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ABSTRACT:. The complexity of binding reactions, including the linkage with other equilibria, is becoming
increasingly apparent in biological processes such as signal transduction. Understanding these interactions
requires obtaining thermodynamic profiles for each of the equilibria that occur in a binding event. Concern
has been raised as to whether linked equilibria contribute differently to thermodynamics, stEff as

and AC,, obtained from calorimetric and van't Hoff methods. We have previously shown that linked
equilibria do not contribute differently to the van’t Hoff and calorimetrically determifeld for processes

such as linked folding or hydration. Here, examples of proton and ion linkage are examined. We show
that there is no reason to expect the calorimetric and van’t Wbif to be different, even without prior
knowledge of the presence or absence of linked equilibria, as long as the system is permitted to equilibrate.
However, it is possible to create experimental scenarios that resttfy, and AHg,, discrepancies.
Furthermore, it is found that the presence of linked equilibria in all cases can result in “nonconventional”
AH° and AC, profiles, making data analysis nontrivial.

When seeking to understand the thermodynamics of amational change 12—14) can be linked to a binding
biological binding reaction, one generally obtains the en- equilibria and will contribute to the overall binding energetics
thalpy, AH®, which describes the amount of heat released (AG°, AH°, AS’, andAC,). Therefore, when studying such
or absorbed in the course of a reaction. The enthalpy is binding, one must often distinguish the “intrinsic” thermo-
related to the nature of noncovalent forces (e.g., hydrogendynamics that result from the binding interaction of interest
bonds and van der Waals interactions) that are formed/lost(e.g., protein A binding protein B) from the “observed” or

between macromolecule(s) and/or solvdit Typically, AH® “apparent” thermodynamics, which includes contributions
is determined in one of two ways: it may be determined from both the binding equilibrium of interest and from the
directly by using calorimetryAHZ,;* or it may be deter- linked equilibria. AlthoughAHZ,, includes contributions

mined indirectly by measuring the temperature dependencefrom linked equilibria, it has been suggested th&t,, will
of the equilibrium constant, known as the van't Hoff not (15), but rather will represent the “intrinsic” binding
enthalpy, AH,,. enthalpy (i.e., those contributions coming solely from the
Recently, the equivalence of these two methods has beerbinding of the ligand and macromolecule).
questioned Z—6). We have shown, using both experiment  Most biological thermodynamic studies aim to determine
and simulations, that when experimental setup and datathe energetics of a specific binding equilibrium. In principle,
analysis are correctly performed there is no deviation betweenwith knowledge of both the overall observed binding
AHZ, and AH,,. This was demonstrated for both simple thermodynamics and those of the linked equilibria, one can
binding and cases in which there is a conformational calculate the thermodynamics of the binding reaction of
equilibrium linked to binding 7). Here, we examine the case interest (6). This would also allow the observed thermo-
of heterotropic linkage in which the binding of a second dynamics of binding to be calculated at any concentration
ligand is linked to the binding of the primary ligand. of linked species. Alternatively, the experiment could be set
Linked equilibria, although not always accounted for, are up such that a single equilibrium is monitored in the course
extremely common in biological binding events. Equilibria of the experiment. In practice, however, it is not generally
such as proton binding3¢10), ion binding @ 1), or confor- known what or how many equilibria might be contributing
to the observed thermodynamics and it is often impossible
t This work was supported in part by a grant to K.P.M. from the {0 iSolate a specific equilibrium in a single experiment. Thus,
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namic parameters for all _equilibria involved as a fun_ction ML] + [M+ L] ML] 1+ K;[H+])

of temperature but analyzing the systems as though it wereK .= " = P

a simple, one-to-one binding. As with simple binding and (Ml + ML ML @+ K[H™)

linkage to conformational changes, we find tietl;, and (1+ K;[H+])
AHg,, are equivalent; however, this is true only when the o5 (3)
system is allowed to equilibrate with temperature when 1+ KyHD

measuringAHg,,. In proton linked systems, the equivalence
between the observefiHZ, and AH;, (and similarly their ~ where [ML] and [ML"] are the unprotonated and protonated
temperature dependen&C,ca and AC, ) can deviate macromolecule ligand complex, respectively, [M] is the free
under experimental conditions where the proton concentrationmacromolecule, [L] is the free |igandKL and cho are the
(i.e., the pH) is held constant over the temperature rangeproton binding constants for the free and complexed mac-
studied. We describe the contributionsAéiZ, and AHy, romolecule, respectivel; is the intrinsic binding constant
in each of these common scenarios. (i.e., in the absence of protonation), and"[Hs the proton

