation of the num-
ber of protons exchanged when the AMP binds to each
site in the protein. Thermodynamic parameters were
obtained for the binding of AMP to the two nucleotide
and the iwo inhibitor sites of the dimeric enzyme. The
former show positive cooperativity while the latter
behave as independent binding sites. A positive AC,
value was obtained for the AMP binding to the two N
sites (1.3 and 1.4 kJ K™' mol™'), while the AC, was
negative for the binding to the I sites (-1.9 kJ K™
mol™"), The application of Sturtevant’s method to our
data (Sturtevant, J. M, (1377} Proe. Natl. Acad. Sci.
U.S. A 74, 2236-2240) and their comparison with a
similar analysis undertaken with phosphorylase a (Ma-
teo, P. L., Gonzalez, J. F., Baron, C., Lopez-Mayorga,
O.. and Cortijo, M. (1986) J. Biol. Chem. 261, 17067—
17072) has opened the way to some understanding of
the thermodynamics of the allosterie transition in the
protein.

Glycogen phosphorylase (EC 2.4.1.1) is one of the most
complex macromolecules for which a high resolution atomic
structure is available. The enzyme has two interconvertible
forms, in which the difference between the inactive phosphao-
rylase b and the active form, phosphorylase a, lies in the
phosphorylation of the Ser-14 residue in the « form. Among
the many effectors of the protein, AMP is the main allosteric
activator for phosphorylase b and its interactions with the
protein are therefore of importance. It is known from x-ray
studies (1, 2) as well as from studies in solution (3~3) that the
nucleotide binds to two distinet sites in the protomer, the
allosteric activator site N and the inhibitor site L Phospho-
rylase @ also binds AMP in a non-cooperative manner (6-8)
and increases its activity by 20-30%, reaching similar levels
to those of the phosphorviase 5-AMP complex (9). Several

* This work has been supported by Grant PR84-1233 from the
CAICYT, Ministerio de Educacion v Ciencia (Spain). The costs of
publication of this article were defraved in part by the pavment of
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review articles on the biochemical and structural properties
of phosphorylase have been published in recent years (10-13).

The binding of a ligand to a protein is usually accompanied
by a rather large negative AC,, which implies characteristic
temperature-dependent Af and AS values for the binding. In
the case of allosteric, cooperative binding processes, the en-
ergetics of the binding is difficult to analyze due to the
conformational transitions, which are responsible for the co-
operative binding. The molecular interpretation of such an
analysis is also complicated because one rarely has detailed
structural information about the nature of those transitions.
The most direct and effective technique for a thermodynamic
investigation is that of isothermal microcalorimetry, although
for these complex cooperative processes additional experi-
mental methods are also required.

We have previously reported on the thermodvnamic study
of the binding of AMP to phosphorylase b at 25 °C 15), as well
as that of AMP to phosphorvlase a between 25 and 35 °C (8).
We have now extended the temperature range of the former
study to 30 and 35 *C by additional equilibrium dialvsis meas-
urements at 25 °C and by calorimetry at 30 and 35 °C using
various huffers of different protonation heats at pH 6.9. The
present work throws light on the thermodynamics of the
binding of AMP to both the N and I sites, including the AC,
values for each site, wtich have different signs. The data have
been further analyzed by the method outlined by Sturtevant
(14), and a comparison with the similar results for phospho-
rylase a (8) leads us to certain conclusions about the energetics
of the conformational change in the protein and also to
comment on the particular interactions and structural fea-
tures responsible for the calculated thermodynamic functions
of the binding.

MATERIALS AND METHODS

Enzymes and Chemicals—Glycogen phosphoerylase b was prepared
from rabbit skeletal muscle by the method of Fischer et al. (15, 16)
with the modifications described bv Krebs et al. (17). The catalytic
activity of the enzyme was determined by Hedrick and Fischer's assay
{18). The preparations used had specific activities of 80-90 units/me.
Protein concentration was determined from absorbance measure-
ments at 280 nm, using the absorbance coefficient E'%, = 13.2 (19).
The melecular weight of the monomer was taken as 97,400 (20). The
enzyme was crystallized at least three times. Phosphorylase b prepa-
rations were freed from AMP by chromatography on a Sephadex G-
25 column equilibrated with 50 mm KC1, 0.1 mm 2-mercaptoethanol,
0.1 mm EDTA, 50 mm buffer solution (2-glycerophosphate, Hepeas,*
Pipes. or Tris), adjusted to pH 6.9. The Ass0:424 tatio for the AMP-
free phosphorylase b solutions was always below 0.53. Possible traces
of AMP aminchydrolase (EC 3.5.4.6.) (21) were eliminated by incu-
bation with alumina ., as has been described elsewhere (22).

