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Abstract

[sothermal titration calorimetry (ITC) has become the gold-standard for studying molecular
interactions in solution. Although it is increasingly being used in the soft matter and synthetic
chemistry fields, ITC is most widely used for characterizing molecular interactions between
ligands and macromolecules. This Primer starts by presenting the technique’s foundations and
instrumentation, including a brief description of the standard assay, followed by a review of
common applications. Further extensions and modifications of the technique are explored. These
adaptations enable key features to be studied, such as cooperative effects associated with
complex biological interactions and their regulation, alongside applications to other fields,
including partition to membranes, kinetics and soft matter. Advantages and caveats in ITC are
discussed, with a focus on best practices, instrument calibration, experimental design, data
analysis and data reporting, as well as recent and future developments.

Introduction

Calorimetry is an experimental technique that measures the heat associated with a process to
follow and quantify that process. Biocalorimetry is a recent application that uses calorimetry to
measure heat for processes involving biological molecules. Most biological binding processes
involve molecular interactions that are mediated by noncovalent forces, such as hydrogen bonds



and van der Waals interactions, which represent a special type of reversible chemical reaction or
process. Heat is a process function, which means the heat in a given process will depend on the
constraints under which the process is studied. Isothermal titration calorimetry (ITC)
measurements are performed at constant temperature (7) using a thermostat and at constant
pressure (P) with a barostat. Under these constraints, the process is isothermal and isobaric
meaning the associated heat will be equal to the change in enthalpy in the system (AH). The Gibbs
energy is the thermodynamic potential that governs the equilibrium in a system, and its change
(AG) determines the feasibility, or spontaneity, of a given process at constant T and P. The change
in entropy (AS) reflects changes in degrees of freedom associated with desolvation,
conformational, vibrational and roto-translational changes. The equilibrium constant (K.q)
determines the system composition at equilibrium and quantifies the tendency to form the end
products, for example complex formation in a binding process. It is related to the standard Gibbs
energy of the process by AG® = -RT InKeq. The affinity of a given interaction may be quantified
using the equilibrium association (K,) and dissociation (Ky) constants and the Gibbs energy of
binding. A more negative Gibbs energy indicates higher affinity and greater intermolecular
complex stability. Partitioning the Gibbs energy into enthalpic and entropic contributions
provides additional information about the driving forces of binding.

During an ITC assay, a titration — step-wise mixing of one reactant into another reactant — is
performed at constant T and P, while measuring the heat associated with the binding reaction?z2.
The equipment measures the heat released or absorbed after each reactant addition. ITC is the
only technique that can directly and simultaneously determine AHY and K.q (either as K, or K,
where K. = 1/ Kq) for a binding process (Box 1). Using well-known relationships, other
fundamental quantities can be readily calculated, such as AG? and AS°. All parameters are defined
in the standard state, with all reactant concentrations of 1 M and 1 atmosphere pressure (1 atm
~ (0.1 MPa), at the defined temperature (for example, 298.15 K). The biochemical standard state
is additionally defined at pH 7, equivalent to a proton concentration of 0.1 pM.

Performing experiments at different temperatures enables the heat capacity change upon binding
(ACr) to be obtained. ACp reflects changes in the desolvation of reactants, with a major
contribution from desolvation of non-polar molecular surfaces3. A large ACp is a fundamental
property in hydrophobic interactions. Consequently, using ITC at different temperatures is a
straightforward way to assess the importance of the hydrophobic effect on a binding process*.
Other variables that can be obtained by ITC include the stoichiometry, which defines the
relationship between the number of molecules interacting to form the complex. However,
uncertainties in reactant concentrations can obscure the stoichiometry calculation (see section
Experimentation). When reporting results from ITC, the International System of Units promotes
the joule (]) as the unit for heat. Traditionally, calorimetrists have used the calorie (1 calorie =
4.184 ]). ITC results are reported using both units.

All high-sensitivity ITC instruments have a dual or twin cell design. This setup consists of two
virtually identical cells: the sample cell, where the solution of one reactant is placed, and the
reference cell, which contains a buffer or water. The other reactant solution is placed in the
syringe and small aliquots are delivered to the sample cell during the titration experiment
(Figure 1). To study interactions between biological molecules, dilute solutions are often
required to overcome limitations in reactant availability, purity, solubility, aggregation
propensity and to avoid non-idealities. The total heat corresponding to the binding reaction and
saturation of the reactant in the sample cell is distributed over several injections, and decreases
towards saturation. As an example, in a typical ITC assay with a cell volume of 200 pL, injected
volume of 2 pL, titrand cell concentration of 10 uM, titrant syringe concentration of 100 uM and
binding enthalpy of 20 kJ/mol, the first injection has an associated heat effect <4 pJ, and the
cumulative heat effect after 20 injections is <40 pJ. The observed change in measured thermal
power may be <0.5 pJ/s. This type of limitations drove the development of high-sensitivity ITC
instruments that could be used with these amounts of biological samples.



Advances in technology, electronics and commercialization, mean calorimetry is no longer a
technique for specialized labs using home-built instruments. Small amounts of heat can be
detected, referred to as microcalorimetry. All available instruments offer automatic titration in
computer-controlled experiments, in parallel with automatic data collection. Sample loading and
instrument cleaning can be done manually, but newer models have a semi-automated
maintenance set and scripts to automate cleaning and minimize operator intervention (see
Supplementary Information, sections Details of present instruments on the market and
Sensitivity of current ITC instruments). Full automation has increased experimental
throughput, which was considered low in biocalorimetry compared to biological standards. The
output of current calorimetric instruments can be expanded with an automatic sampling unit and
robotic elements for unattended operation. Automated instruments include cleaning and sample
loading between programmed experiments and can produce data as accurate for determining
thermodynamic parameters as manual ITCs.

The molecule placed in the injecting syringe is referred to as the titrant (injection volume, v),
while the molecule in the sample cell is called the titrand (cell volume, Vo). However, the situation
should be completely symmetric and reverse titrations, which exchange titrant and titrand
locations, can also be performed. Reverse titrations are recommended where materials allow, to
assess self-association of the interacting molecules or other concentration-dependent
phenomena, as well as to test the robustness of the binding model. Although the binding
equilibrium is the same for direct and reverse titrations, the path through equilibrium states and
accessible ligation states are different when one of the interacting molecules has more than one
binding site for the other molecule. Injecting a ligand into a macromolecule is not the same as
injecting a macromolecule into a ligand. In terms of ligation states and their interconversion,
direct titration offers better resolution and more intuitive interpretation. Recombinant protein
technology provides a sufficient amount of protein sample to enable the selection of titrant based
on availability, solubility, tendency to aggregate at high concentrations, ability to undergo self-
association-related processes and binding stoichiometry. These choices rely on the much higher
titrant concentration in the syringe than titrand concentration in the cell. In addition, if a molecule
has several binding sites for the other molecule, it is more convenient to place the former in the
cell.

Any binding process may be accompanied by a plethora of other potential equilibria. For example,
the interaction between two proteins may occur simultaneously with conformational changes,
proton uptake at or release from ionizable sidechains, or ion release from the binding interface.
If one experiment is performed under a single set of experimental conditions, all binding
parameters that are estimated and used to characterize the interaction must be considered as
apparent binding parameters. This is because they contain a contribution from the interaction
event and other simultaneous equilibria that were measured concomitantly. ITC measures the
total heat exchange, which encompasses all processes involved in the interaction. Unless
additional experiments are performed to disentangle the contributions, it cannot be concluded
whether any additional equilibria, for example proton ionization changes, contribute to the
observed binding parameters.

The binding parameters are traditionally interpreted by considering the different non-covalent
intermolecular interactions established between binding partners. However, two given
molecules do not interact in a vacuum, but normally in an aqueous based buffer. Water is a polar
solvent with an extensive network of hydrogen bonds. Water molecules can interact with the two
interacting molecules. The complex may be formed by breaking interactions between water
molecules, or between water molecules and the reacting molecules. The binding parameters are
the net result of many interactions breaking and forming5-8. Two interacting molecules in solution
must undergo partial desolvation to interact. This desolvation contributes unfavorably to the
enthalpy, as AH > 0 from the rupture of hydrogen bonds, electrostatic and van der Waals
interactions with water molecules, but favorably to the entropy, as —-TAS < 0 from the increased
mobility of released water molecules. The formation of non-covalent bonds between both



interacting molecules — hydrogen bonds, electrostatic, van der Waals and hydrophobic
interactions — contributes favorably to the enthalpy, as AH < 0 from the formation of
intermolecular interactions, but unfavorably the entropy, as -TAS > 0 from conformational
changes, reduced roto-translational degrees of freedom and restricted mobility degrees of
freedom. Other components, such as ions bound to the reactants or complex, may additionally
contribute to the overall binding parameters if they are exchanged with the bulk solvent on
complex formation. However, this description of the overall enthalpy and entropy changes is
simplistic and there is controversy about the general validity and usefulness of this interpretation
of the binding parameters®11. Nevertheless, it serves as starting point to understand and discuss
the obtained thermodynamic parameters.

Parameters determined by ITC help to describe and interpret biological interactions, enabling
further conclusions to be drawn. As an example, ferrochelatase is the terminal enzyme of the
heme biosynthetic pathway and catalyzes the chelation of Fe(II) into the protoporphyrin IX ring.
ITC was used to determine the interaction of ferrochelatase with mesoporphyrin, which revealed
a stoichiometry of one mesoporphyrin molecule bound per protein monomer!2. This binding
occurs through a strongly exothermic interaction (AH? = -97.1 k] /mol) associated with the uptake
of two protons from the buffered solution. From the results, it could be inferred that hydrogen
bonding between ferrochelatase and mesoporphyrin is a key factor in the interaction. Another
example is the comparison of the thermodynamic binding parameters from tripeptide and
second-generation inhibitors interacting with the HIV-1 protease to those from first-generation
clinical inhibitors!3-16, This gives strong evidence for a different mode of interaction, even when
inhibitor binding is occurring at the same binding site. Second-generation inhibitors, which are
less susceptible to resistance mutations in the protein target, show enthalpically driven binding,
while first-generation inhibitors show entropically driven binding. These thermodynamic
profiles correlate with structural features. Second-generation inhibitors are quite polar and
moderately conformationally flexible. By contrast, first-generation inhibitors are very
hydrophobic and conformationally constrained. As another example, the interaction of DNA with
intercalators and groove binders show completely different energetic signatures: enthalpically
driven for intercalators and entropically driven for groove binders!?. Similarly, protein binding
to the DNA major groove is an enthalpically driven process, whereas binding to the minor groove
is an entropically driven process1s.

The set of thermodynamic parameters for a given binding interaction (AGY, AH°, ASY, and ACp)
constitutes the thermodynamic binding profile or thermodynamic signature. Because the entropy
unit is ] K-t mol?! or cal K1 mol?, to visualize and compare binding profiles, the entropic
contribution -TAS?, rather than AS° is often used. Because AG® must be negative for binding to
occur, any negative term from AH? and -TAS% would favor binding, while any positive term would
oppose binding. Careful interpretation of these parameters is needed because calorimetry results
reflect all molecular processes taking place. Even when sufficient experiments have been done to
remove or rule out additional contributions, the thermodynamic profile still reflects an enormous
number of intermolecular interactions forming and breaking upon complex formation. However,
this should not discourage the use of calorimetry and thermodynamics, as several perspectives
can be adopted. It is possible to compare profiles from similar or dissimilar molecules interacting
with a common binding partner, to provide insightful results for binding affinity, specificity,
selectivity, and cooperativity19-24. Similarly, comparing profiles for variants of a given molecule
— for example, protein mutants associated with pathologies compared to the wild type version
— interacting with a common molecule may indicate significant differences and provide
information about the molecular basis of a disease or the pathogenic role of certain mutations in
a given protein. Whenever possible, this information should be interpreted together with
structural data to obtain structural and functional implications. All these ideas may be expanded
to different applications in biomedicine and biotechnology, but are beyond the scope of this
Primer. Here, the aim is to provide a short, introductory overview of ITC, addressing the main
aspects of the technique in a precise and detailed way, together with hints on how to handle the



data and interpret the estimated thermodynamic parameters within the biological context of the
studied problem.

The main advantages and disadvantages of ITC are summarized in Table 1. Some of these
disadvantages were applicable to earlier instruments, but have been addressed by recent
developments. Current instruments are largely automated and the calorimetric cells are isolated
from the laboratory environment. An experiment can be performed in less than 1 hour.
Unattended operation in fully automated versions enables a throughput of about 20 experiments
per day. More dilute solutions can now be studied, meaning common problems, such as protein
aggregation, are reduced and experiments can be conducted with much less than a mg of medium-
sized protein. While this may be more than the quantity required for most spectroscopic
techniques, it is comparable to other methods, for instance nuclear magnetic resonance
spectroscopy. Analysis of ITC data may appear complicated because, unlike other binding
techniques, no approximations are made, such as neglecting ligand depletion due to binding; no
linearization transformations are performed, such as Scatchard plots; and the binding
equilibrium is exactly solved using nonlinear least-squares (NLLS) fitting analysis. Fortunately,
manufacturer-supplied software and online applications make analysis straightforward,
although they must be used appropriately and with an element of critical thinking. ITC, like any
other binding technique, has a window of binding affinity over which the K, or K4 can be reliably
determined. This is based on the amount of titrand in the cell. However, ITC is uniquely placed to
perform displacement binding experiments that can extend the practical range for affinity
determination by several orders of magnitude.

