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Abstract

Isothermal titration calorimetry (ITC)-is widely used to study protein-ligand, DNA-
drug and/or protein-protein interactions but its application for small molecule
complexation remains limited namely when the titration is performed in organic solvents.
Compared to other dedicated spectroscopic techniques like nuclear magnetic resonance,
infrared spectrometry or fluorimetry, which require a series of experiments to extract site-
specific stoichiometry and affinity information, ITC provides in a single experiment a
complete thermodynamic picture. of the overall interaction mechanism. This chapter
presents examples. that support the high potential of ITC to probe interactions between
small molecules in-methanol, acetonitrile and methanol/water mixture on a Nano ITC Low
Volume device (TA Instruments), with an emphasis on both simple (1:1) and more
complex (1:L.and 1:2) interaction mechanisms.

Keywords: Isothermal calorimetry, thermodynamics, association constant, stoichiometry,
small molecules, non-aqueous solvents

1. Introduction

Molecular recognition processes, omnipresent in nature, are of crucial importance in all
living species. The magnitude of any molecular interaction, which can be translated in
terms of heat released or adsorbed, can vary depending on the chemical nature of the
interacting partners, on their concentration and the solvation environment in which the
process takes place. Developed originally in the middle of the 1960s [1] for studying
chemical reactions [2], ITC can measure with high precision and accuracy the heat energy
associated with intermolecular reactions but also solvation and dilution experiments. Over
the years, ITC became gradually widespread and popular to characterize the
thermodynamics signature of molecular interactions in drug design [3,4], in which the
knowledge of the thermodynamic parameters in combination with the structural and kinetic
information is decisive during the hit-to-lead optimization, an early step in the drug design
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process. At this optimization stage, hundreds of compounds with promising affinity against
the protein target are screened to identify the best one or two candidate molecules, usually
from different chemical series [5]. Compared to other methods employed in the field of
drug discovery, ITC offers two clear advantages facilitating the selection of the candidate
molecules: On one side, ITC is the only method that directly measures the reaction enthalpy
change [6], which can be considered as an interaction descriptor [7] and therefore an
extremely useful parameter for structure thermodynamics correlations. It offers a valuable
information notably for the compounds having similar binding affinities but different
thermodynamic parameters [7,8]. Traditionally, drugs characterized by an enthalpy-driven
binding were preferred [7,9]. Nevertheless, the nature of the binding site deserves to be
considered because, when an apolar part of the drug interacts with an apolar region of the
protein target, the entropic contribution will be favored and the reaction becomes entropy-
driven [10]. On the other side, thanks to the detection of the heat change in water molecules
and the transfer of protons of the drug molecule during the solvation and dilution
experiments, ITC illustrates the differences between polar and apolar interactions that are
invisible using techniques such as X-ray crystallography and surface plasmon resonance
(SPR) [10]. All these advantages are also highly valuable for other ATC applications such
as enzyme-catalyzed reactions [11] and host-guest supramolecular complexation [12]. In
supramolecular chemistry for example, ITC combined with supramolecular structure
information can provide deeper information on the energies associated with non-covalent
interactions (hydrogen bonding, electrostatic, n-m stacking;. cation-r and anion-n
interactions) and the hydrophobic effect induced by the displacement of water molecules
[13].

Recently, the technique appeared also particularly useful'and versatile in kinetic assays
[14] where the direct measurement of a catalytic reaction [15,16] was possible. Other
applications include the monitoring of smicrobial activity and dynamics [17,18], the
stability assessment of (bio)pharmaceuticals [19], etc. The development of Low Volume
(LV) Nano ITC calorimeters should.extend the application fields of this technique not only
to biomolecules available in small amounts but also to the study of complexation reactions
in organic solvents thanks for/example to.the availability, on the same calorimeter, of a
standard buret handle for agueous solutions-and organic solvents compatible buret handle.

The main advantage’ of ITC, when compared to other interaction-study dedicated
spectroscopies, like nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR)
spectrometry or fluorimetry; is the ability to provide in a single experiment the entire
thermodynamic “profile. of the investigated interaction process. In practice, an ITC
experiment measures.accurately the heat released or adsorbed when a molecule solution is
titrated into another in a given agueous or non-aqueous solution. The large majority of ITC
measurements is conducted in aqueous solutions to study protein-ligand, DNA-drug and/or
protein-protein interactions [10] whereas most of the ITC investigations in organic solvents
or non-aqueous/aqueous mixtures focus on the solvation or dissolution thermodynamic

study of various small molecules [20-23], drugs [24], single amino acids [25-27], small
peptides [28], metal ions [29], etc. It worth noting also some complexation studies for
copper ions with B-alanine in ethanol [30], 15-crown-5 ether with Na* in water-ethanol
[31], 18-crown-6 with triglycine in water-acetone and water-dimethyl sulfoxide [32], B-
cyclodextrin with benzoic acid in water-ethanol [32], fluorescein isothiocyanate with
polymers in water-methanol [33], and the association analysis of urea-based
supramolecular polymers in different solvents [34].

The scarce resources in past calorimetry or contemporary ITC literature about
intermolecular interactions in organic solvents prompted us to write this chapter. After a
brief introduction of the main basic concepts, we will show the ITC characterization of
several 1:1 and 1:2 complexes in organic solvents together with the analysis of the data and
the results which provide the thermodynamic profile, stoichiometry and association
constant of the reaction. The correlation of ITC results with association or structural



information from other spectroscopies may help understanding the formation of even more
complex binding events.