[5"-“C]AMP was btained ‘rom the Radiochemical Center, Amer-
sham, United Kingdom. AMP, alumina ¢,, Hepes, Pipes, and 2-
mercaptoethanol were bought from Sigma, Tris and sodium 2-glycer-

* The abbreviations used are: Hepes, 4-12-hvdroxvethyl)-1-pipera-
zineethanesulfonic acd; Pipes. 1.4-piperazinediechanesuifonic acid,
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ophosphate from Merck, and EDTA from Fluka, while Sephadex G-
25 was marifactured by Pharmacia LKB Bioterhnology Inc. All
chemicals used were of the highest available purity. Distilled, deion-
ized water was used throughout.

Techniques—The equilibrium dialysis experiments were carried
out at 25 °C using a Dianorm equilibrium dialysis svstem, according
to the method of Helmreich et ai. (23). An LS 7500 Beckman scintil-
lation counter was used in the dialysis experiments to calculate the
saturation fraction of the enzyme with AMP. The fluorescence inten-
sity of the protein, as a function of the enzyme concentration, both
in the presence and the absence of AMP, was measured with an LS-
5 Perkin-Elmer luminescence spectrometer with a thermostat. The
protein concentration and enzymatic assays were measured with a
Cary-210 spectrophotometer with the ceils maintained at 25 °C.

[sothermal calorimetry experiments were carried out at 30 and
35°C using an LKB 2277 BioActivity monitor equipped with two
flow units. Electrical and chemical calibrations were made in the
same range as that which we obtained in the calorimetric expsriments
themselves. The chemical calibrations were made by neutralizing Tris
with HC] (24). Enzyme and AMP soiutions were allowed to flow into
the calorimeter at equal rates of 7 cm’ h™" in the majority of experi-
ments, with the occasional change to check the completeness of the
reaction.

All appropriate corrections for heats of dilution and mixing were
applied. The heat effect of the enzyme dilution was negligible in ail
cases. The phosphorylase b activity was routinely checked prior to
and atter the calorimetric and dialysis experiments. The pH values
ot the several butfers, AMP. and enzyme solutions were controlied at
each temperature before and after the binding reaction.

RESULTS

Fluorescence Determinations—Glycogen phosphorylase
shows two fluorescence transitions (25): one is caused by the
protein moilety (excitation and emission maxima at 280 and
335 nm, respectively, and a quantum vield of 0.12), and the
other is associated with its cofactor, pyridoxal 5"-phosphate
{excitation maxima at 335 and 425 nm, emission maximum
at 535 nm, and a quantum yield of 0.012}, The fluorescence
intensity in the emission maximum at 535 nm is quenched by
the addition of Mg”*-AMP to the dimeric phosphorylase b
{26}, which promotes the tetramerization of the enzyme {27).
We have used this fluorescence of the cofactor to determine
any change taking place in the quaternary structure of the
protein under conditions in which we have conducted the
dialysis and calorimetric experiments.

The enzyme was excited at 425 nm to keep the absorbance
of the samples below 0.1. We then carried out intensity
measurements of the pyridoxal phosphate flucrescence, both
in the absence and in the presence of either 1 or 10 mM AMP,
as a function of the enzyme concentration within the range
0.5-14 mg em™ at 25 and 35 “C. In all cases we obtained a
good linear dependence between the fluorescence intensity
and the protein concentration for the whole range investigated
{linear regression coefficient higher than 0.998). Thus, there
was no evidence for any intermolecular effects, i.e. detectable
assoclation-dissociation phenomena, dependent on the en-
zyme concentration for the above range.