It should be noted that the aim of this paper is not to concentration (where [H is taken as equivalent to the proton
address how the intrinsic energetics can be obtained experiactivity, aq+).
mentally. Approaches have been described in the literature The contribution of proton linkage to theH® of binding
(16, 17. Rather, the aim of this paper is to aid in the has been rigorously described by Baker and Murpti),(

interpretation of experimental determinationsAifi°, par- and can be expressed as follows:
ticularly when the systems have not been thoroughly
characterized. AH°(T) = AH}(T) —

THEORY H'AH] + HPAHS + Ny AHX(T) (4)

van't Hoff Analysis The van’'t Hoff enthalpy and heat where AH, is the intrinsic enthalpy for liganemacro-
capacity changes are determined by the temperature depenmolecule binding,Hf and H¢ are the average number of
dence of the binding constant. This can be shown by taking protons bound to the free and complexed macromolecule,

the derivative of the following relationship with respect to Ny+ is the number of protons released by the buffer upon

T binding,AHL andAHf, are the enthalpies of protonation for
. . the free and complexed macromolecule, akid? is the
AG® = —RTINK = AHp¢; — TAS ¢ + enthalpy of ionization of the buffer. Th&C, can be

T expressed analyticallyly) or evaluated as a numerical
Acp((T_ Tred ~ Tln(ﬂef)) 1 derivative of AHZ,. Simulation parameters are shown in
Table 1. Note that neither the ligand-macromolecule nor the
buffer-proton equilibria have nonzersC, values. It should
also be noted that the buffer concentration is much higher
olnK than the proton uptake/release so that no change in pH occurs
obs P
1| = AHikrer t AC, (T = Tre)  (2)  upon binding. _ _
o= Simulations were performed under two different condi-
T tions: open and closed. The open simulation mimics the
) experimental design in which the pH of the system is adjusted
where AHg.; and AC, are now defined as the van't Hoff {4 pe the same at each experimental temperature. The closed
enthalpy and heat capacity changety, qe; and AC, ., simulation mimics the experimental design in which the pH
respectively Kops iS the observed binding constafjs the is set at 25°C and allowed to vary with temperature
gas constant] is the temperature of interester is the  according to theAH® and AC, of ionization of the buffer.
reference temperature, and the partial derivative emphasizesrhese two different experimental designs represent holding
that other experimental variables such as pressure aregifferent variables constant in taking the partial derivative
constant. The van't Hoff equation in this form should be i, eq 2. In the open system pH is kept constant, whereas in

Therefore,

used in cases wher®C, is nonzero. the closed system the total number of protons is kept
The van't Hoff enthalpy is simulated by taking the constant.
numerical derivative of liqpsas a function of I¥ multiplied In the closed system, the free proton concentration varies

by —R. The binding constarkps is the observed binding  with temperature as follows:
constant which includes contributions from linked equilibria

(discussed below). Each simulation is analyzed without N N Hf1 1
accounting for linked equilibria, which represents a scenario [H'] = [H lgexg ——=-|7 — 1=
in which one does not have prior knowledge of the additional c
(o}
R

equilibria occurring within the experiments. (A )(T_R - In(l))] ®)
T Tr

Binding Simulation The simulated system entailed a
macromoleculeligand interaction in which a proton can
bind the free macromolecule or the macromoleetigand where [H]r is the proton concentration at the reference
complex (see Scheme 1a). The observed binding constantfemperaturelg, and T is the temperature of interesR is
Kobs includes both protonated and unprotonated macromol-the gas constant, aniH’ and AC,; are the enthalpy and
ecule: heat capacity of ionization of the buffer, respectively.
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Scheme 1:  Outline of the Equilibria Linked to the Binding Table 2: Simulation Parameters for an lon Binding Linked

of a Ligand (L) to a Macromolecule (M) Examined in the Ligand—Macromolecule Binding Reaction (Scheme 1c)
Simulation8
Kint 3.9x 103
@ M+L — ML AH?, —10 kJ/mol
AS), 150 J/K/mol
H ACpint —1.0 kJ/K/mol
+ + [ion] 1nM-1mM
M ML AGy, —34.2 kd/mol
+ Kion 1.0x 1@
Buff + ™ < BuffH" AHS —50 kJ/mol
ASy, 48 J/K/mol
ACpion —600 J/K/mol
Tr 298.15 K
® M+ L == ML
H ligand—macromolecule complexK{[ion])/(1 + Kier[ion])).
M* Simulation parameters are shown in Table 2.
Buff+ H' +— Buffil* RESULTS AND DISCUSSION