2. Isothermal calorimetry: general principles and experimental details

Calorimetry measures the changes in heat released or absorbed during a chemical
reaction or a physical process. Heats are measured with instruments called calorimeters
classified as adiabatic or isothermal [35]. Heat measured on adiabatic devices show a
permanent increase or decrease in temperature. The temperature changes thus obtained are
directly related with the heat capacity of the instrument which therefore requires the
acquisition of distinct experiments for calibration. In isothermal calorimeters the heat is
allowed to flow between the reaction cell and a heat sink surrounding the two cells (see
Figure 1a) and is actively regulated to maintain a constant level by power compensation.
The development of micro- and nano-calorimetry rendered possible the detection of very
small heat changes in small volumes of samples. Nano calorimeters have a detection limit
in the nanowatt range [35]. Historically, it has been applied to the'study of the reactants
available in reduced amounts like biomolecules.

The design of the NanolTC from TA Instruments relies on the differential power
compensation technology (see Figure 1a) which allows to optimize sensitivity and
responsiveness. Nanowatt sensitivity is achieved thanks to-anvinternal reference. Two
cylinder-shaped identical chambers (also called sample and reference cells) of 170 pL are
located in a compartment which works as a thermal barrier. As described in the user manual
[36], semiconducting thermoelectric devices.(or TED) control and detect temperature
differences between the sample and the reference chambers: In a titration experiment, both
cells are entirely filled: the reference cell‘'with the pure solvent, the sample cell with one
reactant (or titrand) and the syringe with the other reactant (or titrant) of the reaction under
study, both in the same solvent.<The titrant is usually prepared at 10-fold higher
concentration for a 1:1 binding model [37]. ITC titration experiments are implemented by
incremental injection of a precise volume of titrant into the solution of titrand at discrete
time intervals (see Figure 1c). Typically, about 25 injections per experiment are performed
using a motor-driven syringe. capable to deliver defined volume within 1-10 pL per
injection. The syringe is coaxially.introduced in the sample cell through a long access tube.
The stepping motor precisely controls not only the injection volume but also the stirring
speed of the reactants in the sample cell. Therefore, for each injection, the interaction
between the two reactants releases (or adsorbs) heat that increases (or decreases) the sample
cell temperature. This temperature change will activate the feedback heat controller (power
compensation). on the sample cell such as to maintain a zero temperature difference
between the two cells. For each heat variation during a stepwise titration, the feedback
regulator will compensate this difference by decreasing (or increasing) the heat of the
sample cell by the amount of heat supplied by the reaction and, at each variation associated
to each injection step, will lead to a peak in the thermogram. Figure 1c illustrates the
construction of a representative thermogram as the stepwise titration proceeds. During the
titration experiment, the reactant in the sample cell is gradually transformed into the
molecular complex. The injection of the titrant is conducted until the titrand in the sample
cell is fully saturated and the heat signal becomes equal to the background heat generally
equal to the dilution heat of the titrant [37].

The normalized integrated area of each peak is next approached with the appropriate
model to estimate the affinity, enthalpy and stoichiometry of the interaction. The first
recorded experiment can be further analyzed with the Experiment Design tool of
NanoAnalyze to find out the optimal concentration conditions leading to a “S-shape”
thermogram (see Figure 1b). The titration experiment is then repeated with these optimized
concentrations and the data analyzed. The integration of each peak area in the thermogram
(Figure 1b top) gives the amount of heat exchanged while injecting a known amount of the
reaction partner into the sample cell. When the concentrations in the syringe and the sample



cell were appropriately chosen, a display of the integrated heat signal as a function of mole
ratio (of the injected compound over the one contained in the sample cell) reveals a typical
sigmoidal shape (Figure 1b bottom). An inspection of the integrated titration curve gives
information on the molar enthalpy (AH) from the height of the curve, the number of binding
sites (or stoichiometry) of the reaction from the position of the inflection point on the mole
ratio axis, and the association constant (Ka) from the slope of the curve. Nowadays, the
companies provide an analysis software that incorporates the specifics of the instrument. It
is therefore relatively easy to make a first estimation of the AH, n and K, quantities thanks
to various models that approach the experimental data using a nonlinear routine to find the
most probable thermodynamic parameters describing the interaction process.
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Figure 1: a) Drawing of the Nano ITC measuring unit (TA Instruments) and its basic
elements. b) Typical stepwise ITC raw thermogram and the corresponding integrated data.
The parameters obtained after adjusting the data with the one-site binding model are also
highlighted in green. ¢) Chemical reaction and illustration of the evolution of the stepwise
raw thermograph as the titrant is injected in the sample cell.

In the absence of any solubility or aggregation issues, direct and reverse titration
[38,39] can be considered when studying the interaction of small molecules in a given
solvent. For two A and B interacting molecules (Figure 1c), the injection of aliquots of A



into B is called direct titration whereas the injection of aliquots of B into A is termed
reverse titration. As previously mentioned, the titration experiment is well performed when
the concentrations are chosen such as the molecule in the sample cell is fully saturated.
Assuming that the molecular mass of reactants does not affect the equilibrium binding
equations (microscopy reversibility), direct and reverse titrations should be equivalent.
They can be modeled by the same set of equations and should lead to the same
thermodynamic parameters for a reversible reaction.