Equilibrium Dialysis Measurements—The binding of AMP
to phosphorylase & has been previously studied as a function
of the activator concentration by equilibrium dialysis at 25 °C
and pH &.9 in Tris huffer, using 25 different experimental
data (5) Since the present calorimetri: analysis relies criti-
cally on the precision and accuracy of the binding constants
obtained from the dialysis study, we have carried out many
more additionai experiments to obtain mote than 60 inde-
pendent equilibrium dialysis data (compare, for example Fig.
1 here with Fig. 2 of Ref. 5) in order to calculate association
equilibrium constant values with lower standard deviations.
In a system as complex as the present one, the analysis of the
calorimetric data requires the use of the binding constants
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Fic, 1. Scatchard plot for the binding of AMP to phospho-
rylase & at pH 6.9. The data are obtained by equilibrium dialysis
at 25 °C. The enzyme concentration was 8 mg cm™ and the buffer
solution used was 50 mM Tris. 50 mM KCL, 0.1 mm EDTA, and 1 mm
Z-mercaptoethanol. The solid line is the theoretical one using the
values given in Tabie L.

obtained with other techniques (i.e. equilibrium dialysis).
Thus, the information that it is possible to obtain from the
calorimetric study largely depends on the precision of the
association constants used. All equilibriam dialysis data are
given in a Scatchard piot in Fig. 1. As we have previously
shown (5), the reaction of AMP with the phosphorylase &
dimer can be considered as being the binding of AMP to two
independent sets of sites. The high affinity sites show positive
cooperativity according to their Hill coefficient {ny = 1.4 =
(1.04), while the low affinity sites can themselves be considered
as independent of each other (ny = (.96 + 0.11). On this
basis, the saturation fraction, Y, as a function of the free
AMP concentration, is

Km[AMP] + K, K. [AMP]? 1 Kn[AMP]
2K [AMP] + 1 + K K. [AMPF © 2 K, [AMP] + 1

1
Y = 5 (1)
where K., stands for the microscopic binding constants at the
ith site, and K., = K.

The microscopic binding constant values given in Ref. 5
were used as the initial input values for the iterative Newton-
Gauss method (28) to (it the total experimental data to the
Equation 1. The optimum Koy Kmy, and Ko, values thus
obtained are shown in Table I. These new constant values are
approximately equal to those obtained previously, within their
standard deviations. Nevertheless, they have minor standard
deviations. The curve in Fig. 1 is the theoretical one using the
Scatchard equation for the calculated binding constants
(Table I).

Calorimetric Experiments— The enthalpy change during the
binding of AMP to phosphorvlase b was measured as a fune-
tion of the activator concentration at two new different tem-
peratures and with various buffers at pH 6.9, The buffer
systems employed were 50 mM Tris and 50 mM 2-glycero-
phosphate at 30 °C and 50 mM Hepes, 50 mM Pipes, 50 mM
Tris, and 50 mM 2-glycerophosphate at 35 °C. In all cases the
buffer solutions were 50 mM KCL, 0.1 mm EDTA, and 0.1 mM
2-mercaptoethanol. The thermal experimental data deter-
mined at 30 and 35 °C are shown in Fig. 2, where the enthalpy
change per mol of the phosphorylase & dimer is plotted ag a
function of the total concentration of AMP. The binding of
AMP is exothermic at 30 and 35 °C, as it also is at 25 °C (5),
giving rise to well defined monophasic curves {Fig. 2). The
titration curve at 25 °C was the same regardless of the buffer
system {3), and since the ionization heats of the buffers are
different (29} no proton uptake or release seemed to occur
throughout the binding at that temperature. At both 30 and
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TABLE I
Apparent thermodynamic parameters for the binding of AMP to phosphorylase b at 25 °C and pH 6.9
The uncertainties are standard errors in the fitting of the curves.
N sites I sites Total N sites Total I sites
Ko 107 (m™ 4.0 0.7 23,7+ 5.5 0.37 + 0.05
AG® (kd mol™) —20.6 £ 0.5 -25.0 =06 -14.6 £ 0.3 -45.6 + 0.6 —29.2+ 06
AH (kJ mol™") -19 %6 -74 £ 7 -39 %2 —~93 £ 2 -78+3
AS% (J K™  mol 71} 6+20 —183 £ 25 -83£6 —-1537T*7 -166 = 11
AC, (kd K™ mol™) 1.3+ L3 14+ 1.7 ~1.9+05 27+£05 -38+09
T ' T ' T s sites are empty or not. The protein states P;S and P;S, are
8 e et defined similarly. In the binding of AMP to phosphorylase b,
I e S K, = K., and AH, = AH,, since the two equal low affinity
- %?."'_ﬂ--f' b sites are considered as being independent, as was shown to be
80 ,.y' - the case at 25 °C (5).
tfé From equation 2, the enthalpy change per mol of enzyme
- | /i (dimer), AHy, in a hypothetical buffer with zero ionization
3 | g} *| heat is given by
E
0 | 4 | | —\f{l{pws] + (AH] + -\Hz)[PNSgi
= [ ¥ T f 7 t AH, = ~
= TR [Pu] + [PNS] + {PxS8y] 3
~ A e
=k e ] | AHJ[PS| + 2AH[PiS,]
= 4{3//’; ‘- Pi] + [PiS] + [PS,]
|
80 - - B which can be expressed as the following:
- i
o 2 B+ (AH = ALK Ko [SPE 2AHK,
- . H, = 2K = 2 - A o mlSE | 22 3] g
LA 20w, i3] + Ko K[ 5] 1+ Ko [3]
ol ' L - As pointed out before, there is a net proton exchange, n,
0 4 8 when the AMP binds to the enzyme (dimer). Let n,, n,, and

