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ABSTRACT: Thermodynamic and kinetic signatures are
pivotal information for revealing the binding mechanisms
of biomolecules, and they play an indispensable role in drug
discovery and optimization. While noncalorimetric methods
measure only a part of these signatures, isothermal titration
calorimetry (ITC) is considered to have the potential to acquire
full signatures in an experiment. However, kinetic parameters
are generally difficult to extract from ITC curves, as they are
inevitably affected by the instrument-response function and the
collateral heat of associated process during titrations. Thus, we
herein report the development and validation of a full-curve-
fitting method to resolve thermal power curves and to maxi-
mize the signal extraction using ITC. This method is then
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employed to quantify the dilution of an aqueous n-propanol solution and examine the inhibition of carbonic anhydrase by
4-carboxybenzenesulfonamide using a commercial instrument with a long apparent response time of ~13 s.

In combination with structural characterization and computa-
tional simulations, thermodynamic (AG, AH, AS) and
kinetic (k., ko) analyses provide pivotal information to
understand the binding mechanisms of biomolecules."”
Structural determination by X-ray diffraction or nuclear
magnetic resonance can show whether the ligand is bound to
the biomolecules and what their conformations are, whereas
thermodynamic and kinetic parameters can give quantitative
fingerprint information regarding the binding affinity and
rate.>* To retrieve such fingerprint information, precise
resolution of the binding energy into its entropic and enthalpic
components is indispensable for many applications, including
drug discovery and optimization.' ® For example, a favorable
negative binding enthalpy indicates the establishment of good
binding between a drug and its target, while an unfavorable
positive value usually suggests domination by the desolvation
penalty of polar groups that are weakly bound to their targets.

To date, the measurement of thermodynamic and kinetic
parameters has been performed by various methods based
on different physical quantities, including isothermal titration
calorimetry (ITC) and differential scanning calorimetry
(DSC),”* equilibrium dialysis,”'® affinity capillary electro-
phoresis," '* quartz crystal microbalance (QCM),">™* nuclear
magnetic resonance (NMR) spectroscopy,ls’16 and surface
plasmon resonance (SPR) spectroscopy,w’18 among others."”
However, noncalorimetric methods can only determine the
binding affinity (K,) dictated by the Gibbs energy of binding
(AG), while the binding enthalpy (AH) must be derived from
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the van’t Hoff equation. Moreover, artifacts may arise from
such van’t Hoft analyses due to factors such as changes in the
temperature-dependent binding enthalpy and/or specific heat
capacity, as well as lar%e errors in the estimated parameters
caused by extrapolation.” In addition, if the concerned process
is more complex than a single step, e.g, a multiple-state
process, only an apparent enthalpy change (AH,,,) rather
than an actual enthalpy change can be obtained by van’t Hoff
analysis.”' Indeed, it is widely reported that the difference
between AH,,, and the actual enthalpy change or the calori-
metrically determined enthalpy change (AH,,) is statistically
significant for various biosystems.”””>* As such, calorimetric
techniques (ITC or DSC) are considered the only technology
that allows the actual enthalpy to be determined.
Additionally, the use of noncalorimetric technologies, such
as spectroscopic techniques, can result in subtle subprocesses
being overlooked. Furthermore, spectroscopic methods are
often not applicable, as specific properties (e.g., fluorescence or
UV activity) are required, and molecular labeling with
additional spectral active groups may affect the nature of the
original system.”> Moreover, the immobilization processes
involved in some surface sensing technologies (e.g, SPR or
QCM) may also alter the binding thermodynamics, and in
particular the binding kinetics of the system, as immobilization

Received: March 24, 2017
Accepted: June 2, 2017
Published: June 2, 2017

DOI: 10.1021/acs.analchem.7b01091
Anal. Chem. 2017, 89, 7130-7138


pubs.acs.org/ac
http://dx.doi.org/10.1021/acs.analchem.7b01091

Analytical Chemistry

tends to reduce the degree of freedom in molecular motion.
It is also possible that differences in experimental conditions,
such as the concentration of the protein or the type and/or
ionic strength of the buffer, may also affect thermodynamic and
kinetic parameters.”®>” Thus, to obtain consistent and reliable
thermodynamic and kinetic data, it is necessary to carry out
such measurements under identical conditions without affecting
the original state of a system. In this context, ITC stands out as
a universal and promising method to acquire in situ kinetic
parameters and full thermodynamic parameters of label-free
reactions in the same experiment, as thermal characteristics
are universal signals that allow progress monitoring of a wide
spectrum of chemical reactions where each physicochemical
process is accompanied by the release or absorbance of an
appreciable amount of heat. However, in contrast to the wide
application of thermodynamic analysis by ITC in broad fields
such as chemistry, physics, materials science, and biomedicine,
as well as in the cosmetic and food industries,”® kinetic analysis
by ITC has received little attention.”