The reaction in Figure 1c corresponds to a complex where a single molecule A interacts
with a single molecule B (i.e., the one to one model which corresponds to a stoichiometry
of 1). Since the reaction enthalpy change (AH) and association constant (Kz) are directly
measured from an ITC titration experiment, under constant temperature and pressure, the
Gibbs free energy (AG) and the entropy (AS) can obtained using the following
relationships:

AG=AH-TAS

{ A G = —RTInK, (Ea1)
with R the ideal gas constant (R = 8.314 J/mol-K) and T the temperature in K. Equilibrium
association constants can be obtained with acceptable statistical precision if the following
condition is fulfilled:

1<c¢<1000 (Eq2)
where ¢ (also known as c-value) is given by the relationship.¢ = nK,[B], [B]: concentration
of B molecule [40]. The condition in Eq. 2 is directly related.to-the shape of the binding
curve (also termed thermogram). For protein-ligand complexes generally characterized by
an affinity in the uM range (i.e. 108 M Ka), a c-value within 20-and 200 is recommended
in order to minimize K, errors and thermodynamic parameters.as shown by comparing ITC
reports from different laboratories on the same henchmark protein-ligand complex in buffer

[41-43].
By performing the ITC titration experiment at different temperatures, the change in heat

capacity, ACy, for the A-B complex formation can be estimated according to the following

equation:

dAH

with AC, in J/mol-K.

The enthalpy represents the energy change of the system when the molecule A interacts
with B in a given solvent. Different type of noncovalent interactions (hydrogen bonds, ions
pairs, van der Waals forces, etc.) can take place at the binding interface and therefore affect
the enthalpy<change. For example, the formation of noncovalent interactions between
atoms is:an exothermic process characterized by a negative enthalpy change whereas their
breaking, is an.endothermic one with a positive enthalpy change. The heat released during
a binding process:describes the entire system under study with individual contributions
from the interacting partners but also the solvent. In reality, the measured enthalpy change
upon binding is the sum of many positive and negative AH contributions resulting from the
simultaneous formation and disruption of noncovalent interactions [44]. Like in protein-
ligand interactions in an aqueous medium, the observed AH of binding in an organic solvent
is a global property which reflects the partial loss of solvent contacts of the interacting
partners, the formation of complex noncovalent interactions and the solvent rearrangement
near the complex surface.

As main direct experimental observable in calorimetry, the measured heat is correlated
with the reaction taking place at the molecular level and the aim of the calorimetry is to
provide reliable heat data capable to characterize molecular interactions. In the literature,
the enthalpies directly obtained by calorimetry have been correlated with the values of
binding enthalpy derived from the van’t Hoff relationships. Experimental and simulation
studies have shown that statistically relevant discrepancies are notably found when the
experimental setup or data analysis are not correctly performed [45,46].



Incremental titration described previously is the most common titration method used.
Continuous titrations, which consists of constantly injecting the titrant into the calorimeter
vessel while monitoring the thermal power, are shorter than the incremental ones and
therefore, they can be of great interest for unstable samples. The development of the
continuous ITC (cITC) method for micro- and nano-calorimeters [47] rendered the
technique even faster and more versatile for the study of thermodynamic processes in a
complex interaction. Interestingly, it can also represent a quick alterative to find out the
concentration conditions leading to an exploitable thermogram. The screening of the
optimum conditions (Eq 2) may be speeded up even more if the cITC thermograms can be
exploited by the Experiment Design tool in NanoAnalyze software, as mentioned for the
classical ITC data. Unfortunately, this is not yet the case with the currently available
NanoAnalyze software (3.12.0).

Another advantage of the cITC, is the potential expansion of the equilibrium constants
accessible by ITC. Indeed, Markova and Hallén [47] have shown by computer simulations
that cITC expands by 3 orders of magnitude the range of K, achievable by ITC. Therefore,
for cITC the Eq 2 becomes:

1< c < 3x10° (Eq4)
with 102 M being the highest equilibrium constant reachable by cITC. This is rendered
possible by the increased data points density in a continuous titration experiment which
better defines the slope region in a 1:1 binding curve.

3. Experimental details

The reagents used in this work are summarized in Table 1. All measurements were
performed on a differential power compensation Nano ITC Low Volume (Nano ITC LV)
calorimeter from TA Instruments (Waters, France), using a 50 pL injection syringe while
stirring at 400 rpm (the maximum stirring value). The Nano ITC LV has two gold 170 pL
reaction vessels and a buret assembly holding a stainless-needle syringe with a twisted
paddle at the tip and titrant exit at the bottom. Therefore, the syringe serves not only for
the delivery of the titrant but also for stirring. To avoid the formation of bubbles in the cells
and syringe, the samples were degassed in a vacuum degassing station [48] for 15 minutes
immediately before use. Injections were started after achievement of baseline stability
(using the automatic equilibration mode for “small Heats” of ITCrun program controlling
the calorimeter with the following criteria: absolute acceptable slope: AH 0.1uW/h;
acceptable absolute standard deviation: 0.01 pW). In addition, an equilibration time of 300
s has been.considered before the first and after the last injection to assess the quality of the
baseline. The experimental parameters were: 350 pL in the sample cell, 50 uL in the
syringe, 350 L solvent in the reference cell (changed weekly), 25 injections of 2.02 pL
except for the first injection which was of 0.48 pL. The integrated heat effects of each
injection were corrected by subtraction of the corresponding integrated heat effects
associated with titrant dilution into the solvent. The experimental data obtained from the
corrected calorimetric titration were analyzed on the basis of different interaction models
with the NanoAnalyze software. The first injection was not taken into consideration for
data analysis.

Table 1: Reagents used in this work.

Name Purity % Supplier Reference CAS number
Acetonitrile 99.95 Biosolve UN1648 75-05-8
Benzoic acid >99.5 Sigma-Aldrich 242381-25G 65-85-0

DMAPMAmM 2 99 Aldrich 409472-250ML 5205-93-6
Glucuronic acid >98 Sigma G5269 6556-12-3
Isophthalic acid 99 Alfa Aeser Al4445 121-91-5

Methanol 100 VWR 20847-320 67-56-1




2 N-[3-(dimethylamino)propyl]methacrylamide

The electrical calibration of the calorimeter was performed according to the
manufacturer's instructions. Water in water dilution experiments are regularly performed
to check and validate the initial criteria of the manufacturer. Cells and syringe correct
cleaning is essential to avoid artifacts and produce good quality data. Additionally, it is
crucial to keep the needle of the syringe perfectly straight. Cleaning of the sample cell can
be performed automatically using the vacuum of the degassing device and is generally done
with 1 L of 2.5 % DECON followed by 1 L of MilliQ water. An ITC experiment takes
between 1 and 2 hours depending on the injection delay and the equilibration duration
necessary to fulfill the heat stability statistical criteria. ITCRun, the software which
controls the Nano ITC calorimeter, doesn’t record the evolution of the heat values during
the equilibration delay but only its duration.