[AMP): 103 / moi dm™

FiG. 2. Calorimetric titration of phosphorylase b with AMP
at pH 6.9 and at 30 °C (A) and 35 °C (B). The heat envoived per
dimer of enzyme is plotted versus the total AMP concentration. The
enzyme concentration was 4 mg em™ in 50 mM KCl, 0.1 mm EDTA,
and 0.1 mm 2-mercaptoethanol. ®, 50 mm Tris; 0, Hepes; B, Pipes;
O, 2-glycerophosphate. The solid curves are the theorstical ones
obtained from the values listed in Table [ and using the values for
the number of protons calculated as described in the text.

35 °C, however, the heat evolved during the AMP binding
depends upon the buffer system, due to a change in the
protein’s state of protonation, and we have found the extent
of this change to be temperature-dependent. The analysis of
the present experimental enthalpy data, AH,, thus requires
that the heat of lonization of the various buffers used should
be known at each temperature (8): these values have been
reported in the literature (29).

As mentioned before, the AMP binding to phosphorylase b
can be understood as the binding of a ligand, S, to a protein,
P, with two sets of sites: the high affinity sites, N, and the
low affinity sites, I. The binding at each temperature can then
be represented by the following equilibria:

Pyv+S =Py K =2K.; aH,
PSS + S = PuS, Ki= Kn/2Z AH; @
Pi+S =PS K=K, AM,

PS+S =PS K =K, /2 AiH

where K, and K., are the macroscopic and microscopic binding
constants, respectively, and AH, stands for the enthalpy
change per mol of AMP bound to each site. Py and P; stand
for the protein states when the high and low affinity sites are
empty; P48 corresponds to the protein state with only one
high affinity site empty, regardless of whether the low atfinity

n; stand for the number of protons exchanged by the system
when AMP binds to the first and second high affinity sites
and one of the two low affinity sites, respectively. Then the n
value, which is itself a function of the saturation of the enzyme
by AMP, can be expressed similarly to Equation 3 as

m{PyS] + (ny + na}{PySs] n[PiS] + 2ny[PS,]

= — — 5
[Ful + (B3] + (P8:] T [Pl + [P3] # [PSy]
or
_ 2 Ka S+ (a0 + ng)K,..JK,,.?[S}2 2n3.K,..,{S] )
1+ 3K, [3) + KnKo[S)? L+ K.08]

At each temperature the number of protons exchanged by
the protein-ligand system, , will be released or taken up by
the buffer present in the medium. In our case the situation is
particularly complicated since, in addition to the buffer used
in each case, the free ligand itself, AMP, has also buffering
capacity at pH 6.9 (pK = 6.427 at 25 °C (29)). Moreover, the
buffering effect of the free AMP will depend on its concentra-
tion, and it is clear that this effect cannot be neglected due to
the AMP concentration range used compared to that of the
buffer itself. Therefore the number of protons, n, will be equal
to the sum of those exchanged by the buffer, ng, and the free
ligand, ns:

n=ns+ ns (7)

The values of ns and ns are obviously not independent, and
it can be shown that they follow an equation of the following
form:

- ang
b+ cngp

(8)

ns

where a, b, and ¢ are functions of the protein concentration,
the pH, and the pX values and concentrations of both the
buffer and the free AMP (see “Appendix”).
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Hence, the experimental calorimetric data, Af,, is given by
AH, = AH, + ngdHg + ngAH; (9}

where the new symbols, AHp and AHs, stand “or the ionization
heats of the buffer and free ligand, respectively.
From Equations 7 and 8 the value of ng results as

ne = 51~ [en = b =a+ ({a+b~cn)?+ dben)'®) (10)
2c

with a similar equation for ns as a function of n. These two
expressions for ng and ng can replace the corresponding values
in Equation 9, leading to a AH, which would depend on n and
AH,. Since these two latter values are given by Equations 6
and 4, we would finally obtain the experimental AH, value at
each temperature as a function of Kn, AH,, and n,, for the
three sites, i = 1, 2, 3.