Experimentation

Instrument set-up

Reaction heat is the monitoring probe for the calorimetric titration, equivalent to the indicator
dye in a redox or acid-based titration. It provides useful information, such as the enthalpy change
in a direct manner, or the equilibrium constant and Gibbs energy change in an indirect manner.

ITC instruments used to study biochemical and biological systems operate as power meters. They
have an actuator element, a resistor, that communicates a constant, small thermal power to the
reference cell and a feedback actuator element, another resistor, that provides variable thermal
power to the sample cell depending on the temperature difference between the cells (see
Supplementary Information, sections Details of present instruments on the market,
Sensitivity of current ITC instruments and Data collection and output files in present
instruments). They operate according to the dynamic power compensation principle. Any
temperature difference is promptly cancelled by an opposing modulation of the thermal power
applied to the sample cell. The power is either increased or decreased compared to the constant
reference thermal power. The recorded measurement is the thermal power (uW or pJ/s, or
ucal/s) that the feedback actuator provides to the sample cell to keep the temperature difference
as small as possible (AT = 0). For a given injection of titrant, a deflection from the baseline
instantaneous differential power, dP, in the form of an upward or downward peak is observed.
Peak direction (up or down) for an exothermic reaction, with the opposite for an endothermic
reaction, depends on the settings in the data collection software. For a complete assay, a series of
peaks will be obtained, which constitutes a thermogram, a plot of thermal power as a function of
time (Figure 2). Time integration of each peak from the baseline provides the heat associated
with each injection, which contains the contribution from the reaction, but also other non-
reaction related contributions. Plotting the heats derived from peak integration as a function of
the reaction progress gives the binding isotherm. Any changes in the experimental instrumental
settings or conditions may change the appearance of the thermogram and the binding isotherm.



In heat compensation calorimeters the feedback gain can be set to zero and the calorimeter acts
in passive heat conduction mode. With zero feedback heat is dissipated passively, without active
compensation. This results in larger instrumental time constants and longer experimental run
times. However, the passive mode implies a better power detection limit, because the
temperature perturbation after titrant addition is not actively compensated and the signal
reaches higher transient values. The instrument thermal time constant is the time required to
reach ~63% of a particular specified signal value. In a simplified manner, it is given by the
quotient between the effective heat capacity and the effective thermal conductivity of the cell,
together with the Peltier unit and the solution within the cell. Non-zero feedback results in
reduced instrumental time constant — around 10 s in current instruments — with narrower
injection peaks that are optimal for high throughput and labile biological samples only stable for
a short time period. When the enthalpy of the reaction is very small, it is recommended to switch
off the feedback, setting a zero-gain mode (see Supplementary Information, section Dealing
with overshooting).

Thermal power traces for individual injections may be simple (Figure 2b) or multiphasic.
Multiphasic injection traces reflect different contributions to the overall heat effect, with different
magnitude and kinetics, resulting in complex shapes until all heat is evacuated from the cell and
the signal returns to the baseline. In addition, binding isotherms may be simple (Figure 2c),
which is typical for a single set of identical, independent binding sites in a protein, but may also
be multiphasic, for example if there are two or more nonidentical or cooperative binding sites.

Equipment basics

Available ITC instruments are overflow type, which means the cells are completely filled and the
operational volume for loading and running is greater than the calorimetrically sensed sample
cell volume. This has two important implications. First, any injection of titrant into the sample
cell is accompanied by the irreversible displacement of an equivalent volume from the sample
cell to an external compartment. As there is no well-defined boundary between the reaction cell
and expelled solution, the effective cell volume must be determined by chemical calibration. The
volume given by the manufacturer is typically within 1%, unless the stirrer has been changed or
modified. Second, the concentrations of various components before and after each injection into
the measuring cell must be calculated based on assumptions about the composition of the
expelled solution. These assumptions depend on the injection speed, mixing rate and locus of
injection, where the needle is positioned inside the cell. Different software packages base their
calculations on different assumptions. For example, assuming the expelled solution has the same
composition as the solution before or during injection and mixing. This leads to slightly different
concentrations and potentially different estimates of AH? and K. Any error in the assumption is
compounded over the number of injections. To minimize uncertainty about the solution
composition in the measuring cell after each injection for an overfilled reaction cell, the injection
volume should be less than 1% of the measuring cell volume. Under these criteria different
assumptions give similar results for the reactant concentrations.

To fully characterize an ITC instrument, it is important to know its basic parameters accurately.
Users need to confirm the effective cell volume using a standard reaction; the injection volume by
calibrating with water by weight or with a standard reaction; and the power sensitivity — the
change in control heater power per change in input power — by using a standard reaction25-27.
Calibration of the power sensitivity is often neglected, but it cannot be accurately assumed that
the heat distribution and heat losses from the control heater are the same as the from a reaction
inside the reaction vessel. These calibrations are a necessary part of the basic instrument
characterization when using a new ITC, for maintenance, or if the syringe is changed. In addition,



users need to understand the effects of injection speed, working temperature, and stirring speed
on the peak profiles in the thermogram.

Heat compensation calorimeters, based on the dynamic power compensation principle, allow the
user to set the baseline reference power level depending on whether the reaction is expected to
be exothermic or endothermic. This reference power triggers the feedback actuator on the
sample cell (see Supplementary Information, section Details of present instruments on the
market) and defines the position of the baseline. It also provides an important check for the
quality of the experimental preparation, including previous cleaning. This is because the power
signal where the ITC equilibrates prior to the first injection should be very close to the chosen
reference power (in uW or pcal/s), or slightly lower due to the exothermic power generated by
stirring.

Experimental design

A brief description of the basic settings is provided here as a general guide. A more detailed
standard operation procedure can be found in a recent paper aimed at producing results that are
precise, accurate and comparable28. Much effort has been devoted to minimizing uncertainties in
the estimated binding parameters by optimizing experimental design27.29-31, Nevertheless, careful
experimental design can be useless if it is not accompanied by thorough sample preparation and
accurate data analysis.

When starting ITC measurements on a new system, any available information on binding affinity,
stoichiometry and enthalpy are useful for setting up the experimental design. These values enable
simulations of experimental data using software provided by the manufacturers. Without any
design input, a guess of K, = 106 M-t and AH? = +20 k] /mol is reasonable. The ideal ITC experiment
will produce a binding isotherm that allows reliable and independent estimation of K, and AHO.
Such a titration will have two plateau regions, at the start and end, joined by a sigmoidal change.
The AHY will be roughly determined by the difference between the two plateaus, while K, is
related to the steepness of sigmoidal inflection. These estimates are independent and non-
correlated since they arise from different geometric features of the curves2. It is not always
possible to design experiments that give optimal data due to limitations imposed by the value of
K, or amount of available material. Non-sigmoidal binding isotherms are common and often
unavoidable. These data will still yield K. and AH° during the NLLS fitting, but there may be
significant correlation between thems3334.

When designing experiments, the c parameter is commonly used (where ¢ = n [titrand]r K, or ¢ =
n [titrand]r /Kq, where n is the number of binding sites or the fraction of active titrand) to set the
titrand cell concentration3s. Although this is useful, it should be seen as a rough guide to help the
initial choice of a good setup. It has been suggested that the success of an ITC binding process
study is determined more by the total detectable heat, Qr, and the maximal saturation or
percentage of complex formed than by the ¢ value magnitude3o.

At the end of an ITC titration sufficient saturation of the titrand must be achieved for good quality
data. For this to happen, the final titrant concentration in the cell must be several times higher
than that of the titrand (molar ratio 2 1). If a small total injected volume of titrant is required, the
titrant concentration in the syringe must be considerably high. Consequently, the cell volume,
total injected volume, and titrand concentration will determine the titrant concentration (see Box
2).

If the volume ratio v/Vj is around 0.01 — close to the actual situation in current instruments —
and the desired excess of titrant [X]r over titrand [M]r in the cell is more than double after 20
injections, then [X]o/[M]o must be > 9 (see Box 2). The rule-of-thumb is to select a titrant
concentration in the syringe 10-20x higher than the titrand. If no information is available about
the interaction, a common set-up is to use 10-20 pM in the cell and 100-300 pM in the syringe.



When there is more than one binding site in the titrand or a low affinity, the multiplication factor
must be increased to guarantee sufficient conversion of titrand to complex?2°.

Sample preparation

Interacting molecules should be prepared in an appropriate buffer. For powder or lyophilized
samples, this can be done by dissolution, while for liquid samples, buffers are prepared by
dialysis, size exclusion chromatography or another solution exchange method. The composition
of the buffer should maximize the physical and chemical stability of both titrant and titrand.
Where possible, aggregation, degradation and unfolding should be avoided. Alongside the
buffering system, reducing agents, such as DTT, TCEP or [3-mercaptoethanol, may be required to
avoid oxidation. Solubilizing agents of a different nature, for instance dimethyl sulfoxide, glycerol,
amino acids or detergents, may be needed to promote solution stability for low-solubility
hydrophobic compounds or aggregation-prone proteins. When these compounds need to be
added, or if they are already present, for example in a protein after purification, special care must
be taken when preparing the second reactant solution to ensure that all solvent solutions match
and avoid buffer mismatches. To assess the possibility of a buffer mismatch, control dilution
experiments must be performed. Control experiments should be undertaken in the same
conditions as the binding experiments to evaluate whether significant dilution heat could be the
result of buffer mismatch, for instance due to pH neutralization or solute dilution. With careful
replicated measurements, it is often possible to subtract and remove this unspecific effect from
the overall heat effect per injection. The final choice of buffer may often be a compromise between
optimizing these conditions for measurement and their physiological relevance. Even the
descriptor physiological condition ignores molecular crowding that occurs in vivo inside cells.
However, it is generally desirable to obtain reliable estimates of binding parameters even under
non-physiological conditions, rather than collecting data where no proper interaction has
occurred, for example due to system aggregation, modification, or if additional chemical
processes prevent interpretation.

Buffers can be involved in ionization events that are coupled to the interaction. As a result, the
buffer is a major potential contributor to the measured binding energetics. If protons are
exchanged between the complex and bulk solution upon binding, buffer ionization may
contribute to the apparent enthalpy and entropy of binding. The larger the buffer ionization
enthalpy, the larger the contribution. For example, the buffer TRIS has an ionization enthalpy of
+47.45 KkJ/mol, compared to buffer phosphate, which has an ionization enthalpy of +3.60
k] /mol3637:

AHQ,s = AH® + Any+AHR ;o (1)

where AHOs is the directly observed enthalpy of binding; AHO is the intrinsic buffer-independent
enthalpy of binding, which corresponds to the enthalpy of a titration performed using a buffer
with zero ionization enthalpy, AH%;on; and Any. is the net number of exchanged protons upon
complex formation between titrand and titrant molecules3839. If this is the only concomitant
effect, the parameters obtained after this correction will no longer be apparent binding
parameters, but rather parameters that reflect the binding reaction (see Figure 3). The
biologically relevant binding parameters will be those that include the ionization contribution of
the functional groups involved in proton exchange, after removing the buffer influence.

It is sometimes suggested that some buffers are not good for ITC. However, as long as they do not
interact specifically with any of the binding partners, all buffers are good for ITC. Importantly,
buffers may help to amplify the apparent enthalpy to measurable values. According to (1), if the
term Anu.AHOjon is significant, then proton exchange with the buffer will make AH%ps much
different to AHO. If AHC is close to zero, AH%s would not be zero. However, if AH? and Anp.AHO%g ion
cancel, AH%%;,s would be too small to detect the interaction. Understanding how the buffer might
affect the estimated binding parameters, which can be assessed through experiments in different



buffers with similar pK, and different AHO% .y, is key. This knowledge can be used to remove this
unwanted, extrinsic contribution. Standard procedures and protocols are available to do this
successfully40-43,

Buffers should have a pK, within 1 pH unit of the experimental pH and must not directly interact
with the titrant or titrand. This is particularly important if metal ions are involved in the binding
system. The buffer maintains the ionization state of the interacting molecules. When there are
changes in ionization during binding, the buffer provides protons to, or receives protons from,
the process. The AHO and AS° are affected by this additional coupled equilibrium, to an extent that
depends on the enthalpy of buffer ionization (Figure 3). As the selected buffer has a pK., close to
the experimental pH, the binding affinity is not affected by buffer ionization. Polyprotic buffers
with close pK, values, for example citrate, should be avoided as it is difficult to remove the buffer
ionization contribution from the binding enthalpy.

Ideally, the solutions of both interacting molecules should be prepared with an identical buffer,
for example by dialyzing two proteins against the same buffer in the same beaker. The dialysis
buffer may then be used to perform any additional sample dilutions required after concentration
determination. When this is not possible, great care should be taken to match the solution
conditions of titrant and titrand. Otherwise, the interaction heat may be masked by large mixing
heats from the disparate solutions. This is particularly important when using dimethyl sulfoxide
or glycerol, as they have significant heats of dilution.