Despite the relative simplicity of ITC experiments, the selection of the right binding
model for the fitting of the experimental data in order to estimate the thermodynamic
parameters can be challenging, especially for complexes where one of the reactants present
multiple sites and there is not previous information about the stoichiometry or binding
mechanism [49]. Among the various softwares currently available for the titration data
analysis, the softwares provided by the ITC manufacturers, i.e. Origin from
MicroCal/Malvern and NanoAnalyze in the case of TA instruments, the interpretation of
the binding isotherms can be done for each data set individually using either classical
models such as one-site independent or two-sites sequential models, multiple sites, dimer
dissociation, cooperative and competitive replacement models. The possibility of dilution
subtraction or the selection of a control model together with.the binding model remains at
the user’s choice.

Over the last decade, alternative softwares have been developed for more complex
processes, e.g. AFFINImeter [50], pytc [51); HypAH [52], CHASM [53] or SEDPHAT
[54]. The free platform SEDPHAT gives the possibility to combine several experimental
data (calorimetry, spectrophotometry, sedimentation and surface binding assays) in a single
global analysis. The main purpose of. the platform development was to reduce the
discrepancies between the thermodynamic parameters obtained using different devices and
setups (e.g. the use of different.sample volume, concentrations, immobilization of the
template, etc...). The SEDPHAT results presented in the present chapter concern only
calorimetry data in order to perform a global analysis of several measurements, including
repetitions of the performed direct and reverse titrations, increasing therefore the
confidence in the binding parameters obtained individually with NanoAnalyze software.

4. ITC dataand their evaluation

The following subsections illustrate the extraction of thermodynamic parameters and
association constant from the experimental raw data for one-site and two-sites binding
complexes in different non-aqueous solvents.

4.1 1:1 Complexes in different solvents and calorimetric heat capacity

Molecular recognition processes are the archetypal reactions in various domains going
from life science to technology and the design of a suitable target which binds the other
partner with specificity remains challenging nowadays. The study of the binding
complexes presented herein was originally motivated by the need to optimize the design of
molecularly imprinted polymers [55] by characterizing the affinity and the complete
thermodynamic profile of the monomer-target interaction in the solvent used for the
synthesis of the final polymer. A better comprehension of the interactions and energies



involved in the preorganization of the monomers around the target could improve their
synthesis protocols by selecting monomers with high affinity for the target.

The feasibility of elucidating the thermodynamic parameters for a 1:1 binding model
using stepwise titration experiments is first demonstrated with the interaction between
benzoic acid (1), a food antimicrobial, and N-[3-(dimethylamino)propyl]methacrylamide
(2), a monomer, in methanol (Figure 2). In water at 25°C, 1 shows a pKa of ~4.2 (49)

i_. 0 ,N/\/\N’U\’/
AN _— - H
N N [e) |
MeOH 0---H

1 benzoic acid 2 N-[3-(Dimethylamino) propyl]
methacrylamide

2

b

—

~n
=]
[X]
o

0 z
2 o0 2
[ @
§ 40 5
T T
B 60 4 i
S ]
£ 80 | @
G G-
© 100 . . . . . o . , , , ,
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
0w 0
0.5 A 0.5
E 11 £
= ]
515 K, =(1.00 £0.01) 103 M §-15 K,=(3.0+0.4) 102 M-’
s | n=13+0.02 g n=1.15%0.03
g AH =-23.7 £ 0.7 kJ/mol I AH =-33.97 + 2 kJ/mol
25 AS =-24 + 4 J/mol-K 25 AS =-63 = 13 J/mol-K
3 . . : . . : 3 . r \
0 05 1 15 2 25 3 0 0.5 1 15 2 25 3
Mole ratio Mole ratio
02
0.2 -
w
2 04 2 01
S 'g 0 -—..-CA-.—.—Q-G-O—.—.—.—H-.—.—.-O‘—H—'—b—l
T 0 ettt ettt s te sy . .
w @
o’ o
-0.2 - Standard deviation = 18.58 ) Standard deviation = 14.03
c) ©10°C O35°C d) ® Daa Linear fit
0 A 15 4
—~-05 8 pa e 20
£ g%° = .- y=-0.5275x + 127.77
------- . 2 =
£ D%‘g S s L R® = 0.9945
®-15 o s | T
S 2 a2’ i 301 B
@ ggoo = T .
< 55 oﬁﬁn 35
3 -40 .
0 05 1 15 2 25 3 280 285 290 295 300 305 310
Mole ratio T (K)

Figure 2: ITC titration of 2 into 1 in MeOH at 15 (a) and 35°C (b) as filled black circles.
The dilution of 2 into MeOH is also shown as grey filled circles. The middle thermogram
shows the integrated heat data as filled black circles and their nonlinear fitting using the
1:1 binding model as red continuous line. c) Integrated corrected data at 10 and 35°C. d)
Linear fit of the calorimetric AH values versus temperature which gives access to the
change in heat capacity, ACp ~ -0.5 kd/mol-K.