At this point we would have three equations for AH,
corresponding to one for 25, 30, and 35 °C. Fitting all the
experimental data to these three equations would involve
dealing with a large number of unknowns. This analysis,
however, car be simplified by taking into account some re-
strictions these values have to abide by ard also by making
some reasonable assumptions about the hehavior of the SyS-
tem.

Thus. the three K. values at 25 °C are known from the
dialysis experiments. [n addition the enthalpy changes and
the constant values for each site have to be consistent in
terms of the Kirchhoff and the van't Hoff equations. respec-
tively, The integrated forms of these equations for 4 constant
AC; value are

AH(Ty) = AHIT) + AC( Ty = T)) (n

and
AC, T

-1

7 nFl.

KTy _1 (_\H(Tl) - _\H(Tg)) (12)

1 =
"KT) TR\ T T,

The number of protons for the three sites, n,, n,, and ns,
have been shown to be zero at 25 °C within experimental
error (5}. These values, however, are not zero at 30 and 35 °C,
as seen in Fig. 2, where an increasing proton-exchange effect
from 30 to 35°C can be clearly cbserved. Given the short
temperature range investigated, we have assumed the n, values
to have a linear dependence with temperature, i.e. n,(T,) =
ni{Th) + mi{T: — T\). This behavior is similar to that found
for the binding of AMP to phosphorylase a (8). With this
assumption and the above resirictions we can arrive at a
general equation for the experimental AH, values, including
all the buffers and the three temperatures used, where the
values to fit would be AH, (at 25 °C), AC, and m;, for the
three sites, i = 1, 2, and 3. The experimental thermal data,
which correspond to more than 150 independent calorimetric
measurements, were fitted to the general equation by trial
and error using the AH, values at 25 °C previously reported
(). The AH,; (25°C), AC,, and m; were optimized by the
Newton-Gauss method (28). The curves in Fig. 2 are the
theoretical ones using the calculated values. Thermodynamic
parameters for the binding of AMP to phosphorylase b at
25 "C ard pH 6.9, obtained from the AH, and K., values, and
including the AC, values, are included in Table I, The three
enthalpy values at 25 *C compare well with those previously
reported (5), which vindicate the general data analysis carried
out simultaneously for the three temperatures. Fig. 3 shows
the variations of AH and TAS® versus temperature and, as
has been reported in the literature for many binding studies
{14), the AG” values remain practically constant for each site
within the temperature range of 25-35°C. The m, values
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Fi1c. 3. Temperature dependence of the enthalpy and en-
tropy changes for the binding of AMP to phosphorylase b at
pH 6.9. The AH and TAS® values are calculated using the data
shown in Table [.
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FIG. 4. Thermal titration of phosphorylase  with AMP at
pH 6.9. Experimental values are corrected for the thermal effect of
the protons exchanged wictn the buffer systems. The corrected heat
data are plotted as a function of the free AMP concentration at 25 *C
(©), 30 °C (@), and 35 °C {{1). The solid curves are the theoretical
ones corresponding to Equation 4 for the enthalpy and constant
values obtained using Equations 11 and 12, respectively, and the data
listed in Table I (see text for details).

o
o

obtained are m, = ~0.25 £ 0.04, m, = 0.26 = 0.06, and m; =
0.05 £ 0.02, which lead to a negative n, value and positive 7,
and n; values for temperatures,between 25 and 35 °C. Fig. 4
includes the three sets of data at 25, 30, and 35 °C after
correction for the proton exchange thermal effects, together
with the theoretical calorimetric binding curves also corrected
for the proton effects, i.e. the AH, values versus the free AMP
concentration.