Unlike thermodynamic analysis, which is based on the total
heat curve provided as an integrated signal of thermal power,
kinetic analysis is directly performed using the raw thermal
power signal obtained by ITC. This raw signal is affected not
only by the kinetic characteristics of the reaction in solution,
but also by other factors, such as the instrument-response
function, and associated process factors, including a finite
injection rate, the injection friction heat, and the solution-
mixing efficiency. Consequently, although kinetic analysis has
been developed over a number of decades, its application has
generally been limited to some slow reactions,”"”" where the
effects of the various factors described above can be ignored.
In recent years, ITC has been extended to measure kinetic
parameters for a number of fast reactions using partial-curve-
fitting (PCF) methods,”*** where only the declining part of
the thermal peak of each injection is utilized. However, in
these PCF methods, although instrument-response function is
considered, an ideal process with instantaneous injection and
mixing processes is assumed, and other associated process
factors are ignored. As a result, a significant uncertainty is
inevitably introduced by such simplification. Indeed, the Dumas
group has proposed a full-curve-fitting (FCF) method
(kinITC) for the first time, where the relevant process char-
acteristics, e.g, the injection time and mixing time, are con-
sidered and the thermal power curve exhibits good fitting over
its full range.33 To date, the kinITC method has been
successfully employed to extract kinetic parameters for the
binding of an inhibitor to free reverse transcriptase and of
thiamine pyrophosphate ligand to Escherichia coli riboswitch;>”
the latter is demonstrated as a reaction composed of two
consecutive kinetic steps, namely, ligand binding and RNA
folding. Recently, Dumas and co-workers have simplified their
kinetic analysis model to give the kinITC-ETC method, which
is based on the equilibration time curve (ETC) obtained by the
automatic determination of the “effective end point” for each
injection.29 However, upon increasing the injection number,
the signals become weaker and noisier, and determination of
the effective end point becomes more difficult, thus limiting the
potential applications of the kinITC-ETC method.

To improve the accuracy of ITC measurements and establish
more realistic instrument-response function and associated
process models, we herein develop a novel FCF method
(MuITC) for the synergetic determination of both thermody-
namic and kinetic parameters from a set of titration curves.
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In this method, the injection time, the mixing time, and the
dilution and friction heats are considered to be associated
process factors. We expect that the improved model will be
applicable to the instruments with longer apparent response
times (e.g, ~13 s). To examine and validate this new model,
the inhibition of bovine carbonic anhydrase II (BCA-II) by
4-carboxybenzenesulfonamide (4-CBS) will be examined as a
typical fast reaction, as this protein—ligand binding reaction is
well-suited in the context of both thermodynamic and kinetic
measurements, ~ due to readily available high-purity resources
and the well-established kinetic parameters for this process as
determined by SPR'® and kinITC-ETC*’ technologies.

B SIMPLIFIED THEORETICAL BASIS

In the kinITC and PCF methods, the actual thermal power,
Pgp(t), produced in the reaction is related to the measured
thermal power, Pc(t), as shown in eq 1,26’32’34_36

dR(t)
dt (1)

where t is time and 7jpc is the apparent response time of
the ITC instrument. On the other hand, the actual thermal
power in an ideal process model excluding the associated
process factors is simply the reaction thermal power, Pr(t),
which can be calculated from the reaction rate, v(t), and the
enthalpy change for one reaction unit, AzH, as outlined in eq 2,

PReact(t) = 1)(t)"/C'ARH (2)

where V. is the effective volume of the reaction cell. For a
single-step association, the reaction rate can be expressed by the
differential equation shown in eq 3 according to the law of mass
action,

P(t) = Pe(t) + 7y

kon
L+P=C

koge

dc(t)
dt (3)

where k,, and kg are the association and dissociation rate
constants, respectively, and L(t), P(t), and C(t) are the con-
centrations at time, ¢, for the corresponding species. The analytic
solution to eq 3 can thus be expressed as shown in eq 4,”