whereas 2 is a typical amine base characterized by a pKa of ~9.2. In methanol and other
organic solvents, the pKa cannot be defined but it is expected that 1 and 2 behave as a
strong Lewis acid and base, respectively. Qualitative evidence of the interaction between
benzoic acid and 2-dimethylaminoethyl methacrylate-based copolymers has been provided
by infrared (IR) and *H NMR spectroscopies (50). *H NMR spectra recorded for different



molar compositions of benzoic acid:copolymer containing amine groups in acetone showed
that carboxyl-amine interaction causes a shift of the aromatic proton resonances to high
field (small ppm values) whereas protons near the amine group shift to low field (big ppm
values). These chemical shifts suggest that the carboxyl-amine complexation is associated
with an increase in electron density for the carboxyl and a decrease of the electron density
for the amine group, results consistent with the formation of a contact ion pair stabilized
by attractive electrostatic forces and H-bonding. The same conclusions are reached by
analyzing the IR spectra of the mixtures in acetone. For these complexes in chloroform and
acetone solvents, it was stated that the excess of benzoic acid tends to self-association
producing therefore benzoic acid dimers in addition to the benzoic acid-amine complex.

Figures 2 and 3 display the calorimetry data for the interaction between benzoic acid
(1) and N-[3-(dimethylamino)propyl]lmethacrylamide (2) in methanol and acetonitrile,
respectively. In order to estimate the heat capacity changes, the heat reaction response has
been measured in methanol over a temperature range between 10 and 35°C. The top panels
in Figure 2a and b indicate that the complexation is exothermic over the full.temperature
range spanned. The middle and the bottom panels show the integrated ‘experimental heat
data fitted with the 1:1 independent binding model and the residuals:which describe the
differences between the interaction model and the measured data. In all experiments, 60
mM 2 were titrated into 8 mM 1 except otherwise indicated. Table 2 summarizes the
ensemble of thermodynamic parameters together with the stoichiometry and the
association constant derived using a 1:1 independent binding model at each temperature.
The calculated c-value is also shown and falls in the range 2-20. The concentration
conditions have been optimized using the tool. “ITC Experiment Design” from
NanoAnalyze at 25°C for a c-value ~ 10. A greater c-value would have required higher
concentrations for benzoic acid and therefore would have prevented us from carrying out
the reverse titration owing to benzoic acid.reduced solubility in MeOH above 60 mM. In
parallel, to check the accuracy of the 1-2 affinity.and thermodynamics parameters obtained
by ITC, a global fit analysis for both direct (60 mM 2 into 8 mM 1) and reverse (60 mM 1
into 8 mM 2) titrations in MeOH at 25°C has also been performed with the open source
SEDPHAT platform. First, the ITC data have been integrated using the NITPIC software
which also allows to.subtract the corresponding dilution for each direct and reverse titration
dataset and gives access/to the stoichiometry parameter. Second, the direct and indirect
NITPIC datasets were integrated and saved in a SEDPHAT configuration file. The data
were then fitted with the one-site binding model and the statistics of the thermodynamic
parameters calculated for a confidence level at 95%. The results obtained with SEDPHAT
(Table 2) are almost identical to the ones obtained for the direct titration with
NanoAnalyze. SEDPHAT contains explicit factors which can account for errors in the
active ‘concentrations: Their inspection for the individual analysis of both and direct
titration ‘data suggests an error in concentrations notably for the indirect titration. This
might explain the bigger estimations of the stoichiometry and enthalpy change in the case
of reverse titration.

The results summarized in Table 2 show that the 1-2 complexation is an exothermic
(AH < 0) and enthalpy-driven (JAH| > [TAS|) process at all temperatures and experimental
conditions studied. K, decreases with increasing temperature while AH becomes more
exothermic as the temperature rises. The |AS| show also a tendency to increase with
temperature. Within the experimental uncertainties, the calculated |AS| values, which range
within 20 and 50 kJ/mol-K, are in good agreement with the expected entropy change
characterizing the ion pair formation from neutral reactants in polar solvents [56,57]. The
decrease of the association constant by about one order of magnitude between 10 and 35°C
is particularly relevant for the design of molecularly imprinted polymers because their
synthesis is usually performed at temperatures higher than the ones used here (50 to 70°C).
It therefore suggests the importance of probing the interaction between the target and the
functional monomer at the synthesis temperature.



Table 2: Best-fit thermodynamic parameters from ITC measurements for the 1-2 complex
in methanol.

T°C Ka M1 n AH 2 AS 2 AG 2 ch
10 (1.5+0.1) 10° 1.36+0.02 | -21.3+0.4 14 +4 -173+0.7 | 16
(1.3+0.1) 10° 1.30+0.02 | -224+05 -19+5 -17.0+0.8 | 14
15 (1.00+0.01) 10° | 1.30+£0.02 | -23.7+0.7 24+ 4 -167+0.1 | 10
25 (6.7 +0.9) 10? 1.07 £ 0.02 30+1 46 +9 16+1 6
(5.8+0.3)102¢ | 1.07+0.01¢ | -21.9+0.4°¢ | -20+4¢ | -159+05° | 6°¢
(70+0.1)102¢ | 1.16+0.03¢ | -25+1¢9 28+ 7¢ 17 +14d 6 d

(7.0 £0.1) 1024 1.13+0.04¢ -26+24 -32+9d -17+14 6 ¢
(6.4 +0.6) 10%¢ 1.1+06¢ -30.0+0.5¢ -46+8¢ | -16.1+09¢° -
(2.5+0.4) 102F | 1.14+0.03f -33+2f -64+15f 14+ 2fF 2f

35 (3.0+0.4) 102 1.15+0.03 -34 2 -63 +13 -15+2 3
(2.7£0.3) 10? 1.15+0.03 -35+2 -67 +14 -14+1 2

3 kJ/mol, AS is given in J/mol-K; P calculated c-value; ¢ 100 mM 2 into 10 mM<; ¢ 60 mM 1 into 8
mM 2 (reverse titration); ¢ global analysis done on direct and reverse datasets and performed with
SEDPHAT platform [54], n value is calculated based on the valuesobtained in the individual analysis
with NITPIC [58] as SEDPHAT employs a different parameter in its analysis; T in acetonitrile.