We should mention at this point that when dealing with
ligand binding to multisite complex proteins the experimental
data analysis is only possible if certain assumptions are ac-
cepted, Le. the restrictions the system is supposed to obey.
Only in this way can a set of individual binding parameters
such as the one shown in Table I be arrived at. In our case
the assumptions made were to consider the AC,, values as
being constant {the norm for this type of study) and also the
m; values, within the 25 to 35 °C range. Nevertheless, it should
be pointed out, that when performing our data analysis, using
the three K, values at 25 °C with either plus or minus one-
haif of their standard deviations (Table I), the optimal fitting
practically leads to the same values for the rest of the ther-
modynamic parameters as those obtained here within their
uncertainties (Table 1),

DISCUSSION

The association of the phosphorylase b dimer into a tetra-
mer caused by AMP in the presence of Mg** has been reported
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at 25°C (26). Other authors (31, 32) have also detected
aggragation of the enzyme when AP binds at low tempera-
tures, although not at 25 °C. If this were to he the case, an
enthalpic contributjon arising from the change in the assoei-
ation state (the extent of which would depend on temperature,
AMP, and protein concentrations) would show up in the
calorimetric data. We have already dermonstrated (5), by
carrying out thermal AMP titrations at different protein
concentrations, that no phosphorylase association effects oc-
cur on the binding of AMP at 25 °C. Here we have also made
use of the co-factor fluorescence intensity, in the absence of
AMP and in the presence of 1 and 10 mm AMP, to confirm
the nonexistence of intermolecular interactions at 25 and
35 °C, since this intensity is a very sensitive indicator of the
association state of the protein (8, 26). In this way, we found
a linear dependence between the fluorescence intensity and
protein concentration within the range 0.5-14 mg em™ at
both temperatures. Qur thermal dilution experiments at 30
and 35 °C also agree with this conclusion. Therefore, it is
apparent that no AMP-induced phosphorvlase association/
dissociation effects took place in our equilibrium dialysis and
calorimetric binding experiments.

In order to analvze the calorimetric data correctly the first
question that needs answering is whether there is any proton
excharnge during the binding. The usual way to do this is to
carry out the thermal titration in varicus buffers of suffi-
ciently different protonation heats. We have already shown,
within experimental uncertainty, that there is no such ex-
change at 25 °C (5). This does not hold true, however, at 30
and 35°C (Fig. 2), where two and four different buffers,
respectively, were used; a simifar behavior has been reported
tor the binding of AMP to phosphorylase a (8). It is worth
noting that at both 30 and 35 °C at the AMP concentrations
at which the different buffer titration curves intersect (Fig.
2) the net proton exchange, n, is zero. Thig situation obviously
implies a different proton behavior during the binding of
AMP to the four sites, ie. there should be simultaneous
release and take up of protons depending upon each AMP
hound,

In fact, for temperatures hetween 25 and 33 *C, the protein-
ligand system releases protons when AMP binds to the first
site and takes them up on binding to the three other sites.
This means that one or several pX values, corresponding to
some proton accepting groups of the enzyme-ligand system,
decreases {i.e. become more acidic) upon binding of AMP to
the first site, while these pK values increase when the effector
binds to the other three sites. There are various reasons which
may explain these changes in the pK values. Among these, a
variation in the micropolarity of the chemical groups appears
to us to be the most plausible explanation, given the high
effect of the medium poiarity (or water availability) on the
pK values observed in analogous systems (30).

Once the protonation effect has been corrected, the ther-
modynamic parameters for the binding can be obtained, as
explained under “Results.” Table [ shows these values at
25 °C, including the AC, vaiues, from which the calculation
of any other parameter within the range 25-35 °C is straight
forward. Fig. 3 illustrates the significant temperature depend-
ence of the binding enthalpy and entropy, as might be ex-
pected from the AC, values. Despite ‘he ciear ditferences in
the A and AS” binding values/site, the affinity of AMP for
each site, ie. the corresponding AG® value, appears to be
Practicaily the same from 25 to 35 °C. This is another example
ot the so-called enthalpy-entropy compensation, common to
many binding processes and, in fact, to practically any type
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of process dealing with biopolymers in an aqueous solution
(14, 33).

The cooperative nature of the binding of AMP to the two
N sites can also be seen in their AH and AS” values (see Fig.
3 and Table I). The most striking difference between the
binding to the N and I sites resides in the fact that AC, is
positive for both N sites and negative for the I sites. Negative
AC, values are normal in binding studies (14), as is, for
instance, the noncooperative binding of AMP to phosphoryl-
ase o (8). The positive AC, values for the N sites are, however,
quite exceptional, and they are undoubtedly related to AMP’s
highly cooperative binding to these sites and the AMP-in-
duced structural change responsible for this cooperativity.