Binding simulations were performed in which proton
binding was coupled to ligareinacromolecule binding (see
© M+L = ML Scheme la and 1b). KH;,, and AHZ, represent the same
enthalpy contributions they should agree across the temper-
ature range simulated; however, XHg,, represents the
ML-Me" enthalpy independent from linked equilibria, we expect to
%(a) Linked system where a proton can bind both the free and observe discrepancies. Simulation parameters are defined in
complexed macromolecule and the corresponding uptake or release OfTheory. These include the thermodynamic parameters for

protons from the buffer. (b) Linked system where a proton can bind . . .
only the free macromolecule and the corresponding uptake or releasel'gand—macromOIeCU|e binding, the binding constants and

of protons from the buffer. (c) Linked system where an ion can bind €nthalpy parameters for proton binding, and the thermody-
only the ligand-macromolecule complex. namic parameters for buffer protonation.

Closed SystemThe simulated experiments show that

Table 1: Simulation Parameters for a Proton Linked AHZ,, and AH;,, are equivalent throughout the entire tem-
Ligand—Macromolecule Binding Reaction (Scheme 1a) perature range, as shown in Figure la. Therefore, both
Kint 4 x 101 AHZ, and AH;, values represent the enthalpies associated
AHG, —2.5 kd/mol with all equilibria shown in Scheme 1a, protemacromol-
ig;t _11.?56%8:;& ecule, ligane-macromolecule, and proterbuffer binding.
K 7 It is important to note that botAHZ, and AH,, show
pK° 4 dependence on the buffer (due to different enthalpies of
AHEC, —28 kd/mol ionization) under these experimental conditions as expected
AHY —15 kJ/mol for a proton linked systeml{). The corresponding van't
pKa,;Jb”ff 7.2 Hoff plot is depicted in Figure 1b. Whereas the first
AH! 37 kJ/mol .o , . o
AC:)M —16 I/mol/K der!vat!ve qf the van't Hoff plot yieldsAHg,,, the second
[buffer] 50 mM derivative yieldsAC, (note the degree of curvature that can
Trer 298.15K be expected for a proteirprotein interaction with a negative

heat capacity change). As a second test, a simulation was
A linked binding system was also simulated where a performed in which a proton can bind only a free macro-

nonproton ligand (e.g., a metal ion) would only bind to the molecule (see Scheme 1b). Similar to the first simulation,
complexed state of a ligaranacromolecule (see Scheme AHca @ndAHG, were found to be equivalent, regardless of

cal
1c). The observed binding constakys is then found as  Puffer type.
follows:

A simulation of ion-linkage (Scheme 1c) provides a third
example to test the effects of linked equilibria ArlZ, and
—K T AHg,, values. This example, unlike the previous two, is not
Kops=Kin(L + Kignlion]) (©) dependent on pH in that the linkage comes from an ion
. . . . . binding the ligane-macromolecule complex where the ion
whereKjq, is the ion binding constant andbfy] is the free binding is taken to be pH-independent. AlthougtHZ,,

ion concentration (note that this applies to specific ion- \4,es are expected to have contributions from both ligand

interactions and not generalized salt effects.). The observedy,5cromolecule binding and iercomplex binding,AHZ,,
1 cal

e_nthglpy is defined b)O/ the “intrins!c” Iigaﬁdnacrolmo_lecUIe and AHg,, values are identical (Figure 2a), indicating that
binding enthalpy AHj,, and the ion-complex binding en-  he van't Hoff enthalpy also includes contributions from both

thalpy, AH,, as follows: binding equilibria. The corresponding van't Hoff plot is
. . —_— shown in Figure 2b.
AHG(T) = AHZ(T) + XAHR,(T) (7) As with enthalpy comparisons, calorimetric heat capacity