The concentrations of the interacting molecules must be carefully determined as all estimated
binding parameters — affinity, enthalpy and stoichiometry — are dependent on accurate
concentrations. Low molecular weight compounds are usually dissolved after weighing.
Concentrations can be analyzed if the compound is spectroscopically active or by using elemental
analysis of nitrogen or sulphur. Otherwise, the weighed concentration must be used. Protein
concentrations are normally determined from UV absorbance and a molar extinction coefficient4.
If the experimentally determined extinction coefficient is not known, the estimated value can be
derived from an empirical equation based on the protein sequence. For example, online resources
such as ProtParam, which is available from the bioinformatics resource portal Expasy, provides
fairly good results4546. Proteins that contain additional cofactors or are labelled with extrinsic
chromophores may also be quantified by absorbance at longer wavelengths. It is also possible to
retain a sample of protein or peptide for amino acid analysis after ITC measurement. In this
respect, it is useful to work with common stock solutions across multiple experiments as amino
acid analysis is time consuming and costly. Colorimetric methods, such as the Bradford assay,
should be avoided because they can suffer from large errors (up to 50%) depending on the
similarity of the sample protein to the standard protein used.

All protein concentrations are subject to error if there is aggregated material present.
Additionally, misfolding or contaminant proteins reduce the amount of active or binding
competent protein. If possible, an orthogonal assay of the binding competent fraction can be
performed, for example from enzyme activity or by binding another ligand with established
enthalpy and stoichiometry. Using a calibrating ligand enables estimation of the ligand
concentration, which is directly linked to the estimated enthalpy, or the protein concentration,
which is linked to the estimated stoichiometry.

Control and calibration experiments are needed periodically to ensure appropriate instrument
performance and optimal experimental data. The most basic control experiment is a water-water
experiment, which reports on the condition of the instrument, the quality of cell cleaning and
injection repeatability. When studying a new titrant molecule, control dilution experiments into
the experimental buffer help to assess potential self-association or non-idealities, such as
interaction with buffer components. Established standard binding experiments provide evidence
of the accurate performance and calibration of the instrument. Electrical calibrations, which are
performed through a dedicated resistor attached to the sample cell, are quick and easy to
undertake. However, they only test the accuracy of the thermal power sensor of the ITC.



Experimental calibration with a well-established reaction is a better resource because it tests all
instrumental elements: injector, stirring, heat sensor and thermostat. The calorimeter response
to an electrical thermal power input may be considerably different to a chemical input for the
effective time constant, as the thermal power source has a different location4’. Reactions such as
methanol or sucrose dilution, acid-base neutralization, protein-ligand interaction and
oligonucleotide hybridization have all been used2648-50, However, a common calibrating reaction
is the chelation between ethylenediaminetetraacetic acid (EDTA) and Ca2+ at mildly acidic pH5!-
53. These chemicals are cheap and the solutions are stable for a long time. Care should still be
taken as the values of K, and AH° are quite sensitive to pH.

The basic protocol is applicable to many scenarios, including heterogeneous, allosteric, and
polysteric systems. Although many aspects of the interacting molecules may initially be unknown
— for example, if they self-associate or behave allosterically — this does not prevent
determination of apparent interaction parameters. Further experimental development, guided by
experimental results and additional structural or functional information helps gain a deeper
insight into the interaction.

Sample loading

Samples loaded in the higher volume ITC instruments need to be degassed to avoid bubble
formation during the experiment. This can be easily performed in the vacuum devices provided
by manufacturers. Practical experience suggests that the small volume instruments are less
dependent on degassing, so this step can be omitted. With the exception of the fully automated
instruments, the ITC is loaded manually, with gas-tight syringes in a careful procedure to avoid
trapping any air during loading.

Cleaning

Cleaning the instrument is key to obtaining good quality data. To reach high-sensitivity levels for
heat detection, cells are not removable and are only accessible through loading tubes. Therefore,
cells must be cleaned extensively by flushing to guarantee that the instrument is ready for a new
experiment. Manual flushing creates turbulence inside the cells that helps to guarantee effective
cleaning. After cleaning, an extensive water purge can also be conducted using the vacuum
cleaning devices provided. Fully automated instruments include an automated cleaning set-up,
where detergent cleaning is followed by alcohol rinsing and extensive water flushing. For strong
aggregation, precipitation, or sample components that adhere to the inner cell surface, harsher
cleaning may be needed, such as using a surfactant solution at room temperature or higher, or
even NaOH/HCI solution in severe situations. To check the quality of the cleaning procedure, a
quick water-water run should be performed. This should be a routine quality check for users,
comparing the experimental and programmed dP level, and the peak profile and amplitude to
previous runs with the same experimental settings. Best practice is to perform a water-water run
at the start and end of any set of experiments.

Data collection

The ITC instrument controls all phases of a titration experiment: thermal equilibration; recording
signal while periodically injecting titrant solution aliquots; and storing the data in an output file.
During this operation, the instrument controls the temperature of the adiabatic jacket
surrounding the reference and sample cells, continuously measures the temperature difference
between the cells and modulates changes in the applied feedback power to the sample cell. The
output is a file containing the feedback thermal power at each time point, plus additional data,
such as temperature in the sample cell and other instrument parameters, including the working
temperature, cell volume, injection volume and reactant concentrations.
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Results

Representative results

The ITC thermogram, which shows the differential thermal power — the difference power as a
function of time (dP vs t) — before baseline correction, represents the true raw data (see Figure
2 and Figure 4). Defining the baseline enables peak integration; however, it can be a subjective
procedure, especially when manual adjustment is possible. Where the heats are small, careful
baseline selection is required. Software-based automatic baseline drawing and correction have
been developed to reduce user influence on this process. Integration of each injection peak within
an appropriate time interval provides the heat effect associated with that injection. This heat
effect contains contributions from the intermolecular interaction under study, plus additional
unspecific effects, such as mechanical mixing, buffer solution mismatch, temperature
equilibration and titrant or titrand dilution.

After baseline subtraction, an idealized flat thermogram is produced, where baseline regions have
zero signal (see Figure 2 and Figure 4). While these data are aesthetically pleasing, there is aloss
of information, such as signal drift, baseline stepping or low frequency fluctuations. As a result, in
publications, it is encouraged to present the uncorrected raw data that shows the chosen baseline
and the resulting peak integrals.

Using the individual heat effects per injection, derived from integrated peaks in pJ or pcal, the
binding isotherm can be constructed by plotting heat values as a function of the advance of the
binding reaction. Two basic isotherms can be drawn: the cumulative heat curve, where each data
point is equal to the total heat measured up to that injection; or the differential, also referred to
as the difference, heat curve, where each data point is equal to the individual heat associated with
each injection. The cumulative signal curve is the most common representation in other binding
techniques, while the differential individual heat effect representation is favored by the ITC
community. Using the differential heat isotherm has some notable advantages over the
cumulative heat isotherm.

The usual representation for the calorimetric isotherm, the Wiseman isotherm, was introduced
in a seminal paperss. The titrant-normalized heat effect per injection (in J/mol or cal/mol) is

plotted as a function of the molar ratio, the quotient between total titrant concentration and total
& g Wiry (Figures 2, 4 and 5). Because individual
v[X]o M]T,j

heat values are normalized by the amount of titrant injected into the cell, the y-axis variable can
be considered as an incremental quotient. Alternative representations to the Wiseman isotherm
have been proposed, such as one where the heat effect is not normalized and the reaction
progress is represented by the cumulative volume added from the injection syringe or the titrant
concentration: Q; vs vr, or Q; vs [X]r (see Supplementary Information, section Is the Wiseman
isotherm an appropriate representation? and Figure 5)54 These alternative representations
have the advantage of including the titrant or titrand concentrations, which can be uncertain or

unknown, as fitting parameters, something that is not possible with the Wiseman isotherm.

titrand concentration in the sample cell:

After baseline correction and peak integration, the binding isotherm can be used to estimate the
binding parameters. This is achieved by selecting an appropriate binding model and fitting to the
experimental data using a NLLS regression, coupled with an efficient iterative minimization
procedure, such as the Levenberg-Marquardt algorithm. The basic procedure consists of the
following steps (see Supplementary Information, section Flow chart for ITC data analysis).
First, the concentrations of titrant and titrand inside the cell are calculated before and after each
titrant injection (see Box 2). Next, the binding model is defined, specifying the chemical species
and equilibrium constants (see Box 3). Once the binding model is defined, the conservation
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equations for titrant and titrand (see Box 3) are written. After each injection, the conservation
equations are solved analytically or numerically, either as a set of nonlinear equations with two
unknowns — the concentration of free titrant and free titrand — or a single nonlinear equation
with a single unknown — the concentration of free titrant — using initial tentative values for the
equilibrium constants. Concentration changes for each complex after each titrant injection are
calculated and the incremental changes in complex concentration are determined after each
injection (see Box 3). The theoretical value of the heat effect per injection is then calculated by
using the initial tentative value of the formation enthalpies of the complexes and their
concentration changes along each injection (see Box 3) By comparing the calculated and
experimental heat values, the fitting parameters can be modified if needed. The previous steps
are repeated until the desired level of convergence is attained: X2, the sum-of-the-squared-
residuals, lower than a predefined value, or no longer able to be minimized.

The operator is only involved in binding model selection and initial estimates. All the other steps
are calculated by the fitting programs. After fitting, the quality of the regression must be judged.
It is good practice to check if the same parameter estimates are obtained using different initial
estimates, to exclude the possibility that fitting has converged on a secondary, non-global
minimum in y2.

Often, the titrand is a protein that has an uncertain active or binding-competent concentration.
The parameter n accounts for this imprecision, providing the effective percentage of active or
binding-competent fractions. If all concentrations are correct, the fitting procedure should
provide a value, within error, of 1 for n when using a 1:1 model. If a different value is obtained, it
indicates a possible error in the measured concentrations, providing the 1:1 binding model is
correct. For example, if the estimated value for nis 0.7, it can be concluded that 70% of the titrand
is able to interact with the titrant (Figure 5). Recalculating the concentrations of titrand after
each injection and applying this renormalization factor gives n = 1. Similarly, n can absorb
uncertainties from titrant concentration errors. It could also be concluded that n = 0.7 arises from
there being (1/0.7x100=) 142% of titrant in the syringe, in other words, the titrand concentration
is underestimated by 42%. Care must be taken when judging n values. For example, if n = 0.5, it
may be concluded that either only 50% of titrand is binding-competent, or that there is a 100%
excess of titrant in the syringe. An equally valid interpretation is that each titrant molecule binds
two titrand molecules (1:2, titrant:titrand binding model).

In more complex situations, uncertainties in the titrand and titrant might occur simultaneously.
It is useful to note that obtaining n = 1 does not guarantee an absence of errors in the determined
concentrations, because they may cancel each other. For instance, an overestimation of titrand
concentration together with an underestimation of titrant concentration.

In summary, it is possible to determine the concentration of one interacting molecule if the
concentration and stoichiometry of the other molecule are precisely known. The correct
concentration for the uncertain reactant gives n = 1 in the fitting procedure.

Data analysis

NLLS fitting of the experimental binding isotherm involves comparison of the theoretical
isotherm (Qcaic), obtained from initial binding parameters (see Box 3), with the experimental
isotherm (Qexp), These parameters are modified to minimize the least-squares difference between
both curves:

Xz = Z;'n:l(Qcalc,j - Qexp,j)2 (2)

The procedure is repeated until convergence and y2 is no longer reduced based on the set
threshold. Once the calculation has converged, nominal values of the estimated parameters and
their fitting errors are obtained. Sometimes, the distance between the theoretical and
experimental isotherms is quantified using the reduced-y2. This is achieved by introducing the
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fitting degrees of freedom — m - p, the number of experimental points in the binding isotherm
minus the number of estimated parameters — as a normalizing factor in the denominator.

The optimal situation for parameter estimation corresponds to one where binding affinity and
enthalpy can be simultaneously and reliably estimated. This occurs when the ¢ parameter lies
between 1 and 10000, though optimally between 10 and 1000. For ¢ values higher than 10000,
the binding affinity cannot be estimated because all binding isotherms for extreme affinity (Kq <
0.1 nM) superimpose, meaning affinity differences cannot be distinguished. When this occurs,
only a lower limit for K, and a higher limit for K4 can be derived. For c values lower than 1,
insufficient curvature and the absence of an inflection point in the binding isotherm result in
correlation, or degeneracy, of the binding parameters, preventing proper estimation (see figures
in Box 2).

The optimal binding model is one that is able to reproduce the experimental data with minimal
complexity. In complex situations with more than one binding site, it is possible to keep adding
binding sites, with the aim of the new binding model providing a better fit to the experimental
data. However, this often results in convergence failure and correlation between estimated
parameters. Any complexity element added to the binding model must be evaluated for its ability
to improve the fit with a statistical test. Incorrect accounting for the background injection heat
often leads to addition of spurious binding sites, with unrealistic binding parameters.