It is not possible to attempt any structural interpretation
of the thermodynamic parameters for the binding of AMP to
each N site, since the parameters for each site contain differ-
ent contributions arising from the cooperative structural
change (Table I). The total AH values for the AMP binding
to the N sites at 30 and 35 °C are ~79 + 10 and —6o0 + 14 kJ
(mot of dimer)™' respectively, while the corresponding AS°
values are —112 + 8 and —68 + 15 J K- (mol of dimer)™",
The vanation in these parameters with temperature is just
the opposite to that found for the binding of AMP to the N
sites of phosphorylase a (8), due to the negative AC, value in
the a form of enzyime =23 + 0.2 kJ K™' (mol of AMP)™).

Sturtevant's approach (14), which has recently been com-
mented upon by Baidwin (36), throws more light on the
interpretation of our thermodynamic functions. The applica-
tion of Sturtevant's method to our values leads to the hydro-
phobic (h) and vibrational (v) contributions to A8, and AC,
shown in Table II, where AS, stands for the standard unitary
entropy units (37, 38). [t is worth comparing similar results
for the AMP binding to the N sites of phosphorylase a (8)
{obtained at the same temperatures, 25, 30, and 35 °C) with
the corresponding ones in Table I, where it is noteworthy
that the four parameters have opposite signs for the a and b
forms of the enzyme. It is clear from the x-ray diffraction (39)
and solution studies (40) that the remarkable differences
between the AMP binding te the N sites in both enzymes
cannot derive from the minor differences in the AMP inter-
actions at both N sites and, therefore, must be put down to
the conformational transition that takes place in phosphoryi-
ase b on the binding of AMP. Thus, a comparison of the data
in our Table II and that of Table II in Ref, 8 should lead one
to expect positive values for AC,(h), AC{v), and AS,(v} and
negative ones for AS,(h) for this transition, i.e. the activation
process of the enzyme. From the sign in these parameters it
seems that there should be a “loosening” of the structure with
4 concomitant increase in AC,(v) and AS.(v) on activation,
from which the enzvme goes from the inactive to the fully
active conformation, The positive AC,(h) and negative AS,(h)
can reasonably be interpreted in terms of hydrophobic inter-
actions; thus, the number of contacts between the apolar
residues of the protein and the solvent should increase on
enzyme activation. This conclusion agrees with the structural

TaBLE I
Hydrophobic th) and vibrational (v) contributions to the entropy
and heat capacity jor the binding of AMP to glvcogen
phosphoryiase b at pH 6.9

T N sites [ sites
_ - _—
L AG MG AS I aS.tvi 36 th) G, (v 38, (h) a5, iv)
o S K™ fmol dimer)™!
25 2957 471 —587 493  -2948 -’26 768 368
30 2245 483 =534 508  —2928 —848 796 —890
35 2238 491 -318 516 2914 -8R0 7R —-904
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information provided by Sprang and Fletterick (41}, according
to which there is a 2000-A? island of solvent at the center of
the subunit contact region; this central cavity, which can
accommodate some 150-180 water molecules, which are in-
accessibi_ to the bulk of the solution in the inactive confor-
mation, becomes deeper and narrower and opens up to the
external solvent on activation, thus making for a more ex-
tended water-protein interaction, particularly for the first 75
N-terminal residues in both subunits {41).

The contribution of the allosteric conformational change
would be the dominant one in the values of Tabie II for the
AMP binding to the N sites. From these values it would be
possible to conclude that for the dimeric enzyme some 60
internal vibrational modes would be activated as a resuit of
the “intrinsic” binding (35) of 2 mol of AMP plus the concom-
itant conformational change (14), while there wouid be an
increase of about 24 mol of “hydrophobic water” in the overall
process (14). These numbers should be considered as a net
balanced change in those water molecules since, on the other
hand, there should be a loss of some hydrophobic water
molecules due to the binding of AMP to the N sites, which
Anderson and Graves (42) have described as being hydropho-
bic. An additional interaction expected from the AC, and AS”
values would be the possible net formauon or the strength-
ening of hvdrogen bonds, which would also agree with the
negative Aff values. The overall binding of AMP to the N
sites i1s thus favered by the enthalpy and vibrational entropy,
which svrmount the high hydrophobic entropy barrier, a
barrier that resuits mainly from the above-mentioned confor-
mational change.

The binding of AMP to the I sites has been shown 1o be
noncooperative between 23 and 35 °C, and therefore its ther-
modynamic parameters might be attributed to those of an
intrinsic binding (35). The affinity of the nucleotide for these
sites is between 1 and 2 orders of magnitude lower than that
for the N sites, while we have again an example of the
enthalpy-entropy compensation giving rise to a practically
constant affinity throughout the above temperature range
{Fig. 3). The AC, for this binding has the usual negative value
for this type of process (14) and compares well with that
reported for the binding of FMN to the I site of phosphorylase
a, —1.7 £ 0.5 kJ K™ mol™" at 30 °C (43), although in this case
the AC, was found to be a function of the temperature.