S(Co -R) - R(Co - S)~exp(E-k0n~t)

u(t) = = kon'L(t)-P(t) — kog-C(t)

) = e TR = (C, = 5)ep(E ) (42)
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where L, P, and C, are the initial concentrations of the
corresponding species in the sample cell. If kg = 0, the reaction
shown in eq 3 becomes irreversible, and the analytic solution can
be further simplified.”* However, it should be noted that in
PCF methods eq 3 is often solved by a pseudo-first-order
approximation”> or by a numerical method.*® Furthermore,
because simplified instantaneous injection and mixing processes
are assumed in the PCF methods, the curves are fitted using the
truncated regime on the declining part of the titration peak to
exclude the large disturbance close to the injection period.

In our MulTC method, the instrument-response function is
refined and additional associated process factors are considered,
such as the syringe dead volume, the titrant injection rate,
the solution-mixing efficiency, the injection friction, the species
dilution, and the overflow effect, among others, to obtain thermo-
dynamic and kinetic parameters that correlate well with the actual
values. To achieve this, the syringe dead volume is subtracted
from the first injection volume as a fitting parameter, while the
titrant injection rate is obtained from the ITC instrument settings.
The solution-mixing process is expressed as a convolution of the
ideal concentration for the injected titrant with an exponential
1 t

exp(

‘mix ‘mix

L,(t) = TL /OtLid(x) eXP[_

kernel ) as indicated in eq 5,3

)dx
(%)

where Ly(t) is the ideal titrant concentration, L, (t) is the
corrected concentration considering the mixing effect, and 7,
is the characteristic time required for the mixing process.
The dilution heat is calculated from the molar enthalpy of
dilution, A gH,,, which can be expressed by the relative apparent
molar enthalpy, Ly, as shown in eq 6,

AgHy(mg = me) = L(mg) — Ly(m,)

t—x

Tinix

(6)

where m; and m; are the initial and final molalities, respectively.
L, is a differentiable function of solute molality and can be
represented, e.g., by the Hiickel equation or the Pitzer equation
for electrolyte solutions,” or generally by a virial expansion, as
shown in eq 73840

Ly(m) = h,m + hm® + .. 7)
where h, and h,, are the virial coeflicients of the virial
expansion. All other thermal effects are combined as the so-called
friction heat because the contribution of the friction is significant.
The total friction heat is optimized as a fitting parameter, and its
initial value is the total titration heat upon the addition of one
buffer to another when carried out under the same conditions.
A model of the overflow effect, which is coupled with other
processes, is outlined in the Supporting Information. For a high-
concentration solution, the dilution effect is important and
is often a dominant factor, as demonstrated in the standard
dilution of a 331 mM n-propanol solution. In contrast, in a low-
concentration solution, the dilution effect is usually negligible.

A simulated example for the single-step association illustrated
in eq 3 is given in Figure 1 for the ideal process and asso-
ciated process models, where the injection rates (Rinj) and the
characteristic mixing times (7,;,) are indicated. In this case, the
effective cell volume is 943 uL, the cell temperature is 25 °C,
the injection volume is 4 uL, and the concentrations of the
titrant and titrate solutions are 903.6 and 33.7 uM, respectively.
For comparison, Figure la also shows the analytic solution
for the concentration of species L and C calculated using eq 4.
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Figure 1. (a) Species concentrations of L and C and (b) reaction
thermal power in the ideal process and associated process models for
the single-step association. The ideal process model has an infinite
injection rate (Rinj = o0 uL/s) and zero characteristic mixing time
(Tmix = 0's). The two associated process models have Ry =143 uL/s
and 7, = 0.1 or 1.0 s. The analytical solutions are shown as solid and
dashed lines based on eq 4. All geometric shapes represent numerical
solutions simulated by MuITC.

The numerical solution in the ideal process model with an
infinite injection rate and zero characteristic mixing time
overlaps perfectly with the analytic solution. However, the
concentration and sequential heat-evolution behavior in the
associated process model with the finite injection rate and
nonzero characteristic mixing time are significantly different to
those in the ideal process model. Although the ideal process
model is widely adopted in the PCF methods (red circles in
Figure 1), the associated process factors cannot be ignored in a
fast reaction. The associated process model for the MulTC
method will be validated in the following section.