Although NLLS fitting is the most common tool for ITC data analysis, Bayesian analysis has also
been used. Bayesian analysis has the advantage of including information about different
experimental uncertainties and correlations, such as the reactant concentrationsss.

The background injection heat term

Titrant and titrand dilution heats, plus the background injection heat are important factors in
data analysis. The background injection heat represents the main cause of incorrect analysis27.56.
This contribution to the global heat effect needs to be accounted for or subtracted from the total
measured heat per injection and can be estimated in different ways. The magnitude and sign can
be obtained through a control experiment, by injecting the titrant into a buffered solution.
However, this experiment may not faithfully reflect what happens in the actual interaction
experiment. Alternative methods are often used to determine a value. For example, by calculating
the average heat effect for the last few injections in a given titration. This approach only works
with high affinity and when sufficient titrant has been added to reach saturation. Alternatively, a
value for the background term can be included during fitting. This can be a constant value or a
titrant concentration-dependent term, for example a value that is proportional to the molar ratio
or the increment in free titrant concentration inside the cell. This procedure can be applied in any
titration, but is particularly applicable when saturation is not reached. When the background
injection heat cannot be included in the fitting routine and control experiments are not available,
the fitting will be compromised (see Figure 5). To make the fitting curve go through the
experimental points, it may be tempting to use more complex binding models that introduce
additional spurious binding sites, usually with negligible affinity and extremely large binding
enthalpy. However, this is not advised as it has a similar impact to adding too many binding sites
in the binding model: the fitting procedure will either be affected by overparameterization and
correlation/degeneracy between parameters, or some parameters will have unrealistic values.

Model evaluation and uncertainty report

When fitting a given titration with two different models, usually visual inspection, nominal
estimated parameter values, and y2? are enough to decide which model is more appropriate.
Sometimes the difference between two models is subtle. Parametric (F-test, for nested models)
and non-parametric (Akaike or Bayesian information criteria) tests can be applied to select the
best model. These tests are all based on the y2 value, number of data points (m), and number of
estimated parameters (p). The aim is to judge whether an improved fit, represented by a smaller
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x?2, from adding one more parameter is due to more parameters being used. In other words, they
are statistical significance tests for differences.

The estimated binding parameter values should be critically considered. A good fit does not only
rely on a theoretical curve passing through the data points, but also requires reasonable binding
affinities and enthalpies. For example, a binding enthalpy of #400 k]/mol would be suspicious.

When reporting data from an ITC ligand binding study, it is essential to assign the uncertainty and
repeatability of each parameter and to describe how this estimate was obtained. Extensive repeat
measurements are usually not possible in biological investigations. However, a reasonable
number of experiments should be conducted to enhance the robustness of the retrieved
parameters. Technical and biological replicates are recommended to assess instrument
performance and preparation variability. Technical replicates consist of experiment repetitions
using the same sample, while biological replicates consist of experiment repetitions with different
samples for the same interaction. Typical systematic error sources that should be considered are
errors in reactant concentrations, effective cell volume, poor baseline stability, heat sensor
calibration, and reactant concentrations due to adsorption to the calorimeter and aggregation or
misfolding along the titration3156-58, An important but usually overlooked error source is the way
the background heat effect, or heat of dilution, is accounted for27.5.

ITC instruments include software to calculate the thermodynamic binding parameters with an
estimate of their fitting errors. These errors only reflect the goodness of a model fit to a particular
set of results. A complete error estimate for the parameters must be obtained by repeating the
measurement. Uncertainties from the fit can be given as symmetric parametric errors (based on
the t-Student distribution), or profile likelihood asymmetric confidence intervals (based on the
F-Snedecor distribution)59. Although the first approach is more commonly used, for a parameter
with an error <10%, for example AHO or n, both ways are equivalent. Otherwise, the most
appropriate method to specify uncertainty is to use an asymmetric confidence interval. This is
particularly relevant for equilibrium constants, K, or K45°.

To decrease uncertainty, it may be possible to globally fit several replicates — which decreases
the uncertainty by a factor of the square root of the number of replicates — or to individually fit
several replicates and calculate the average parameter values and their standard deviations.
Calculations for equilibrium constants (K. and K4) must be performed using the geometric
average and the geometric standard deviation. By contrast, enthalpies and other energies require
the arithmetic average and arithmetic standard deviation>°.

Data analysis can be performed in other dedicated software. For example, NITPIC is a freely
available software for ITC baseline fitting and peak integrationé0. NITPIC-treated data can be
output to a file that can be read and subsequently fit with other ITC software. SEDPHAT is a freely
available software that can import data from NITPICé162. SEDPHAT uses NLLS to obtain the
standard thermodynamic parameters and reports possible linkage parameters for simple
bimolecular interactions. It can analyse multi-site and multicomponent systems with competition
or cooperativity. SEDPHAT can also perform global analysis and does not use the traditional
approach of a binding model with the parameter n as the stoichiometry value. Instead, it provides
concentration correction factors. The factors account for errors in the reactant’s concentrations
or the presence of non-active forms of the protein. A significant number of binding models are
offered, together with global multi-method analysis. SEDPHAT provides parameter errors in the
form of confidence intervals for the chosen level of statistical significance. AFFINImeter is a
versatile commercial software package for ITC, which has some simple models built-in, while
allowing many complex models to be built in an intuitive manner through a graphic interfacess.
Software choice can be daunting, but a recent benchmark study compared how these
programmes treated the same data, for a simple 1:1 binding53.

In this Primer, the standard protocol for ITC has been discussed. A brief description of advanced
protocols can be found in the Supplementary Information.
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Applications

Molecular recognition, the specific interaction between two molecules through non-covalent
forces, plays an important role in biological systems. Almost all biological processes involve the
interaction of at least two molecules. The first area where ITC experiments can be used is to
provide evidence on whether or not two molecules interact. A single experiment reporting equal,
small heat effects is not sufficient to rule out any interaction, but detection of systematic,
decreasing heat effects above the background is indicative of an interaction taking place, although
dilution controls are always needed. Once it has been established that two molecules are able to
interact, the next questions relate to the strength, interaction type, responsible functional groups
and the influence of environmental variables, such as temperature, pH and ionic strength.
Carefully designed ITC experiments can address these questions and yield the thermodynamic
binding profile of an interaction. Changes in the experimental conditions or structure of the
interacting molecules will be reflected in changes in this profile.

Binding studies

The simplest biological interaction is a single ligand binding site in a protein. A variety of
possibilities may arise, from low to very high affinity, and highly exothermic to highly
endothermic binding. This results in a range of thermodynamic binding profiles, reflecting the
intermolecular forces underlying the biological interaction. Protein-DNA interaction is an
example. The partially disordered methyl-CpG binding domain (MBD) of the transcriptional
regulator MeCP2 is able to discriminate between unmethylated and methylated cytosineét. MBD
and DNA interact with moderate affinity and very small positive enthalpy. However, when MBD
is flanked by two disordered domains, its affinity for DNA dramatically increases by 400 times.
The enthalpy of binding is more favorable — AH? changes from +4 kJ/mol to -200 kJ/mol —
suggesting a different mode of interaction. It is likely that a conformational change in MBD
underlies this allosteric phenomenon. One of the additional domains is able to bind another DNA
molecule, making the new construction a two-binding site protein.

A protein with two binding sites is the next complexity level. There are several possibilities:
identical or non-identical sites; and independent or cooperative sites, with each binding site
displaying the many possibilities of a single binding site65. The binding model for a protein with
several binding sites can be defined in terms of the overall binding constants or step-wise binding
constants, which are equivalent formulations. Often, step-wise binding is referred to as the
sequential binding model. However, this is misleading because the formulation does not consider
sequential occupation of the binding sites in the protein following an ordered process. The
relationship between the overall or step-wise constants with the intrinsic site-specific constants
and the cooperativity parameters can be established for any binding model, although it may be
operationally meaningless for a complex situation. It is important that ITC users are aware of the
many subtleties around mathematical formalism, binding models and their implementation
during data analysis, to adequately interpret the results.

ITC can provide a comprehensive biophysical characterization to describe how a protein
discriminates different ligands, how a ligand induces a population shift in a protein’s
conformational equilibrium, or how a mutation hinders an interaction resulting in pathogenic
potential. For example, the archaeal transporter GltPh, an aspartate-sodium symporter, shows a
weak affinity for aspartate in the absence of sodium. In the presence of sodium, the aspartate
affinity is considerably increasedss. This is a compulsory linked binding with positive
heterotropic cooperativity between aspartate and sodium and positive homotropic cooperativity
between sodium atoms. The affinity of each individual ligand is low, and a 10-fold increase in
sodium concentration results in 400-fold increase in aspartate binding affinity. Heterotropic
interactions can be easily studied using the Wyman plot of logKq vs log[S], where S is a secondary
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ligand binding cooperatively with the main ligand¢’. GItPh is a transmembrane protein. To study
GItPh by ITC, samples are prepared with a solubilizing detergent over its critical micelle
concentration. Membrane proteins were classically extracted with surfactant micelles and
reconstituted into liposomes. Recently, however, membrane proteins have been transferred to
lipid nanodiscs surrounded by membrane scaffold proteins or polymers, such as
diisobutylene/maleic acid copolymer. The reconstituted proteins are closer to their membrane
physiological environment, and can be studied by ITCé8. Another example is the interaction of the
fifth module of the low-density lipoprotein (LDL) receptor, which is a key element for the
interaction with LDL. The fifth module can interact with Ca2* and Mg2?+ ions. The protein’s
conformational stability is strongly influenced by pH and cation concentrations, a coupling that is
instrumental for the regulation of cargo binding, internalization, and receptor recycling back to
the plasma membraneé970. A third example is the heterotropic interaction with positive
cooperativity between ATP/ADP and Mg2+ in their interaction with a- and (3-subunits of the F1-
ATPase, which is coupled to the homotropic cooperativity of Mg2+ ions binding to ATP7172,

Often, homotropic cooperativity is a consequence of the quaternary structure of proteins, from
identical or similar subunits. This is not a strict requirement, as single chain proteins, such as
ovotransferrin and calmodulin can bind several ligands, such as iron and calcium, respectively.
Additionally, all proteins have more than one ionizable group, representing binding sites for
protons. The molecular basis for allosteric cooperativity is a protein conformational landscape
modulated by ligand binding. There are distinguishable conformational states with different
ligand affinities. Presence of the ligand stabilizes and increases the population of states that it
best interacts with. The study of homotropic cooperativity by applying a complete ensemble of
conformational and ligation states, known as the general allosteric model?3 may be impractical
for more than two ligand binding sites. Two simplifying models were developed to address this:
Monod-Wyman-Changeux’475 and Koshland-Némethy-Filmer76-80, A detailed discussion on these
models, their similarities and disparities, is beyond the scope of this Primer. However, both
models have been implemented in ITC for studying the cooperative interaction of oligomeric
proteins with ligands.

It has been proposed that drug design and development could be guided and accelerated by
adding thermodynamic profiles as diagnostic criteria to optimize drug candidates. This would
consider binding affinity, selectivity and allosterism, where enthalpy is a key descriptor1314.16.2081-
83, Interesting results have been reported when applying a thermodynamic guide for drug
design2081, A favorable binding enthalpy, with exothermic binding, is considered a desirable
feature for specific protein binders with high potential for optimization and high selectivity.
However, some results were obtained in a retrospective manner and others with congeneric
compounds. As a result, there is controversy on the limitations and practical utility of the
thermodynamic guide for drug optimization. A plethora of possible additional equilibria may be
coupled to the binding interaction, meaning it may be challenging to derive the intrinsic
thermodynamic binding profile for a given interaction8%. Nevertheless, differences in the
thermodynamic binding profiles of different molecules under the same experimental conditions
may provide valuable insight into their modes of interaction. A single technique cannot offer a
complete description of binding mechanisms, but ITC, taken together with other experimental
techniques, can help to fully unravel the details of the system under study.

Partition to lipid membranes

Another interesting development is the study of surfactants, drugs, or proteins interacting with
lipid membranes using formalism based on the partition constant, Kp85-92. Traditionally, partition
constants were determined by spectroscopy, but the advent of high-sensitivity ITC instruments
has enabled them to be used in this field. ITC has a clear advantage, as together with Kp, the
partition binding enthalpy, AHp, can be simultaneously estimated. If experiments are performed
at different temperature, ACp, can also be derived, which is a fundamental property in partition to
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membranes. The phenomenological approach is different from ligand-binding, as partition of the
solute from the aqueous solution to the membrane, which must be considered as another phase,
or a pseudo-phase. In other words, the solute partitions between the two media. Appropriate data
treatment leads to the observed partition coefficient, Kg?S, given by the ratio of solute
concentrations in each phase. The main implication is that there are no specific binding site(s) as
in ligand binding, but a partition between two media. The ligand is the titrand that will be titrated
with lipid from the syringe, and the isotherm will be a plot of Q vs total lipid concentration. When
performing experiments with lipid membranes, for example large unilamellar vesicles or
liposomes, a particular experimental setup consists of injecting a lipid dispersion into the binding
molecule solution. This setup intends to minimize non-idealities and avoid lipid membrane
saturation, which has been proven to distort the estimated binding parameters?! (Figure 6).