In order to estimate the heat capacity changes, the heat reaction response has been
measured over a temperature range between 10 and 35°C. The-analysis of the variation of
AH as function of T (Figure 2d) allows to estimate a value for' AC, ~ -0.5 kJ/mol-K.
Formally, for a simple equilibrium studied over a relatively narrow temperature range, ACp
should be zero. Thus, these results suggest that the complexation process may be more
complicated than initially assumed. Taken together, these results suggest that the 1-2
complex formation mechanism probably involves two or more coupled equilibria whose
relative importance depends on temperature and:.reactant concentrations. For example, if
at the concentrations used, a small fraction of the benzoic acid is in the dimeric form, the
1-2 acid/base complex formation.requires the dissociation of the dimer and therefore a
coupling of the two equilibria (complexation and dimerization). This can explain the
discrepancies observed in-n_(which is clearly different of 1), AH and AS calculated at
different temperatures (Figure. 2a-and b). Coupled equilibria may also explain the
differences between “direct” and “reverse” titrations.

Figure 3 shows ITC titration of 60 mM of 2 in acetonitrile in 8 mM of 1 in the same
solvent at 25°C. The thermodynamic parameters obtained from fitting the experimental
data are listed.in Table 2. This study was performed to investigate the role of H-bond
interactions in the thermodynamics of the reaction. Acetonitrile and methanol show similar
dielectric constants (36.6 and 33.0, respectively) and thus should exhibit similar abilities
to stabilize<the ionic product (relative to the reactants). However, both solvents differ
markedly in their ability to form H-bonds. Methanol, a protic solvent, should further
stabilize reactants and reaction product through the formation of such bonds. However, a
comparative analysis of the AG values (AH and AS) obtained in acetonitrile and methanol
at 25°C (see Table 2) shows that, within experimental uncertainties, they are practically
identical. These results suggest that H-bonds do not preferentially stabilize neither the
reactants nor the complex, and therefore, they are not determinant in the thermodynamics
of the complexation process.



o
=1
|

o
L

o}

dOH

1 benzoic acid

)
=]
|

&
a8
.

Corrected Heat Rate (pJ/s)
5 & 5

+

o
=1

o 0 1000 2000 3000 4000 5000
Time (s)

o
o o
)

2 N-[3-(Dimethylamino)propyl] 2
methacrylamide §-15 1
g | K, =(2.5£0.4) 102 M"
s n=1.144003
£ 251 AH =-33 + 2 kd/mol
-3 AS =-64 %15 J/mol-K
CH;CN 35 T . T , T !
N 0 05 1 15 2 25 3
25°C Mole ratio
02
o § 0.1
0 Oy B e tes ten eetitieienent,
o H @ 01
O---H 02 Standard deviation = 14.63

Figure 3: ITC titration of 2 into 1 in acetonitrile at 25°C as filled black circles. The dilution
of 2 into acetonitrile is overlaid as grey filled circles. The middle thermogram shows the
integrated heat data as filled black circles and the nonlinear fitting of the data using the 1:1
binding model as red continuous line.

The second complexation process explored. by stepwise ITC titration concerns the
interaction between the glucuronic.acid (4), a sugar acid derived from glucose, and (4-
acrylamidophenyl)amino methaniminium acetate (5), a polymerizable benzamidine salt,
which can form with carboxylates stoichiometric non-covalent complexes characterized by
affinities higher than 10% M-* [59]. We previously studied the 4-5 complexation by *H NMR
spectroscopy in DMSO-dg [60]. Job’s plot [61,62] and titration experiments demonstrated
the formation of a.1:1 complex with an affinity of 7.1 10 M. The complex formation in
MeOD/D-0O (4/1 viv) gives slightly smaller chemical shift differences and an association
constant of 4.4 103 M™%,

Figure 4 displays the calorimetry data obtained at 25°C in MeOH/H,0 (4/1 v/v) for
direct (i.e., monomer into the glucuronic acid) and reverse (i.e., glucuronic acid into the
monomer) titrations.-An inspection of the reaction scheme (top of Figure 4) suggests that
the process can be considered as a displacement reaction (i.e., a reaction where glucuronic
acid replaces acetate as a counter ion of the salt). The titration thermograms in top panels
of Figure 4a and b show that the macroscopic experimental heat either changes from
endothermic to exothermic (direct titration) or remains endothermic (reverse titration). The
dilution of 4 and 5 is exothermic. The nonlinear fitting of the macroscopic heat data after
dilution subtraction gives the thermodynamic parameters, the stoichiometry and the
association constant reported in Table 3. The relatively small errors can be correlated with
the calculated c-value, which is an order of magnitude higher than for the 1-2 complex
described previously.