B EXPERIMENTAL SECTION

Determination of the Linear Response Range. The
ITC experiments were performed using a Nano ITC Standard
Volume (SV) isothermal titration calorimeter (TA Instruments
Co.,, USA.). Two electric pulse series of various powers
were employed to determine the linear response range of the
instrument at 250 s intervals between each pulse. The input
heat quantities for short electric pulses of 5 s were 1, 2, §, 10,
20, 50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1 000,
1100, 1200, and 1250 yuJ, while those for the long electric
pulses of 100 s were 20, 50, 100, 300, 500, 1 000, 1 500, 2 000,
2500, 3000, 3500, 4000, 4500, 5000, 6000, 7000, 8000,
9000, 10000, and 12 000 pJ. Other test conditions employed
the default settings of the instrument.
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Figure 2. Electric pulse measurement and simulation by MulTC. (a) Experimental thermal power curve for short (S s) electric pulses.
(b) Normalized experimental thermal power curves. Pulses in the linear response range (LRR) are marked with red circles. The blue curves indicate
the low-power pulses suffering from low SNRs. The green curves represent the high-power pulses that exceeded the LRR. (c) Overlapped short (5 s)
pulses in the LRR. (d) Overlapped long (100 s) pulses. For clarity, only the pulses with heats of 100—3500 yxJ are shown.

Dilution of an n-Propanol Solution. The dilution of an
n-propanol solution has been widely accepted as an ideal
standard reaction for the thermodynamic measurements in ITC
technology.”™* A 2.0 wt % aqueous solution of n-propanol
was purchased from TA Instruments as part of the recom-
mended test kit. The deionized (DI) water was degassed before
use, and the n-propanol solution was used as-received, according
to the test kit instructions. Injections (total = 25) of the
n-propanol solution (10 uL) were titrated at 300 s intervals into
the DI water (943 uL) with a stirrer speed of 350 rpm at 25 °C.

Inhibition of BCA-Il by 4-CBS. Carbonic anhydrase
(CA, EC 4.2.1.1) is a zinc-containing enzyme that catalyzes
the rapid interconversion of H" and bicarbonate (HCO;") to
CO, and water. Lyophilized CA isozyme II from bovine
erythrocytes (BCA-II, 29 kDa, >3 000 W-A units/mg) and
dimethyl sulfoxide (DMSO, 78.13 Da, 99.7%) were purchased
from Sigma-Aldrich. 4-Carboxybenzenesulfonamide (4-CBS,
201.20 Da, 95%) was purchased from Acros Organics. The
buffer solution was prepared by mixing DMSO (7.5 mL) with
1X phosphate-buffered saline (250 mL, 1x PBS = 20 mM
Na,HPO,—NaH,PO,, 150 mM NaCl, pH 7.4)." Subsequently,
a sample of the lyophilized BCA-II (25 mg) was dissolved in
the prepared buffer (25 mL) to give a final BCA-II concen-
tration of 34.5 uM (33.7 uM after calibration). 4-CBS (181.8 mg)
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was dissolved in the same buffer (1000 mL) to give a final
4-CBS concentration of 903.6 M. The titration was then
performed using the Nano ITC instrument. The 4-CBS
solution (4 uL, 25 injections) was titrated into the BCA-II
solution (943 uL) at 250 s intervals under a stirring speed of
350 rpm at 2S5 °C. In the two control experiments, the 4-CBS
solution or the buffer solution were titrated into the same buffer
solution in place of the BCA-II solution using the same experi-
mental setup.

B RESULTS AND DISCUSSION

Linear Response Range Determination and Model
Validation. First, the linear response range and model
validation for the ITC procedure were investigated. The
nominal minimum and maximum detectable quantities of heat
for the Nano ITC instrument are 0.1 and 5 000 yJ, respectively.
In addition, considering the noise level and the common
measurement range, only thermal powers >0.2 yW were tested.
The thermal power curves for the electric pulses are shown in
Figure 2. As indicated in the figure, the instrument exhibited
a good linear response for the short electric pulses with
maximum power outputs of 1—-35 W, where the normalized
thermal power curves were overlapped completely. In contrast,
for the short electric pulses with maximum power outputs
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<1 uW, the normalized peaks did not coincide with the
common shape due to a lower signal-to-noise ratio (SNR).
Furthermore, for the short electric pulses with maximum power
outputs of >40 uW, the normalized peaks began to deviate
from the common shape, indicating that the system response
of the instrument began to deviate from a linear response.
It should be noted that the tested linear response range is
sufficiently large for application with the majority of bio-
chemical reactions, and it also meets the requirements for
alcohol-dilution measurements through optimal experimental
design. Subsequently, the thermal power curves of the electric
pulses were also used to validate the MuITC model. As shown
in Figure 2, the simulated curves fit perfectly with the experi-
mental data in the tested linear response range with an instrument-
response time of 2.4 s.