Use of ITC to study partition to membranes has been hindered by less established data analysis
procedures that are not part of the instrument software. Many users do not use ITC for this
purpose and, when it is used, the data is treated as a binding event. Two data analysis worksheets
for partition followed by ITC are freely available upon request9192.

Biotechnology and biomedicine

ITC is not capable of the high-throughput required for initial compound screening in drug
discovery. However, it is good for validating screening protocols and target engagement, to
provide direct evidence of hits or candidates interacting with the targets. It has been widely used
by drug development companies, such as Vertex (USA), together with other biophysical
characterization techniques?9. In preclinical studies, ITC can be used in drug optimization and
development by providing information on affinity, selectivity, ligand-induced conformational
changes and partition of drugs to membranes. In the final preclinical stages, ITC may help to
design optimized formulations for biotechnological or biomedical products, creating quality
control tests based on affinity, enthalpy of binding, and active concentration determination.

The interaction of molecules with long linear macromolecules, for example, antibiotic binding to
DNA or proteins binding to long linear charged polymers, is another binding model with
biomedical and biotechnological interest. In this case, there are no well-defined individual
binding sites, but a large set of overlapping binding sites of certain polymer subunit length. The
binding model to be applied is the McGhee-von Hippel model%4, which is valid for long polymer
chains and accounts for the intrinsic apparent negative binding cooperativity?5-97. This model can
account for cooperativity effects between neighboring bound molecules.

ITC may help to assess different macromolecular constructs — structural protein variants for
chemical or physical stability, or functional protein variants obtained by protein engineering and
redesign — by evaluating the affinity and specificity of the interaction with binding partners, or
to assess heterogeneous enzyme catalysis?. Further discussion of ITC’s applications in
biotechnology and biomedicine can be found in elsewhere99-101,

Novel approaches

Developments using ITC have recently been suggested. One example involves the determination
of kinetic association and dissociation constants, as an important added capability to the
equilibrium binding information accessible by ITC. Previous attempts to determine kinetic rates
by calorimetry were mainly directed at moderately slow enzymatic reactions, to circumvent the
influence of the instrumental time constant. The first successful attempts, such as kinITC, were
based on a detailed description and analysis of the time evolution of the thermal power, the
calorimetric raw datal02. A later, much simpler, development was based on the equilibration time
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curve (ETC), which evaluates the time required to return to baseline for the injection peaks along
a given calorimetric titration103-105, [t is a well-known phenomenon that the peak width broadens
as the molar ratio approaches the equivalence point, due to slower kinetics when fewer titrant-
free titrand molecules are available. After passing the equivalence point, the peak width
decreases as there is less binding. Analysis of the ETC curve, together with the equilibrium
dissociation constant Ky, enables estimation of ko, and ko for the binding. Kinetic results from ITC
were in agreement with results from purely kinetic techniques, such as surface plasmon
resonancelos,

Another successful use of ITC to determine kinetics was recently published%. The dP vs t trace,
the thermogram, was used to extract ko, and ko for the interaction. The method and program
were tested using two well-studied systems, and the obtained kinetic parameters were in very
good agreement with the literature. Importantly, best practices were proposed for both
experiments and data treatment, referred to as kinetically optimized ITC.

Studies of protein oligomerization induced by ligand binding is another novel use of ITC. This is
a macroscopic reflection of the coupling between oligomerization and binding equilibria. It
represents an important regulation mechanism of protein conformation and ligand binding if the
monomer and oligomer conformation display different binding affinities for the ligand. An
example of this situation is the interaction of sodium dodecyl sulphate with by -lactoglobulin,
which forms weak homodimers at neutral pH. ITC was instrumental for analyzing the coupled-
equilibria and revealed that ligand binding promotes dimer dissociation, showing that the ligand
has a lower affinity to the dimer197.108, Data analysis software is available on request to provide
fitting tools for coupled complex equilibria, in particular, self-aggregating molecules0°.

ITC was very recently applied to monitor surface phenomena at the air-liquid interface. By
injecting air into liquid inside the calorimetric cell, it was possible to follow the formation, growth
and release of air bubbles and the corresponding heat/power signals!10111 By measuring the
bubble formation period at a certain air flow rate, the surface tension of pure liquids and their
mixes were measured, with good agreement to other techniques. This opens the possibility of
extending the ITC methodology to determine liquid-liquid interfacial tension and monitor the
adsorption of amphipathic molecules on interfaces.

Other developments relate to studies of interaction-condensation processes, for example cations
and small molecules on DNA, which has special relevance to liquid-liquid phase separation,
coacervates, and membraneless organelles in cellst12-114, Further developments look at studying
interactions of small and large molecules in non-aqueous solvents.

Reproducibility and data deposition

Available repositories

Few repositories contain ITC data from biological interactions, and there are currently no
established standards for ITC data storage. BindingDB is an open-access database of measured
binding affinities for drug-target proteins with small, drug-like molecules. BindingDB contains
data from a variety of experimental techniques, including ITC, and has 41,296 entries, each
containing 2,533,459 binding data for 8,811 protein targets and 1,085,985 small molecules.
SCORPIO is a small open-access database currently holding data from 29 different proteins, 176
ligands and 90 unique protein-ligand complexes with both ITC and structural data. The aim of
SCORPIO is to provide access to complete thermodynamic profiles for protein-ligand complexes
that have had their structures resolved. There is also a NIST reference database of the
thermodynamics of enzyme catalyzed reactions, available along with access to a computer
package BioEqCalc that enables treatment of complex equilibria in solution. The output provides
a wide range of information, such as molarities, mole fractions, and activity coefficients of
reactants and solvent (H:0), alongside relevant thermodynamic parameters — apparent
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equilibrium constants K.,', standard transformed Gibbs free energies A:G'® and standard
transformed enthalpies of reaction A H'0115,

Minimum reporting standards

Binding parameters are usually strongly dependent on experimental conditions. Changes in
temperature, pH, ionic strength, and additives affect the binding affinity and enthalpy. When
reporting thermodynamic interaction data, it is crucial to provide a clear description of the
experimental conditions and details of the sample preparation to ensure reproducibility. A
minimal set of quality control assays, based on identity, purity, homogeneity, and integrity, must
be applied to the sample for a protein (see Supplementary Information, section Protein
sample quality). Elemental analysis can be applied to low molecular weight compounds to
confirm their purity. In addition, a complete description of the experimental and instrumental
settings must also be provided, including the raw unprocessed data together with final analyzed
data.

Reproducibility issues

There is a general reproducibility issue in Science, which several publications have highlighted
over a range of scientific disciplines!16117. Poor-quality reagents and reference materials,
including proteins and peptides, is often at the heart of this problem in biological sciences (see
Supplementary Information, section Protein sample quality). The limited space in
publications means there is little room for a detailed description of the sample preparation
procedures, the experimental protocol, and, most importantly, the potential caveats and critical
steps. It is often not possible to compare experimental results because critical pieces of
information are missing in publications or repositories. To provide complete and relevant
information on biological experiments, several aspects need to be taken into account: samples
should be subjected to a quality control test; experimental protocols should be extensively
detailed, including control and calibration experiments; and a comprehensive description of the
data analysis must be given.

When comparing results in different publications on a particular interaction, consideration
should be given to the possible experimental variation. Differences can arise from changing the
interacting molecules, for instance, protein sequence, added labels or tags; dissimilar sample
preparation protocols; different experimental protocols or data analysis tools. If all aspects are
the same, an additional point is whether the results are significantly different, considering the
assigned uncertainties. To assess this, the results must be significantly different statistically, with
confidence intervals that do not intersect, and also significantly different practically. Further
clarification using the p-value may be meaningless if the size-effect, the difference in the
discordant values, is negligible or has unimportant practical consequences. However, it is
possible for a difference to be statistically significant (p-value < 0.05) by artificially increasing the
size of the sample or number of replicates. As a result, common sense and the usual uncertainties
for binding parameters must be taken into consideration when comparing experimental results.
This is not only to judge reproducibility, but also to evaluate the effect of a protein mutation on
an interaction or the impact of an activator binding on substrate binding. In practice, as a rule of
thumb, affinities closer than a 5-fold factor and enthalpies closer than 2 kJ/mol (0.5 kcal/mol)
may be considered similar.

Limitations and optimizations
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Accessible information

ITC monitors the rapid encounter between two interacting molecules. It records the transitory
thermal power effect in the first minutes after titrant addition and the successful encounter
between interacting molecules. Any kinetically slow process with a large time constant will occur
unnoticed, hidden within the noise and variability of the baseline. Compared to other binding
techniques, which operate at a steady-state endpoint and record a signal after a long incubation
time, ITC can be considered a transient effect technique. It may be possible to overlook high
affinity interactions because the high affinity binding conformation is attained after a long time,
more than several minutes. Only the moderate or low affinity binding conformation is detected.
[t is not uncommon to derive binding affinities by ITC that are lower than those determined by
steady-state spectroscopic techniques!18119, This is due to a further step to accommodate the
slow, high-affinity binding conformation that remains undetected within the baseline
fluctuations.

The binding parameters determined in a single experiment are apparent thermodynamic
interaction parameters, which correspond to those particular experimental conditions, not
necessarily only the interaction of interest. Many additional coupled equilibria may contribute to
the apparent binding parameters. In particular, one of the main additional extrinsic contributions
corresponds to buffer ionization. lonizable groups in the titrant or the titrand will also contribute
as an extrinsic contribution. Even if the reactants (de)ionization is considered intrinsic, since it is
inherent to the interaction, it will be pH dependent. This means it can vary with the environment,
causing it to have non-intrinsic character. Additional coupled equilibria contributing to the
observed interaction parameters mean additional experimental planning and work is necessary
to remove those contributions and determine the intrinsic thermodynamic profile for the
interaction. All these considerations are crucial when interpreting the binding parameters in a
structural context or when reporting experimental conditions.

There is a practical window for affinity determination, which depends on the ¢ parameter.
However, there is a more stringent limitation for very high affinity (c > 10000), where K, and Kq4
are ill-defined, but AH? and n are uncorrelated and can be reliably determined. At very low affinity
(c < 1) the binding affinity (K. or Kiq) becomes uncorrelated from AH° and n, and its estimation is
fairly robust and independent34. This means AH? and n remain strongly correlated at low c values.
Fixing one is required to reach convergence in the iterative fitting analysis. Workarounds exist
based on modified protocols, such as competition and displacement experiments, to determine
extreme affinities without needing to modify the experimental conditions, or resorting to
arbitrary or subjective decisions during data analysis.

A potential limitation comes from the dependence of the measured signal on the reaction
enthalpy. If the binding enthalpy is close to zero, no information on the interaction can be
obtained from the ITC assay. Instead, a set of small, similar sized peaks would be recorded and a
meaningless flat isotherm would result. It is possible to mistakenly conclude that an interaction
is not occurring when the binding enthalpy is close to zero. Fortunately, the binding enthalpies in
biological interactions are usually strongly temperature-dependent due to a significant change in
heat capacity. This provides a workaround for studying interactions in this scenario (see
Supplementary Information, section Calorimetry measures heat, but... what if enthalpy is
zero?).

When a fractional unexpected value is obtained, there are multiple interpretations of the
parameter n (see Figure 5). This issue does not arise in other techniques because they use
cumulative isotherms, where total measured signal is a function of the reaction advance, which
show less sensitivity to n than difference isotherms used in ITC. When a fractional value of n is
estimated, and the 1:1 stoichiometry has been confirmed by other means, the titrand or titrant
concentrations can be corrected.
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Equipment limitations

One of the main criticisms of ITC is that it is a time- and sample-consuming technique. However,
many other biophysical techniques use comparable sample quantities — such as nuclear
magnetic resonance spectroscopy and small-angle X-ray scattering — or may require significant
assay development or protocol optimization over long time-scales, with considerable overall
sample consumption, for example surface plasmon resonance. Other techniques — fluorescence
spectroscopy, microscale thermophoresis, microfluidic diffusional sizing, biolayer interferometry
— can determine binding affinities with much less sample. However, ITC is the only method that
provides two layers of thermodynamic information (affinity and enthalpy) for a given biological
interaction. Careful experimental design in ITC helps optimize sample consumption and current
instrumentation uses less than one fifth of the volume and less than one third of the running time
of earlier ITCs. Fully automated versions of these small volume ITCs with unattended operation
are available, addressing some issues related to throughput.

Calibration

To produce good, reliable and accurate data, instrument calibration and user training are crucial.
On delivery, all calorimeters are calibrated for basic parameters, such as heat sensing, cell and
syringe delivery volume. These must be checked regularly and corrected during use if necessary.
The only way to ensure accurate and comparable data is to regularly calibrate the calorimeter
and use test procedures.

Progressive automation in ITC instruments has led to a reduced user intervention, removing one
of the main sources of variability. Automation has also facilitated ITC’s use by non-expert users.
Today, many ITC users are not extensively trained in calorimetry, and it is important to develop
and strengthen skills and abilities, with a culture of calibration and testing. To achieve this, the
main causes of error and critical operational points must be understood, with easy-to-use, well-
established calibration and testing procedures.