GIcH AB*Ac” AB'Glc” AcH

HOOC OH
4 o) N\ PO
0oH v NH; O K ¢ NH; O OH OH
+ HN—@—(:—» oy— HN@—(‘E o ¢+ =
NH, O NH, O O oH [e]
MeOH/H,0 4/1 viv
OH OH
5 (4-acrylamidophenyl)amino 25°C
4 glucuronic acid methaniminium acetate OH OH
a) b)
1
Q 2
300 EES
2 07 2
e P
£ 08 leo %
3 o
T 1 T,/
- H
§ :
25 ©4 ‘
0 2000 4000 6000 8000 0 2000 4000 6000 8000
10 Time (s) 120 Time (s)
04 100
5 =
g-101 280 K,=(1.1£0.1) 10* M
¥ £ & n=0.87 £0.01
® -20 o = +
Aot oo S e g
g 301 n=095%0.05 <
5 AH =-0.98 £ 0.05 kJ/mol
0 - AS =86 + 6 Jimol-K L
-50 0
0 05 1 15 2 0 05 1 15 2 25 3
Mole ratio Mole ratio
4 . 4
221° L
h-J - = - 0 - e e ety et e,
3 L4 o . * .
€2 . L,° . & -2
3 . Standard deviation = 1.58 4 Standard deviation = 0.66

Figure 4: Direct (a) and reverse (b) titrations of AB*Ac™ (5) into GlucH (4) in MeOH/H;0
(4/1 viv) at 25°C as filled black circles. The dilutions of 4 and 5, respectively, into
MeOH/H;0 (4/1 vIv) are also shown as. grey filled circles. The middle thermogram shows
the integrated heat data as filled black circles and the nonlinear fitting of the data using the
1:1 independent binding model as red continuous line.

Table 3: Thermodynamic parameters of the 4-5 complex in MeOH/H;0 (4/1 v/v) at 25°C.

Ka M1 n AH 2 AS 2 AG? cP
(31) 104°¢ 0.95+0.05°¢ -0.98+0.05¢ 86+6¢ -26+2°¢ 86 ¢
(1.1+£0.1) 1044 0.87+0.014 1.65+0.021¢ 84+14d | -23.3+0.41d 29d

akJ/mol, AS is given in J/mol-K; P calculated c-value; € 21 mM 5 into 3 mM 4 (direct titration);
425 mM 4into 3 mM 5 (reverse titration).

For both (direct and reverse) titrations, the enthalpy change (AH) is close to zero
whereas the Gibbs free energy change (AG) is negative, which indicates a spontaneous
process. Since T|AS| >> |AH|, the reaction is entropy driven. As we show below, the
negative driving force of the displacement reaction is mainly due to the observed
differences in the association constant (K’) of the two acids. In water, the reported pKa are
4.75 [63] and 2.88 [64] for acetic and glucuronic acids, respectively. This difference in
acidity is explained by the presence of one oxygen atom in the carbon a to the glucuronic
-COOH group, which significantly weakens the O-H bond. The thermodynamics of the
displacement reaction can be analyzed as a reaction occurring in consecutive stages. This
is possible because Gibbs free energy is a state function of the system (i.e., it is independent
pathway taken but only on the initial and final states) and therefore, the global displacement
reaction (top of Figure 5) can be written as the sum of 3 hypothetical steps reaction
characterized by their Gibbs free energies: AG1, AG; and AGs, so that AG = AG; + AG; +
AGs.
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Figure 5: Global displacement reaction described as a 3 steps chemical process.

The first step describes to the dissociation of the AB*Ac™ into the corresponding
solvated free ions characterized by AG; > 0. The second step is an acid-base reaction in
which the acetate and the glucuronic acid exchange a proton for which the AG can be
calculated as explained latter. Finally, the third step corresponds to the association of the
glucoronate ion with the monomer counter ion to complete the displacement process and
has a AG; < 0. Although AG; and AGs are not identical, as_.they characterize the
dissociation/association of different ion pairs, they will have similar orders of magnitude
and we can assume that: AG; + AG3z ~ 0. Based on this hypothesis, the main contribution
to the global reaction should come from AG,. The equilibrium constant for this process
(K2) can been determined from the pKa values to be ~ 80. Using-the relationships of Eq 1,
we obtain AG; ~ - 10 kJ/mol. Although this value is half of that obtained experimentally,
it should be remembered that the K, was roughly calculated from the pKa obtained in water.
The decreased dielectric constant in the MeOH/H,0 (4/1 viv) mixture used in this study
should enhance the differences in acidity between the twosacids, making the process even
more spontaneous.

3.2 Two-sites complexes

The involvement. of more than one molecular process into a reaction is not always
directly visible on the measured heatprofile. The casual case where the two interaction
mechanisms have an enthalpy that nicely emphasizes each inflexion of 1:2 (or 1:3)
complexation is relatively rare. Figure 6 shows the example of a two-sites assembly with
the interaction between the dimethylamino-based monomer and isophthalic acid, a target
with two carboxylic groups, by putting it in mirror of the complex formed between the
same ‘monomer with benzoic acid. Both titrations have been carried out at 25°C in
methanal.

The experimental heat response for a 2:1 complexation could be in theory approached
with three different binding models (one-site independent, two-sites independent and two-
sites sequential). Nevertheless, different arguments may help to restrict the plausible
models: close inspection of the data to see if the two individual binding processes are
clearly visible on the heat response, choice of the model with the smallest number of
adjustable parameters, analysis of the nature of the functional groups of the interacting
partners, interaction knowledge from other techniques, etc.