Under the experimental conditions employed here, dilution
of the n-propanol solution was relatively simple, as it involved
only friction and the dilution of the titrant solution into water.
In addition, this dilution was free from any heat of reaction.

The thermal power curve of the dilution process consists of a
series of peaks of gradually decreasing height, as shown in
Figure 3a. Furthermore, as shown in Figure 3¢, all normalized
titration peaks retained a similar shape, indicating that the
mixing of n-propanol with water is highly reproducible and that
the thermal power falls exactly in the linear response range of
the instrument. The characteristic mixing time for the process
was then determined to be 0.25 s, and the virial coefficients of
the virial expansion of L, are h,, = 493 ] kg mol™? and h,, =
200 J kg* mol™® using the FCF method in MulTC. These
values are close to those reported in other works, e.g., h,, =
558 J kg mol ™ and h,, = 158 J kg* mol>*’ or h,, = 542 J kg mol
and h,,, = 237 J kg mol>*or h,, = 477 ) kg mol~2*° As shown
in Figure 3, the simulated curves fitted well with both the raw
experimental curves and the normalized data. These experi-
ments therefore validate the instrument-response function and
associated process models in the MulTC method and confirm
the suitability of this method to simulate thermal processes for
either electric pulses or solution-based reactions.
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Figure 3. Experimental thermal power and total heat curves for dilution of the n-propanol solution and the corresponding MuITC simulations.
(a) Thermal power and heat curves. The first peak is excluded from comparison due to additional diffusion effects. (b) Overlapped titration peaks.
Only the no. (3i — 1) peaks of the thermal power curves are shown for clarity, where i = 1—8. (c) Normalized titration peaks. The experimental and

simulated peaks were comparable.
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BCA-1I/4-CBS Protein—Inhibitor Interactions. The in-
teractions between CAs and aryl sulfonamides are particularly
attractive for protein—ligand binding investigations. As such,
this system has often been employed as a model system in
various fields, including biophysics, bioanalysis, and medicinal
chemistry, as both the structure of CA and the mechanism of
CA inhibition by aryl sulfonamides are well-known.'” However,
the number of kinetic steps taking place during the recognition
and interaction processes remains an issue of debate, even
in such a well-characterized biosystem.'”*® However, as the

single-step assumption (eq 3) is widely accepted for use in both
the SPR and kinITC-ETC methods,'”*” we adopted it here to
examine the inhibition of BCA-II by 4-CBS using our MulTC
method.

Initially, the thermal power curve for the titration of 4-CBS
into the buffer solution (ExpA) is provided in Figure 4a as a
control experiment. As shown, the simulated titration peak
possesses a similar shape to this curve, but the two elements do
not overlap due to the low SNR. In addition, the thermal
power curve for the titration of the buffer solution to another
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Figure 4. Experimental and simulated titration curves obtained using the MulTC method for (a) 4-CBS to buffer (ExpA) and (b) buffer to buffer

(ExpB). (c) Normalized and simulated titration peaks. (d) Total heat

of each titration peak and the average values for ExpA and ExpB.
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sample of the same buffer (ExpB) is shown in Figure 4b, where
similar peak shapes to those outlined in Figure 4a can be seen.
Furthermore, as shown in Figure 4c, the normalized peaks of
these two titration experiments overlap within the experi-
mental error. Moreover, the total heat changes for the various
titration peaks are comparable for the two experiments, and
their averaged values are also similar (Figure 4d). These results
indicate that the dilution heat for the addition of 4-CBS to the
buffer solution is negligible compared with the friction heat.
In addition, the average total heat is comparable to the one
(i.e, —2.8 pJ) for the titration of water to water, which demon-
strates that the friction contribution in low-concentration
solutions, such as the 903.6 uM 4-CBS solution, is comparable
to that of a pure water system.