Electrical calibration can be used to produce very precise calibration values. Despite this, the
accuracy is, in most cases, compromised due to construction constraints, such as the heater
position. This causes the heat flow to follow a pattern different to a reaction in solution. Worse,
systematic errors are often introducedSé. This implies that chemical reaction should be used
instead, and many publications have addressed this issue, resulting in different test reactions for
ITC2653120-122. For many years, test reactions involved proteins or enzymes, but these were
difficult to standardize appropriately. The currently accepted ITC calibration and test reactions
are simple chemical reactions, as these chemicals can be easily obtained with very high purity
and the solutions are easy to prepare in a reproducible way. Examples are the binding of Ca2+ and
Mg2+ to EDTA under precisely defined experimental conditions53; the protonation of 2-amino-2-
(hydroxymethyl)-1,3-propanediol or the reaction of Ba2* with 1,4,7,10,13,26-
hexaoxacyclooctadecane (18-Crown-6)26120.122; or simple propanol dilution!2:, although some of
these reactions are strongly dependent on the experimental conditions. These test reactions can
be used to periodically check the accuracy of the ITC and to train new users. Calibration and
training go hand in hand to generate good practices that improve reproducibility and
accuracy?7.31,

The two important take home messages are that meaningful data requires ITC instruments to be
calibrated with an appropriate test reaction, and the determined thermodynamic parameters
must be correctly reported and thoroughly described, with a full uncertainty evaluation.

Outlook
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Instruments must be further improved to increase throughput with smaller samples quantities
and reduced experimental time. Better instruments may also widen the practical window for
affinity determination without needing advanced protocols and improve the specific sensitivity,
the minimum amount of heat per unit of volume. This would require further technological
advances for detecting or processing signals. The basic limitation for the minimum detectable
signal is not the current signal noise level (around 1 nW in current instruments), but the water-
to-water injection heat effect. The heat effect associated with this injection is the lowest value of
the measurable heat. This is because the water-to-water heat effect contains several of the
unspecific contributions to the observed heat effect in any study. Regardless of improvements to
the heat detection, if the water-to-water heat effect is present, it will limit the lowest heat that can
be effectively detected by the instrument. This is one of the reasons, among others, to maintain a
thoroughly clean instrument.

An additional way to increase throughput would be to develop instruments that allow parallel
measurements. A multichannel isothermal calorimeter was designed by Thermometrics AB, now
sold by TA Instruments, that monitors up to 48 channels. Recently, conjugating miniaturization
and parallel operation enthalpy micro-arrays have been developed at SYMCEL, with calScreener.
They highlight the potential use for microcalorimetry in the development of antimicrobials,
thermogenesis studies and cancer biology. Both approaches are non-titrating instruments, but
batch ones instead. Implementing a titration capability may represent a challenge.

Another alternative approach is the flow calorimeter, where titrand and titrant solutions are
continuously pumped through an elongated cell, while increasing the titrant concentration. A new
development of this calorimeter type was recently reported!23. This design could be easily
automated for high-throughput testing of many titrants against a certain titrand molecule.
However, the current automated step-wise titration calorimeters provide higher quality data,
avoiding the complications of the flow calorimeter, such as potential conflict between residence
time in the cell and the binding reaction kinetics.

ITC has become the gold standard for studying intermolecular interactions in solution. Among its
many advantages, some can be highlighted. It does not require immobilization or chemical
modification with chromogenic or fluorogenic labels, which might distort or hamper the
interaction. ITC provides many layers of information — affinity, enthalpy and entropy, heat
capacity, and linkage parameters — using a simple experimental set-up with little assay
development that enables direct determination of the affinity and the enthalpy of binding without
relying on the van’t Hoff equation. The technique is particularly suited to studying
macromolecules with several binding sites and cooperative binding phenomena. Finally, it allows
a broad range of affinity determination and provides kinetic information. Membrane-associated
proteins can also be studied given appropriate sample preparation, which is important as
membrane proteins are principal targets in drug discovery. If needed, non-aqueous solvents can
be used for inorganic or organic small-molecule and supramolecular chemistry.

The last two decades have seen hyperbolic growth in the number of experimentally determined
atomic-resolution 3D-structures of macromolecules and macromolecular assemblies. Coupled
with high-performance, artificial intelligence predictions of a protein’s 3D-structures, notably by
AlphaFold, means there is now a plethora of structural data waiting to be translated into
molecular mechanisms, function, and regulation. These new discoveries will have ramifications
for biotechnological and biomedical applications, aided by ITC and its capability to dissect the
complete thermodynamic profile of molecular interactions. Although recent developments have
led to new or improved biophysical techniques — some of them not requiring immobilization or
chemical labelling, for example microfluidic diffusional sizing, dynamic light scattering, and
analytical ultracentrifugation — it is expected that ITC will continue to stand out among the broad
set of binding techniques for studying biomolecular interactions.
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Box 1: Binding affinity scale

The binding affinity in biological interactions is quantified using the association constant, K, or dissociation constant,
Ka. The latter is more common in biochemistry because it has a practical interpretation as the free ligand concentration
required to reach 50% saturation in a macromolecule with a single ligand binding site. Equilibrium constants should
be dimensionless, achieved by applying a normalization factor equal to the standard concentration (1 M) to any
equilibrium concentration. However, assigning units to them is a common practice.

The adjectives low, moderate and high that are applied to the binding affinity may have different implications in
different fields. For example, in natural product interaction a Ka = 1 pM for an inhibitor-target may be considered a high
binding affinity, whereas the same Kqa value for an antibody-antigen interaction may be considered a low binding
affinity.

In general, low binding affinity is considered when K4 > 10 uM, moderate binding affinity when 0.01 pM < Ka < 10 uM,
and high binding affinity when Kq < 0.01 pM.

As areal experimental example, the following figure shows the interaction of porcine pancreatic ribonuclease A (RNase
A) with three isomers: 2’-, 3’-, and 5’-cytidine monophosphate (15 mM potassium acetate buffer, pH 5.5, 25 °C). The
location of the phosphate group causes a considerable change in binding affinity: Ka = 0.34 uM for 2’CMP, K4 = 3.8 uM
for 3’°CMP, and K4 = 240 pM for 5’CMP. Unlike in the titrations of 2’CMP and 3’CMP, no inflection point can be observed
for 5’CMP.
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Box 2: Selecting the concentrations of titrand and titrant

The concentration of titrand, [M]o, must comply with two constraints. First, to produce a sigmoidal binding isotherm
with a well-defined inflection point, [M]o must fulfil the following inequality (for a 1:1 stoichiometry):

[M]o

d

1<c= < 10000

Many users further limit the c value to between 10 and 1000 126. In the following figure, titrations (a, thermograms; b,
binding isotherms) with identical experimental settings have been simulated with different binding affinities: K4 = 20
UM (orange), K4 = 0.2 puM (violet), and Kq = 20 nM (green). Because [M]o = 20 pM, the c-values were: 1, 100, and 10000,
respectively. If ¢ < 1, there is no inflection point in the binding isotherm32. The inflection point has interesting
properties: the value of the titrant-normalized heat effect is equal to %2 AHO; and the slope of the binding isotherm is
equal to -% AHO° c1/2, In addition, the intercept of the binding isotherm with the y-axis is equal to (c/(c+1)) AHO 32,

The previous requirement means that the concentration of titrand must fulfil these two inequalities:
K; < [M], < 10000 X K,
or more stringently:
10 X K; < [M], <1000 x K,

Second, the total heat effect along the titration, which corresponds to the sum of all individual heat effects per injection,
must be higher than a minimum value. If all the titrand is converted into complex, this can be written as:

Qr = [M]oVoAH® > Quin
where Vb is the cell volume, implying that:

Qmin
o7 V,AHO®

(M]

The value of @min will depend on the instrument, but Qmin = 40 yJ is an appropriate reference value. If, for a certain
interaction, Kais 1 uM and AH? is 20 k] /mol, then [M]o must lie between 10 uM and 10 mM. The values for [M]o obtained
from these calculations may be reasonable, but they may also be impractical. For example, to reach a good c value, a
too low concentration of titrand might be required if the binding affinity is too high, precluding measurement of a
detectable amount of heat. On the contrary, the titrand concentration might be too high if the binding affinity is too low.
Therefore, there will be experimental situations that can be improved using these indications, but, very often, the user
must deal with very low or very high affinity.

Considering an overfilled cell and a quasi-instantaneous injection, the total concentrations of X and M inside the cell

after injection j are given by:
v J v J
Ky = Ko (1= (1=-) ) M1y = M1, (1- 1)
0 0

where [X]o is the titrant concentration in the syringe, and v is the injection volume. Other injection/mixing models
provide equivalent relationships!27. The molar ratio [X]t/[M]r in the cell after injection j is given by:

ey _ 1o - (1-)

[M]T,j [M], (1 _ Vl)j

[X]o must be selected so that the final molar ratio (after m injections) is at least 2. Eventually, both concentrations must
be selected considering experimental requirements and practical limitations. In case the stoichiometry is not 1:1, a
factor n (number of titrant binding sites in the titrand) multiplying [M]o must be included in the previous equations.
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Box 3: The binding equations

The binding model is defined by specifying complexes that can be formed along the titration process. The partition
function or binding polynomial, Z, represents the binding equilibrium and it is constructed with the relative statistical
weights of all possible bound states 128-130:

z=) ”[ff]"] = > i)

N N
i=0 i=0
where MX; represents the complex formed by i molecules of titrant X bound to a titrand molecule M, and i is the overall
association constant for such complex. There are N+1 binding macrostates, free titrand molecule plus N complexes, but
there are many more microstates, although possible symmetries may further reduce their number. The absolute weight
or population of the macrostate MX; is given by:

_ BilX]
mx; = 7

where Z acts as a normalization factor. The meaning, interpretation, and relation between overall, step-wise, and site-
specific association constant can be found elsewhere?3. For simplicity, only the overall constants will be considered. Z
contains all information about the binding landscape: the average number of bound titrant molecules per molecule of
titrand, nxs, and the average excess enthalpy, <AH>:

dlnZ [X]g 0lnZ

e = g -, O = R 5

This expression leads to coupled chemical equilibrium with mass conservation:

(M7 = M1+ M1y = ) [MX] = > BIMIX]!
X1y = X1+ [XIg = [X] + nyp M1y = [X]+ )" ilMX;] = [X]+ ) i, MIX]"

which, when introducing the binding polynomial, can be written as:

[M]; = [M]Z
d0lnZ

Xlr=1X M| ——=

X1y = X1+ Mlr 3y
These equations must be solved for each pair of concentrations ([X]r;[M]r,) after each titrant injection j , assuming i
values, providing the unknown [X];, or the pair of unknowns [X]j and [M];, the concentrations of free titrant and titrand
after injection j. These equations are usually solved numerically. For 1:1 stoichiometry, this is a quadratic equation in
[X]. The concentration of each complex MX; after injection j can be calculated in two ways as follows:

[MX;]; = [M] ﬂ = B;[M];[X]%

i ; i i

! T T BilX]; Y

These equations are the same for any binding technique. However, many other techniques use an approximation of [X]
by [X]t, where no ligand depletion occurs due to binding. The correct hyperbolic equation in terms of [X] is incorrectly
applied. The error is small if binding affinity is low, but considerable for moderate and high affinity. The heat effect
associated with each titrant injection j, gj, is given by:

N
v v
a =" <[P]T,j<AH>,- ~ [Plrja(0H); o (1 V—0)> =Vy ) aH; <[Mxi] = M1, (1= V—O)>
i=0
where AHY is the enthalpy change for the formation of complex MXi, and the dilution factor 1-v/Vo accounts for the
solution volume expelled from the cell after each titrant injection. Finally, the normalized heat effect per injection is:

qj VO C 0 v
Q) = hT = V[X]O;Am <[Mxi] = mx) L (1- V—0)> +Q

where a final term Qu accounts for all unspecific contributions to the heat effect making up the background injection
heat. Although Qu reflects many different phenomena, it is usually named dilution heat. As the stoichiometry (N) is
already implicitly considered in the binding model, it is convenient to introduce another parameter, n, accounting for
arenormalization factor for the titrand concentration:
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Tables

Table 1. Advantages and disadvantages of ITC as a binding technique

Advantages

Disadvantages

Heat is a universal feature of any biomolecular process.
ITC can be used to study virtually any interaction in a
label-free manner with no requirement for modifying
interacting molecules, for example with spectroscopic
tags or labels.

Heat is a universal feature of all processes, which means
events unrelated to the interaction under study can also
contribute to the signal, making it harder to measure and
deconvolute the heat signal of interest.

Impure samples, such as crude extract or partially
purified material, can be studied. Samples of high
turbidity or with unwanted optical properties, such as
high absorbance or auto-fluorescence, can still be used.

It is a time- and sample-consuming technique, with a
relatively low throughput.