For all the thermograms in Figure 6, the binding isotherms were obtained as previously
described by integrating the individual heat variation which results from the injection of
the titrant. In both cases, initially a nonlinear least-squares regression analysis considering
a single binding site was employed for both titrations. As represented in Figure 6a, the
model fits well the data for the complex with benzoic acid, allowing to estimate the
dissociation constant and the binding enthalpy while the stoichiometry value close to 1
confirmed the one-site interaction. In the case of the complex with the isophthalic acid, the
one-site binding model is the simplest one to test with only 3 variable parameters and could
represent a first acceptable choice if we assume the two carboxyl groups as chemically



equivalent. However, this assumption is not strictly true, since it has been reported that the
pKa values of the two carboxyl groups of 3 at 25°C in water are: pKa = 3.46, pKax = 4.46
(ref). Therefore, this model is expected to estimate a stoichiometry of 2 together with a
binding enthalpy (AH) and an association constant (K.) as an average of the two
complexation events. Table 4 collects the thermodynamic parameters obtained by
nonlinear fitting the data with the one-site binding model. It is important to note that the
thermodynamic parameters shown in Table 4 are per mole of binding sites (n = 2), so the
global association constant (which considers full site occupancy) is (Ka)? ~ 10° M2 and the
global values of AG, AH and AS are twice those reported, i.e.: ~ -(28 * 4) and -(34 * 2)
kd/mol and ~ -(20 + 20) kJ/mol-K, respectively.

The sequential two-sites model was also employed to approach the experimental ITC
data. The evolution of the residuals and the decrease of the standard deviation suggest that
the sequential two-sites binding model better approximates the experimental titration data.
This model assumes the existence of two distinct binding sites in 3 with 1:1 stoichiometry
each (i.e., the population of type 1 sites and type 2 sites in the sample is identical). The
fitting of the experimental data to the model therefore provides 4 thermodynamic
parameters, 2 for the initial stage (occupancy of site 1) and 3-for.the second stage
(occupancy of site 2). Results are summarized in Table 4. Again, the global equilibrium
constant is the product of the K, obtained at each step (KaxKas) ~ 102 M2, which is in full
agreement with the result obtained using de 1:1 model. Similarly, the overall AG, AH and
AS are the sum of the individual contribution to give: ~=(38.£6).and -+(42 + 4) kJ/mol and
~ -(50 + 20) kJ/mol‘K, respectively. Within the experimental uncertainties, these values
are similar to the ones obtained using the simplest one-site independent model. When the
results determined with the sequential model for the 3-2 reaction are compared with those
obtained for the 1-2 reaction, modeled with. the one-site independent model, some
interesting aspects emerge. For example,.the first reaction step between 2 and 3 is
spontaneous and its AG ~ -17 kJ/mol.is very similar to that obtained for the reaction of 2
with 1, AG ~ -16 kJ/mol. However; such coincidence occurs due to the compensation
between AH and AS values (seexTable 4), the entropic change for the first step of the
reaction being for the reaction 3-2 positive. The results also suggest that the second reaction
step is slightly less spontaneous, but is accompanied by a very large negative enthalpy and
entropy change. Additional experimental data are required to better understand this system.

We should also-mention that the two-sites independent model has also been tested but
it has been discarded in the end as it contains the highest number of adjustable parameters
(6 in total) and was giving unrealistic stoichiometries for the two sites.

Table 4. Thermodynamic parameters obtained by nonlinear fitting of heat data
corresponding to the titration of 60 mM 2 into 8 mM 1 (first row) and 150 mM 2 into 10
mM 3 (last two rows) in MeOH at 25°C.

Ka M1 n AH 2 AS 3@ AG? cP
1:1 (6.5%0.9) 102 1.07 £0.02 -30+1 46 + 4 -16+1
2:1¢ (3.2+0.6) 102 2.05 +0.02 -17.4+0.9 10+ 10 14 +2
2:19 (1.0+0.3) 10 1 -16.6 0.6 3+8 172 -
(1.0 £0.2) 102 1 -26+4 -50 +20 -11+4

akJ/mol except for AS which is given in J/mol-K; ® calculated c-value; ¢ one-site independent binding
model; ¢ sequential two-sites binding model.
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Figure 6: ITC titration for 1:1 and 1:2 complexes in methanol at 25°C. a) 2 into 1 and b) 2 into (3) titrations as black filled circles. The dilution of 2 into
methanol is shown as grey filled circles on the top graphs as well. The middle thermogram shows the integrated heat data as filled black circles and the
nonlinear fitting of the data using the one-site binding model as red continuous line or the sequential two-sites binding model for the interaction with
isophthalic acid (right side) as green continuous line.



Conclusion and perspectives

Isothermal calorimetry is a label free non-destructive technique that became over the
years the method of choice for most binding studies in solution. Compared to other
dedicated spectroscopic techniques like nuclear magnetic resonance, infrared spectrometry
or fluorimetry, which require a series of experiments to extract site-specific stoichiometry
and affinity information, ITC gives access - in a single experiment — to a complete
thermodynamic picture of the overall interaction mechanism. The continuous development
of the technique led to highly sensitive instruments capable to detect small amounts of
samples. For example, isothermal micro- and nano-calorimetry can measure tiny heat
changes and became an important method for the thermodynamics profile analysis of
chemical and biochemical reactions, solvation and dissolution processes. The automation
of the entire experimental process with the new generation of calorimeters optimizes not
only the use of the calorimeter but also increases the number of samples that.can be studied.
In parallel, considerable efforts have been made to propose various binding models and
softwares with powerful routines for the optimization of experimental conditions (notably
in terms of concentrations).

Despite the widespread application of ITC to probe interactions between biomolecules,
the technique is hardly ever used for the characterization of the complexation of small
molecules, especially when the titration is performed in organic solvents. Herein, we
presented few examples that support the high potential of ITC for the study of interactions
between small molecules in methanol, acetonitrile and methanol/water mixture on a Nano
ITC Low Volume device (TA Instruments), with an-emphasis on both simple (1:1) and
more complex (1:1 and 1:2) interaction mechanisms.

In addition to the binding studies at equilibrium, ITC provided promising results for the
investigation of reaction Kkinetics, irreversible reactions, reactions under pressure, etc. The
field of application of isothermal - calorimetry. is continuously expanding from
pharmacology to life science, clinical medicine, environmental science, biotechnology,
ecology, etc.
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