The negative AC, can be interpreted, in terms of hydropho-
bic interactions, as being mainly due to a decrease in contacts
between apolar protein groups and the solvent on the binding
of AMP to the [ sites. This interpretation, however, would
also suggest a positive entropy change, but, in fact, AS® is
negative for this binding (Fig. 3). The application of Sturte-
vant’s method (Table II} once again clarifies this point, given
the positive value of AS.(h}). Here there seems to be a tight-
ening of the structure with a loss of about 50 internal vibra-
tional modes, with a liberation of approximately 15 mol of
water that were previously in contact with apolar regions
when 1 mol of AMP binds the I sites. From Table II it is now
clear that the binding of the nucleotide to the I sites is both
enthaipy- and hydrophobic entropy-driven between 25 and
35 °C, overcoming the opposite vibrational entropy contribu-
tion. The negative AH should mainly come from the net
formation of hydrogen bonds and of electrostatic pairs and,
to a minor extent, from van der Waals’ interactions.

Since the possible net formation of hydrogen bonds wouid
make for a positive AC, contribution, our estimation of the
contribution of the hydrophobic effect to the binding might
be a minimal evaluation of its relative importance.

Finally, it is interesting to note that in the overall binding
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of the four AMP molecules to the two N and two [ sites of
the dimer the net change in the water molecules in contact
with the protein is very small, while there are also opposite
effects to the rigidity or flexibility of the global protein con-
formation due to AMP’s binding to both types of sites. This
overall cancellation effect might be related to the enzyme
activation on the binding of AMP to the N sites and to the
inhibitory characteristics of the I sites.
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APPENDIX

In a solution with two systems with buffering capacity, B
and 3, the following equilibria exist:

HB=H"+ B~ K

(A1)
HS=H"+ 85 K
where Kj and Ks are equilibrium constants, defined as
_ [HIB7 2 HT[S
K _{HB] and Ky = —-—[HS] (A2)

The concentration of the components at equilibrium are
given by

[H*)Cn
[H*] + Ks
_ _H"Gs

[H™] + K

(HB] =
(A3)

[HES]

where Cg and Cy are the total concentrations of B and S,
respectively.

If a concentration of protons ([H*],) is generated in the
solution the concentration of all the components will change
and a new equilibrium will be arrived at. The new concentra-
tion of all the components will then be given by

- KeCy . [H*1Cs

B, = - . [ CLA bt - N -

(57 [H*] + K, (Hs:  [HBI (H] + Ks T [H1a (Ad)
. KsCs ) [H*]Cs

[ = —ir% . = .

)= G s g Tl [HS) = e 2 ),

where [H"]s and [H™}s stand for the proton concentrations
taken up by the B and S systems, respectively, and [H*] for
the initial free proton concentration.

The proton concentration in the new equilibrium will be
given by

(H']. = [H'] + (H'], - [H"]s — [H"]s (A5)

Substituting Equations A4 and A5 into Equations A2 ap-
plied to this new equilibrium, the ratio of K5 to Kg results

(KsCs = [HT15(H"] - [H"}sKs)
Ks _(Ca[H'] v [H]a[H"] + [H"]aKy)

Ky (KsCy — (H"]a[H*] — [H"]aKgs} (A6)
(Cs{H*} + [H7[s{H*] + [H"]sKs)
Rearranging Equation A6, we have
. a[H"]a

Hijs = ———2_ 7
l b+ e [H s (A7)

with @, b, and ¢, being the values given by

= 4 ‘:-1 H+ EEASEY N - + Y

a K (, ([ ] AB) H b KBCB([H ] + Ks)z (AS)

o = 1Ky = KojU[H*] + K([H'] + Ka)

In our particular case, 1 mol of the protein-ligand dimer
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exchanges n protons with the two buffers present in the
medium. and the proton concentration exchanged will be nC,,
where C, is the enzyme concentration.

Thus, ns and ns being now the number of protons released
by B and 8, respectively, we have

{Hflg = —I‘IBC. and [H+]s = —nsC.. (Ag)

Finally, by substituting Equations A9 into A7 and re-
arranging, we obtain Equation 8 given in the text:

_ _ang
fis = b+ cnp
where ¢ = —¢,C..
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