It is a technique performed in solution, with no need for
immobilization of any interacting molecules. This avoids
the effects of immobilization, which may cause
unwanted conformational changes, distorted binding
site accessibility, unspecific interactions with matrices
and surfaces, modulation of entropic effects and matrix
embedding.

It is a technique sometimes considered intricate, not
because of the experimental set-up which is rather
simple, but because of the data analysis.

It is a non-destructive technique.

Solubility of reactants can be a limiting factor because
the concentration of the titrant solution in the syringe
can be from hundreds of uM up to mM levels.

Itrequires very little assay development and has an easy
experimental set-up due to its label free format.

Only accurate knowledge of the protein concentration,
and the concentration of its competent fraction, allows a
full retrieval of the correct thermodynamic values
associated with the interaction being studied, and an
interpretation of the stoichiometry value n.

It is the only technique able to provide the complete
thermodynamic profile for the interaction between two
given molecules.

The preparation of the ligand in exactly the same
solution conditions as the protein can be tricky, since the
protein is usually obtained in solution under certain
buffer conditions. Any buffer mismatch between
solutions may result in large unspecific heat effects,
masking the contribution of the interaction to the heat.

Recent developments have shown that Kkinetic
parameters (kinetic association and dissociation

constants) can be determined from a calorimetric
data103-106,124,125
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Figure legends

Figure 1. Simplified scheme of an ITC instrument. a. Current instruments have either
cylindrical (left), or coin-shape cells (right). The cells (S, sample; R, reference) are enclosed inside
an adiabatic jacket isolating them from the surroundings and maintaining a constant
temperature. A step motor inside the syringe holder controls the plunger of an air-tight syringe
that injects the titrant solution into the sample cell. Stirring ensures fast homogenization after
each titrant addition. At any time, the difference in temperature between the cells is converted
into voltage signal by a Seebeck effect through the thermopile (TP) and later transformed into
thermal power signal. b. As the reactant in the syringe is added to the reaction vessel (yellow
squares), it binds to the reactant in the cell (red circle with binding pocket), and the excess
remains in solution in the cell.

Figure 2. Thermogram and binding isotherm. a. Typical thermogram for the interaction of
EDTA with Ca*2in 10 mM MES buffer, pH 5.60, at 25 °C in a MicroCal/Malvern-Panalytical VP-ITC.
A series of 28 injections of a 1.6 mM Ca*2 solution (titrant, X) into a 0.1 mM EDTA solution (titrand,
M), while stirring at 459 rpm, was programmed. The injection volume, v, was 10 pL (except the
first 2-pL injection), and the cell volume, Vo, was 1.4534 mL. The raw data show baseline
fluctuations and irregularities that are removed when subtracting the baseline (see inset with the
final processed thermogram). b. Close-up view of the fifth peak showing the downward deflection
from an exothermic binding. c¢. Binding isotherm constructed by integrating all peaks in the
thermogram and plotting them as a function of the advance of the reaction, in this case, the ratio
between titrant and titrand concentrations in the cell. The continuous line is the fitting curve to a
1:1 binding. The estimated binding parameters were: K, = 9.98 x 105 M1 [9.64 x 105, 1.3 x 10¢],
AHO = -17.8 k]J/mol [-17.9, -17.7], n = 0.954 [0.953, 0.956], where the brackets report the
confidence interval at 95% statistical significance. The inset shows the evolution of the total
concentration of EDTA (red), total concentration of Ca*2 (black), concentration of free EDTA
(green), concentration of free Ca*2 (orange), and the concentration of EDTA-Ca*2 complex (violet).

Figure 3. Determination of the heat capacity change and number of protons exchanged
upon binding. Upper plots: Titrations, thermograms and binding isotherms, corresponding to a
particular interaction at pH 7 and different temperatures: 15 °C (orange), 25 °C(violet), and 35 °C
(green). The slope in the AHO,s vs temperature plot provides the binding heat capacity, ACp, which
is -1.2 k] K1 mol-L. Lower plots: Titrations, thermograms and binding isotherms, corresponding
to the same interaction at pH 7 using different buffers: phosphate (orange), MOPS (violet), and
TRIS (green). All buffer molecules have similar pK,’s, but different ionization enthalpy: 3.6 k] /mol
(phosphate), 21.1 k] /mol (MOPS), and 47.5 k] /mol (TRIS). Plotting AH%s vs AH%%on provides the
number of protons exchanged between the complex and bulk solution upon binding (Anu., from
the slope), and the buffer-independent binding enthalpy (AHY, intercept with y-axis), which are
0.7 and -10.8 kJ/mol, respectively. The binding affinity for this interaction for the experiment at
25 °Cis: AG® = -32.5 kJ/mol, K. = 5 x 105 M1, and Kq = 2 pM. The binding affinity is slightly
dependent on temperature, but should not change with different buffers if they have similar pK,’s.
The binding profile for this interaction at pH 7 and 25 °C is: AG® = -32.5 k]/mol, AH° = -10.8
k] /mol, -TAS? = -21.7 k] /mol, and ACr = -1.2 k] K-1 mol-L. In this case, because both contributions,
enthalpic and entropic, are negative, both contribute favorably to the binding.

Figure 4. Experimental output in current calorimeter software. Thermogram and binding
isotherm corresponding Mg+2/EDTA in 10 mM HEPES, 100 mM NaCl, pH 7.4, at 25 °C, measured
in low cell volume calorimeters, in: a. Origin 7.0 - ITC Module, b. PEAQ-ITC software, and c.
NanoAnalyze. Upper plots show the thermogram, and lower plots show the binding isotherm.
Exothermic and endothermic peaks are depicted in different orientation depending on the
calorimeter software. The first injection was considered for -calculating the reactant
concentrations in the cell, but not for the fitting analysis (note that the PEAQ-ITC software
excluded it in the binding isotherm plot). Arbitrary plotting conventions may result in depiction
of exothermic or endothermic heat effects as downward or upward deflections.
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Figure 5. Representations of ITC data. a. The binding isotherm corresponding to the titration
of EDTA with Ca*2 plotted in the Wiseman representation. b. The binding isotherm in an
alternative representation of non-normalized heat effect per injection as a function of cumulative
titrant added volume. c. Concentration renormalization of the binding isotherm. After NLLS
fitting, the binding isotherm corresponding to a certain titration (green) provides the following
parameters: K, = 1.38 x 106 M-1, AH® = 42.1 k] /mol, and n = 0.68. When the titrand concentration
is recalculated to 68% (orange), the NLLS fitting provides the following parameters: K, = 1.38 x
106 M-1, AHO = 42.1 k]/mol, and n = 0.98, suggesting unaltered estimated binding parameters.
When the titrant concentration is recalculated to 147% (violet), NLLS fitting provides the
following parameters: K, = 0.98 x 106 M-1, AH® = 29.4 k] /mol, and n = 0.98, indicating considerably
lower affinity and enthalpy. d. Effect of injection background heat on estimated binding
parameters. The orange circles correspond to the binding isotherm for a certain titration, with
NLLS-estimated parameters: K. = 3.00 x 106 M-1, AH°=-21.0 k] /mol, and n = 1.00. The inset shows
the corresponding thermogram. The fitting routine included an adjustable parameter accounting
for the background heat effect. If the fitting routine did not account for the injection background
heat effect, a reasonable fit is obtained (violet), which might be considered good if the
experimental data had higher noise level. The NLLS-estimated parameters are: K, = 0.99 x 10¢ M-
1, AHO = -32.4 k] /mol, and n = 1.21, namely, 3-fold lower binding affinity and 50% more enthalpy,
with a 20% higher apparent stoichiometry.

Figure 6. Interaction of lipid membranes with a peptide. Thermodynamic parameters for
partition of the antimicrobial peptide LFampin265-284 to a DMPC:DMPG 3:1 large unilamellar
vesicles (LUVs) at 35 °C. A 40 pM peptide solution in 10 mM HEPES buffer, pH 7.4 was placed in
the calorimetric cell and titrated with a 35 mM DMPC:DMPG 3:1 dispersion of LUVs. Fitting used
a partition model with a correction for electrostatics, assuming that the peptide only partitions
to the outer layers?. The data is represented by black circles and the fitting line by the black line.
The NLLS fitting provided the thermodynamic parameters: intrinsic partition constant (corrected
for electrostatics) K = 1.4 x 103 M-! and the partition enthalpy change AH® = -32.9 kJ/mol. The
effective charge was also fit and the value obtained was +1.38 (peptide nominal charge is +5). The
obtained fitted dilution heat, Q4, was 0.27 kJ/mol. The insert represents the titration curve, with
the raw data already corrected for the baseline. The first injection was considered for calculating
the reactant concentrations in the cell, but not for the fitting analysis. Peaks 14 and 15 showed an
anomalous heat effect and were not considered in the fitting analysis.
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Glossary terms

Binding isotherm - calorimetric processed data, plotting the heats from peak integration as a
function of the reaction progress

Desolvation - release of some, or all, of the surface-associated solvent molecules to the bulk
solution.

Enthalpy - sum of the internal energy and the product of pressure and volume. It is equal to the
heat transferred during a process at constant pressure and zero non-expansion work in a closed
system. In a biological interaction, it reflects the net energetic balance due to noncovalent bond
rupture (with solvent) and formation (between binding partners).

Entropy - contribution to the Gibbs energy that amounts to the dissipated energy that cannot be
used to generate work. It is associated with order/disorder and the configurational arrangements
for energy distribution over an ensemble of states. In a biological interaction, it reflects the
changes in degrees of freedom along intermolecular interactions, for example, desolvation,
ion/solute exchange, conformational and vibrational changes.

Gibbs energy - maximum amount of non-expansion work that can be extracted from a process
in a closed system. It is a quantitative measure of the spontaneity of a chemical reaction. In a
biological interaction, it reflects the binding affinity or strength of a given intermolecular
interaction, the stability of the complex.

Heat capacity - amount of heat to be provided to a system to increase its temperature a certain
quantity. Thermal inertia to change temperature or capability to store thermal energy in a system.
Proton ionization - (also known as deprotonation) removal or transfer of a proton from an acid
form in an acid-base reaction. lonization of buffer molecules have an associated ionization
enthalpy or proton dissociation enthalpy.

Isobaric - any process performed under constant pressure.

Isothermal - any process performed under constant temperature.

Microcalorimetry - experimental technique that uses calorimeters able to detect very small
amounts of heat, at yJ level.

Reverse titration - study of the same reaction exchanging the position of the reactants between
cell and syringe.

Thermogram - calorimetric raw data plotting thermal power as a function of time.

Titration - step-wise addition of a reactant to another reactant. Etymologically, quantitative
chemical analysis to determine the concentration (titre) of a solution using another reagent

solution of known concentration.
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Technical details of present instruments on the market

All high-sensitivity ITC instruments have a dual (or twin) cell design, i.e,, they have two virtually
identical cells (typically 0.2-1.5 mL), the sample cell (where the solution of one of the reactants is
placed) and the reference cell (containing only buffer, or water). The other reactant solution is
placed in the syringe (typically 40-300 pL, although CSC/TA Instruments calorimeters allow larger
syringes) from which small aliquots will be delivered to the sample cell during the titration
experiment. In the case of MicroCal/Malvern-Panalytical ITC instruments (VP-ITC, ITC200 and
PEAQ ITC), the syringe also acts as stirrer, by rotating at the chosen speed and having at the end of
the needle a flattened or twisted paddle for improved mixing. Stirring is similar in the CSC/TA
Instruments Nano ITC-LV and Nano ITC-SV, but in the Affinity ITC solute delivery and stirring are
independent, a stirrer shaft with a paddle attached at the end provides the mixing, whereas the
titrant solution is dispensed through a small diameter stainless steel tube that runs parallel to the
stirrer, ending just above the paddle. As with the MicroCal/Malvern-Panalytical instruments, there
are different paddle designs employed by TA, with claimed improvements in mixing efficiency. In
the MicroCal/Malvern-Panalytical models, the cells are coin-shaped, whereas in the TA Instruments
ITCs the cells are cylindrical.

A simplified scheme of an ITC instrument is shown in Figure 1 of the Primer. The temperature
difference between the cells (sample and reference) is continuously monitored through a
semiconductor Peltier thermopile sandwiched between them. This element consists of a large
number of semiconductor junctions (thermally in parallel and electrically in series) oriented
between the cells that respond to differences in temperature by creating an electromotive force
(voltage, AV)) that is proportional to the temperature gradient (i.e,, magnitude and polarity/sign)
across the thermopile sides (Seebeck effect, AV = S AT, where S is the global Seebeck coefficient of
the thermopile), which is the reciprocal effect with respect to the Peltier effect: generation of
temperature gradient proportional to an electric current. The heat generated within the sample cell,
as a result of a titrant addition and the formation of complex with the titrand, alters the
temperature of the sample cell with respect to the reference cell, while the heat is dissipated
passively by conduction and convection. The instrument automatically employs the time-dependent
voltage from the Peltier element as an input, applying a certain gain, to the feedback loop that
provides the modulated compensation thermal power to the sample cell with the aim of minimizing
the temperature difference between both cells. This means they operate on the ‘dynamic power
compensation principle’, i.e., any temperature difference is promptly cancelled by the feedback
system, that either increases or decreases the power applied to the sample cell, as compared to the
constant heat delivered to the reference cell (reference power). By selecting zero feedback gain the
instrument will operate under a purely dissipative regime with no active power compensation.
Thus, heat compensation calorimeters belong to the wider family of heat conduction calorimeters.