The typical thermal power curve for the titration of 4-CBS
into BCA-II solution is shown in Figure S. Initially, the friction
heat and the full thermodynamic parameters are obtained from
the total heat curve using the least-squares fitting method in

MulITC, as this is the standard method of thermodynamic
analysis for ITC data. On the basis of these initial thermo-
dynamic parameters, additional kinetic parameters, such as k;
and kg and the instrument-response time of 2.6 s can be
derived from the full-curve-fitting of the thermal power curve.
To eliminate the low SNR, only the first 12 titration peaks with
thermal powers >1 yW were selected for the full-curve-fitting
(see Figure S). In addition, as shown in Figure Sc, the normal-
ized peaks no longer maintain the same shape, due to the
reaction taking place within the system. In this case, the extent
of separation between the normalized titration peaks reflects
the reaction rate of the system. For comparison, the reported
thermodynamic and kinetic parameters obtained by SPR,
ITC, and kinITC-ETC methods are also provided in Table 1.
The differences in AH between these methods are within the
rough estimation (5%) of the relative standard deviation in the
determination of AH. Interestingly, although the instrument con-
figuration and analytical methods differ considerably between the
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(a) Thermal power curves and integrated heat. The first peak is excluded from comparison because of additional diffusion effects. (b) Overlapped
titration peaks. (c) Normalized titration peaks. The second peak represented in blue has the shortest equilibration time, while the eighth peak

represented in green has the longest equilibration time.
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Table 1. Thermodynamic and Kinetic Parameters for the
Inhibition of BCA-II by 4-CBS Determined Using Different
Methods

AH (Ig/mol) Ky (uM) oy (10 M7 5™ koge (s7)

SPR'® —46.1 0.94 3.7° 0.035%
ITC'® —47.7 0.83

kinITC-ETC* 0.46 1.4 0.0065
MulTC —43.7 0.86 1.5 0.013

“kon at 25 °C was obtained from interpolation of the temperature-
dependent data and k¢ = Ky-k,.

kinITC-ETC and MulTC methods, the obtained k,, values are
relatively comparable.

Interestingly, the k, values obtained using the kinITC-ETC
and MulTC methods were slightly smaller than that of the SPR
method, suggesting that systematic discrepancies may exist
between the calorimetrical and optical methods. One potential
reason for such discrepancies may be that the inhibition pro-
cess involves a multistep reaction consisting of two or more
consecutive steps.lg’46 In this case, the first step involves the
formation of a new complex between the 4-CBS molecules and
the hydrophobic wall of the BCA-II active site, where SPR is
sensitive and resolvable to the mass change caused by complexation.
The following steps are likely to involve subtle structure adjust-
ments in the newly formed protein—ligand complex, where SPR
is unable to differentiate the small changes taking place during
structure relaxation. However, calorimetric methods such as
kinITC and MulTC can detect all thermal effects incurred
throughout the multiple steps. This implies that the kinetic
parameters measured by the SPR method mainly reflect the
reaction rate in the first step, while the kinetic parameters
measured by ITC reflect the overall kinetic parameter, which
essentially represents a combinative rate for all steps. However,
further studies are required to examine these points in detail.

B CONCLUSIONS

We herein report a novel approach to the synergetic determina-
tion of the thermodynamic and kinetic parameters of a system
in a single measurement, which guarantees consistency in data
analysis and interpretation. This approach involves the develop-
ment and validation of a full-curve-fitting (FCF) method to
resolve the thermal power curves and to maximize the signal
extraction using isothermal titration calorimetry (ITC). Our
approach (i.e, MuITC) is initially employed to quantitatively
investigate the dilution of an n-propanol solution by water,
followed by the inhibition of carbonic anhydrase (BCA-II) by
4-carboxybenzenesulfonamide (4-CBS). For this classic system
(i, BCA-II/4-CBS), the thermodynamic and kinetic parameters
(Ky =086 uM, k,, = 1.5 X 10* M~ 57", and k4 = 0.013 s7')
obtained using the MulTC method are comparable with those
determined by surface plasmon resonance and kinITC-ETC
(equilibration time curve) methods. In addition, the MuITC
approach is applicable over a broad range of apparent instrument-
response times, so we believe that it is suitable for various types of
isothermal titration calorimeters. Thus, the FCF-based MulTC
approach expands the parsing range of the reaction kinetic para-
meters and is expected to be a powerful tool to analyze general
rapid biochemical reactions. We therefore suggest that MulTC
can be an important joint measurement technology for both
thermodynamics and kinetics in a reaction. Future studies will
examine how the kinetic parameters measured by ITC reflect
the overall kinetic parameters of multistep transformations.
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