~ changesAC,ca Will match those heat capacity changes
where X is the fractional saturation of ion bound to the determined by the van't Hoff method,C, +. However, one
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FIGURE 1. (a) Temperature dependence of the calorimetric and van't Ficure 2: (a) Temperature dependence of the calorimetric and van't
Hoff enthalpies for a proton linked system (Scheme 1a) using three Hoff enthalpies for an ion linked ligaremacromolecule binding
different buffers: @) AHZ, and () AHy, with Imidazole; @) system (Scheme 1c). See legend inset for description. (b) Corre-
AHZ, and (- - -) AHg,, with Pipes; and®) AHZ, and () sponding van't Hoff plot for an ion linked ligaremacromolecule

AHsal with phosphate. (b) The corresponding van't Hoff system (Scheme 1c).

plot for a proton linked liganetmacromolecule binding
ﬁghullbnum (Scheme 1a). See legend inset for buffer descrip- i |inkeq species (ions in this example) are increased to
' saturate the complex throughout the temperature range
studied, theAH? is linear with temperature (Figure 3b).
must pay careful attention when interpreting heat capacity Under these conditions the observeéd® for a given
changes under linked systems, such as these three exampletgemperature will simply be the sum of the enthalpies of
because the presence of linked equilibria will affect the ligand—macromolecule binding and iercomplex binding
profile of the temperature dependency of the enthalpy and, at that temperature. Similarly, the observe@, will be the
consequently, the determinédC, values (8). The simula- sum of the heat capacity changes for ligamaacromolecule
tion with ion binding to the liganemacromolecule complex  and ion—complex binding (see Figure 4a and 4b). In either
(Scheme 1c) demonstrates the dramatic effect the linkedlinked-equilibria example, calculations @&fC, based on
equilibrium can have on the enthalpy profile (Figure 2a). changes in polar and apolar surface afE3 ill not agree
Although less “dramatic,” the variance in the temperature with the observedC,. However, the use of parameters based
profile of the enthalpy is still observed even in the absence on changes in polar and apolar surface area can suggest the
of heat capacity terms for ligand and ion binding (Figure presence of an additional linked equilibrium such as proton
3). These profiles result from conditions in which the linkage (8) or conformational change2() under some
fractional saturation of the ion-bound complex is changing circumstances.
over the temperature range studied (e.g., when ion concentra- These simulations demonstrate thdy,, is equivalent to
tions are close tdy). ConsequentlyAH® is not a linear AHZ, for closed systems, regardless of the type or degree
function of temperature. The determinAc, values, either  of linked equilibrium (e.g., proton linkage, ion binding, or
through calorimetric or van't Hoff methods, will show conformational change7)). Therefore, AH;, does not
dependence on experimental conditions (i.e., the concentra+epresent the “intrinsic” ligandmacromolecule binding
tion of the linking species). However, if concentrations of enthalpy, but the overalA\H° of the reaction when maintain-
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Ficure 3: (a) Temperature dependence of the calorimetric and van't FlGURE4: (a) Temperature dependence of the enthalpy as a function
Hoff enthalpies for an ionligand-macromolecule binding equi-  ICURE4: (a) Temp pendenc enthalpy as a.
of differentAC, values for the ion binding equilibrium in the ien

libria with a AC,, of ion binding equal to zero. See legend inset for iqand—macromolecule bindina equilibria svstem. See inse

description. (b) Observed enthalpy dependence on the concentratiorwI by Effect of - gsAg | 4 f th . b.N(?ﬁ

of the linking ion species. See inset for ion concentrations. values. (b) Effect of variousAC, values of the ion binding
equilibrium on the van’t Hoff plot.

ing a “closgd” system. The simulations also provide evidence Consequently, the liganemacromolecule equilibrium is

that there is no theoretical reason to exp&el, andAH, changing as a function of temperature, while the proton

to be different, even without prior knowledge of the presence pinding equilibria change with temperature but are forced

or absence of linked equilibria. to have the same free proton concentration (the latter would
Open SystenThere are experimental conditions that can be determined from the thermodynamics of buffer ionization

result in a genuine discrepancy betwe&HZ, and AHY,,. in a closed system). As a result, the van't Hoff enthalpy will

Discrepancies betweehHZ, and AH;,, can arise from the  lack contributions from the last term of eq 4 which describes

experimental setup. In a proton-linked binding system (e.g., the buffer contribution.

Scheme 1a or 1b) this will occur when pH is adjusted so as  The van't Hoff enthalpy under this scenario is described

to be the same at each temperature. As a consequence, thigy

free proton concentration is held constant (by adjusting the

total proton concentration) as the temperature is varied. AHSL(T) = AHS(T) — HfAHI)+ HCAH; (8)

Therefore, in the van't Hoff analysis both temperature and

total proton concentration will vary. As this setup is used in which contains contributions from the enthalpy of ligand

determination ofAHg, andAC,x (21, 29, it is important  protein binding,AHZ,, and proton binding to the free and

to understand what reaction these values represent. complexed macromolecula}HL and AH,‘;, respectively.

The consequence of this scenario under conditions whereThis is equivalent to the intercept in a plot &fHZ,, vs
proton linkage is present is depicted in Figure 5. In this AHgZ of the buffer. In other words, it is th&H® which
simulation the pH is in a region where the group on the would be observed calorimetrically in a buffer witkH?, |
macromolecule involved in the linked proton equilibria equal to zero. Figure 5 shows that for the open system there
exhibits a change in fractional saturation with temperature. is a dependence of the calorimetric enthalpy on the enthalpy

The pH is not allowed to vary as the temperature is changed.of ionization of the buffer, whereas the van’t Hoff enthalpy
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50— adjusted so as to be the same at each temperature; however,
[ - ] this will not be equal taAHZ,, under identical conditions. If
L T Pt | the intrinsicAH® of binding is desired, then the pH should
w0k ™, ToTPPES o ] not be adjusted within a temperature series (so as to be
; ] equivalent toAHZ,) and experiments at different pH values
S 2 [ E and in buffers with differing ionization enthalpies will be
E F "S- ] required as in an ITC experimeri7).
2 10 F T = 3 Other Scenarios for Discrepancie€onsidering experi-
o F - ] menter intervention can lead to calorimetric-van't Hoff
3 OF 3 discrepancies in the case of proton linkage, other cases exist
[ T~ ] that can lead to discrepancies. Assuming one takes into
-10 - - 4 . . . X .
: \:.: . ] account the considerations discussed above (i.e., allowing
20 b .. 3 the system to equilibrate with temperature), maintaining
; \"--.: ] equilibrium conditions can still be problematic. One example
-30 = i L 1 L . is the presence of irreversible aggregation when working with
270 280 290 300 310 320

proteins, which occurs in a temperature- and concentration-
Temperature (K) dependent manner. The aggregating species would introduce
FicurRe 5: Comparison between the van't Hoff and calorimetric a new species that would not reequilibrate with changing
el temined 1 o bl unir pen ondion” tomperature,and woud netethe van Hof analysi. Here
any of the four bpuffers. The dashed lines reprg)s/ent calorimetric I ©né had access _to bothH¢, and AH,,, d_'screpar_]c'?s
enthalpies for each buffer. between calorimetric and van't Hoff enthalpies can indicate
the presence of experimental artifacts. Additional common
is buffer independent (a simulation with a buffer enthalpy pr0b|ems have been discussed previou%e(nd include
of ionization equal to zero shows no discrepancy between problems in data analysis, such as the assumption that a van't
AHJ, andAH,). Thus, an “open” experimental design is a Hoff plot is linear, and error propagation.
useful means of obtaining the “intercepfH® value without Overall, as long as all variables are allowed to fluctuate
using multiple buffers. _ . ~ with temperature, no discrepancy between calorimetric and
_The AG,caand AC,, v values will also disagree in this  yan't Hoff enthalpies will be observed. Simulations of the
situation (as can be seen by the different temperaturethermodynamics of various linked binding systems demon-
dependencies of the enthalpies). TAE, . under these  strate that the presence of linked equilibria do not affect this
conditions will be defined by the temperature dependence ggreement even though the presence of linked equilibria can
of eq 8 (see ret6): result in “nonconventional” enthalpy profiles, making data
analysis nontrivial. Finally, largAC, contributions can arise

AC, .y =AC, .+ %AHf + N ACh 4 from the presence of coupled equilibria so that this parameter
P Pt T P PP will not necessarily be reflective of changes in solvation of
H®, e N | DG/ A ~C f protein-ligand surfaces.
W(AHP — AHp) + HY(AC;, — AC,,) (9)
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