The heat generated within the sample cell, as a result of a titrant addition and the formation of
complex with the titrand, alters the temperature of the sample cell with respect to the reference
cell, while the heat is dissipated passively by conduction and convection. The instrument
automatically employs the time-dependent voltage from the Peltier element as an input, applying a
certain gain, to the feedback loop that provides the modulated compensation thermal power to the
sample cell with the aim of minimizing the temperature difference between both cells. By selecting
zero feedback gain the instrument will operate under a purely dissipative regime with no active
power compensation. Thus, heat compensation calorimeters belong to the wider family of heat
conduction calorimeters.



Besides the feedback system that maintains the two cells at similar temperature, another feedback
system will continuously monitor the temperature difference between the reference cell and an
internal thermal jacket, in order to maintain a constant temperature on the cells’ surroundings (i.e.,
isothermal conditions). The cells are thus enclosed in an ‘adiabatic’ shield maintaining a constant
temperature (we acknowledge Lee Hansen for providing us this figure).
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Power Supply

The MicroCal/Malvern-Panalytical ITCs can be used with zero feedback, heat conduction mode. The
zero feedback, heat conduction mode is not available in the CSC/TA ITCs, but is the standard mode
for the TA Instruments’ TAM series calorimeters.

To control the system at a constant temperature, there must also be a source of cooling power. In
the MicroCal/Malvern-Panalytical calorimeters this is done with a passive connection to a
component controlled at a constant temperature below the temperature of the reference and
reaction cells. The CSC/TA Instruments calorimeters also have a connection to an element that is
colder than the reference and reaction cells, but the temperature of the cold element is actively
controlled.

Heat compensation calorimeters (based on the dynamic power compensation principle) allow the
user to set the baseline reference power level depending on whether the reaction is expected to be
exothermic or endothermic. In the case of MicroCal/Malvern-Panalytical instruments, this constant
power supplied to the reference cell defaults to (40 pW), and can be changed by the user to values
between 0-140 pW. In the case of CSC/TA Instruments the user has the choice between seven
explicit values referred to as ‘low’, ‘medium’, and ‘high’ (165 pW) which can be combined (i.e.,
‘low+medium’, low+high’, ‘medium+high’, low+medium+high”). This reference power on the
sample cell triggers the feedback actuator on the sample cell and defines the position of the
baseline.

A note on units is appropriate here - the International System of Units (SI) promotes the use of the
joule (]) as unit for heat. However, traditionally calorimetrists have been using the calorie (1 calorie
=4.184 ]). Presently we can see ITC results reported in both units. MicroCal/Malvern-Panalytical
Origin software still provides the results in calories (in ] only for graphic visualisation), but the new
PEAQ-ITC software already provides all results in joules. The CSC/TA Instruments provides all
results in Joules (raw data and fitted parameters).



Timeline of ITC instruments development

The first titration calorimeter, which used continuous rather than incremental titrant addition and
the temperature change principle for heat measurement in specially designed Dewar flasks, was
built at Brigham Young University in 19621 and an improved version in 19732. Later improvements
were commercialized by Tronac which later became CSC (Calorimetry Science Corporation, USA),
which is now part of TA Instruments. TA Instruments discontinued this calorimeter when they
bought CSC in 2007. Gill et al. designed and built the first high-sensitivity differential, heat-
compensation ITC without air in the sample cell (overflow type) having a combined titration and
stirring assembly3, and 3 years later a similar instrument, with a much smaller sample volume, 200
pL4. In 1989 Wiseman et al. built a new ITC using similar principles, but using a larger sample
volume (1.4 mL) and being simpler to operate5 and other comparable instruments were developed
almost simultaneously and afterwardsé-8. In 1997 Plotnikov et al. built the VP-ITC9, later
commercialized by MicroCal, who is now part of Malvern-Panalytical. Presently, both companies
have small volume instruments — MicroCal/Malvern-Panalytical produces the PEAQ ITC with 200
uL cell (substituting the iTC200 model), whereas TA Instruments offers two possibilities for Affinity
ITC and Nano ITC - with low volume (190 pL) and standard volume (1 mL) cells. Although the
sensitivity of the low volume models is increased, the sensitivity per volume (or specific sensitivity,
the key factor) is similar. Miniaturization has made possible the use of very little sample (a few tens
of nanomoles, i.e, less than 1 mg of a medium size protein) in the sample cell in each assay,
lowering the requirements of sample consumption, and indirectly reducing the experimentation
time and cost for operation.

Sensitivity of current ITC instruments

Biological interactions are mediated by multiple weak, non-covalent interactions, resulting in very
small values of the overall energetics (for example, the enthalpy of formation of a covalent bond
such as C-H is -413 k] /mol, whereas the enthalpy of formation of a non-covalent bond such as N-
H---:0 is -8 kJ/mol. Considering that not all weak interactions established in a macromolecule-
ligand complex are contributing favourably to the binding and the competitive role of water
molecules surrounding the interacting molecules, it is obvious that the observed overall binding
enthalpies for biological molecules (involving many individual intermolecular interactions) are
quite low: very often |AH| < 100 k]J/mol (less than a single covalent bond).

In addition, working with biological molecules has an inherent limitation in the available
concentrations (because of samples are costly and difficult to obtain, as well as labile and
degradation-prone). Therefore, for monitoring and measuring the binding energetics between
biological molecules it was necessary to develop very sensitive instruments. The first calorimeter
able to tackle biological interactions were built in the 1960’s. In current instruments the thermal
power sensitivity is equivalent to detecting the transient effect of the thermal power emitted by 60
W incandescent light bulb crossing a surface of 1 cm? at a distance of 100 m (~0.05 pJ/s or pW).

Data collection and output files in present instruments

In the case of MicroCal/Malvern-Panalytical instruments, the output file is a text file (.itc) that can
be read by any text editor and can be processed with either the MicroCal Origin ITC module, the



new PEAQ-ITC software or available data processing programs such as NITPIC10-11, in order to
properly define the baseline and proceed with the time integration of each injection peak, together
with the calculation of titrant and titrand concentrations inside the cell. Afterwards, the binding
isotherm can be analysed applying the NLLS fitting tool in MicroCal Origin ITC, or it can be analysed
with other software packages (e.g., GraphPad, Mathematica...), as well as using other data treatment
programs available as e.g., SEDFAT10-12, referred to in the main text. One of the advantages of Origin
is that is quite versatile to define new fitting routines for advanced binding models and provides a
convenient graphic interface to control the fitting process.

In the CSC/TA Instruments calorimeters the output file is a binary file (.nitc or .jet) that is read with
the software NanoAnalyze, but the data can also be exported from NanoAnalyze and saved during
collection or exported after the experiment with NanoAnalyze as a plain.csv text file. Further, as
mentioned below, other available software can open and analyse these TA binary files, e.g., NITPIC
and AFFINImeter13-14. NanoAnalyze is employed to define the baseline and integrate the injection
peaks, together with the calculation of titrant and titrand concentrations inside the cell. After that,
the binding isotherm can be analysed by applying NLLS fitting tools with the available models or, if
a suitable model is not available, models can be added by the user.

Dealing with signal overshooting

Most users of MicroCal/Malvern-Panalytical calorimeters employ high gain, since it produces the
fastest experiments, as the curve is dynamically corrected to return to the baseline at the fastest
rate. However, for low enthalpy reactions a zero-feedback gain may be more appropriate. High gain
may result in signal overshooting, which may be avoided by selecting medium or no feedback gain
(Figure S1). CSC/TA instruments use a digital filter as well as an amplifier on the temperature
difference signal, and the filter time constant, which is user accessible, serves the same purpose as
the amplifier gain.
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Figure S1. High/low gain and overshooting. A. The effect of overshooting can be observed when
the reference power is too low. First, the thermal power signal shows a large downward deflection,
followed by a steep upward recovery crossing the baseline, before returning to the baseline. The
effect is clearer in the close-up view of two peaks on the right. B. The overshooting is clear when
high feedback gain is used, as well as the unexpected multiphasic binding isotherm and the very
bad fitting to a 1:1 interaction (left). When low feedback gain is used (with larger time spacing
between injections), the signal returns to baseline between injections and a nicer binding isotherm
curve is obtained after integration with a better fitting.

Advanced protocols

The basic protocol can be applied to any situation in which a titrant molecule interacts with a
titrand molecule, irrespective of the additional potential features of the interaction such as
polysteric interaction, i.e,, oligomerization equilibrium coupled to binding equilibrium, or allosteric
interaction, i.e., conformational equilibrium coupled to binding equilibrium, or binding equilibrium
coupled to binding equilibrium). However, there are some special types of interaction requiring
modifications to the basic protocol.

Homo-oligomerization of a macromolecule. This process can be easily studied by ITC, provided that
the oligomerization equilibrium is dominated by the monomer and the complete oligomer, i.e,
intermediate states of differing molecularity are negligible. Intermediate states can of course be
included but add complexity to the model and increase the chances for overparameterization and
correlation between estimated parameters which will compromise fitting convergence during data
analysis. The basic set-up for studying homo-oligomerization is simply to place a concentrated
solution of macromolecule in the syringe (where oligomer conformation will be favoured), and
perform injections into buffered solution. Each injection will trigger the dilution and concomitant
dissociation of the oligomers into monomers, which will have an associated heat. From the dilution
isotherm, the dissociation constant and the dissociation enthalpy may be estimated, which are the
inverse and opposite of the association constant and enthalpy, respectively. This protocol has been
successfully applied to homo-oligomeric proteins5-18,

Interaction of a macromolecule with several identical ligand molecules. Many proteins are capable of
such interaction, corresponding to homotropic cooperativity. Some of them exhibit a quaternary
structure with several subunits responsible for the ligand binding and for the intersubunit
interactions responsible for the cooperativity features, but there are also single-chain, monomeric
proteins capable of such interaction. In fact, it can be stated that all proteins are capable of
homotropic interaction, since almost all of them may interact with protons at well-defined ionisable
sites; the proton being a special type of ligand. A macromolecule with two binding sites is the
minimum homotropic model, in which the sites can be classified as identical or different, and
independent or dependent (cooperative). In that case, there will be intrinsic binding affinities and
enthalpies for each site, and a cooperativity constant and a cooperativity enthalpy!9-22. The
molecular basis for the cooperativity may be rooted in a direct steric effect between bound titrant
molecules, or in an indirect long-range effect caused by a conformational change in the titrand
molecule. The complexity is further increased if the number of binding sites is larger, where the
topology of the titrand molecule with several binding sites must be defined in terms of geometric
layout of the sites and inter-site contacts within the model, giving rise to the different combinations
of cooperativity constants and enthalpies. The modification of the basic experimental protocol is



straightforward, just requiring an increase of the titrant concentration in the syringe beyond the
10-/20-fold factor with regard to the titrand concentration. The increase is proportional to the
number of binding sites on the titrand. The main difficulty for these experiments lies in the data
analysis; although it can be done with the commercial software provided by the manufacturer, the
interpretation of the estimated parameters is not straightforward. When studying titrand molecules
with several binding sites it is advisable to perform reverse titrations, which may strengthen the
robustness of the fit and confirm the selected binding model. It is also recommended to perform
experiments at different temperatures and different concentrations, because cooperative effects
may remain hidden at certain experimental conditions23-25,

Interaction of a macromolecule with two different ligands. Almost all proteins are capable of
interacting with multiple ligands, corresponding to heterotropic cooperativity. Proteins are able to
interact with a certain biological partner and possess at least one ionisable group. In fact,
heterotropic effects are the molecular basis for the pH dependency of the ligand binding affinity. As
in the homotropic case, there will be intrinsic binding affinities and enthalpies for each ligand, and a
cooperativity constant and enthalpy?26. Similarly, the molecular basis for the cooperativity may be
rooted in a direct steric effect between bound ligand molecules, or in an indirect long-range effect
caused by a conformational change in the titrand molecule. Thus, the basic difference between
homotropy and heterotropy is the chemical nature of the binding ligands. As in the previous case,
the complexity is further increased if the number of binding sites is larger, even coupling
homotropic cooperativity with heterotropic cooperativity. The modification of the basic
experimental protocol is straightforward, just requiring the pre-mixing of the titrand molecule with
one of the binding molecules, normally the secondary ligand, at a sufficiently high concentration,
and then performing injections of the primary ligand. The titration can be performed at different
concentrations of the secondary ligand in order to evaluate the secondary ligand concentration-
dependence of the apparent binding parameters of the primary ligand27-29. Appropriate analysis
using a quasi-binary model, i.e., analysis of the ternary titrations as if they were binary ones,
provides the binding parameters for both secondary and primary ligands27.28. Alternatively, a single
ternary titration can be analysed employing an exact ternary model from which the cooperativity
parameters can be estimated?829. Reversing the definition of the secondary and primary ligands is
advisable, because it may improve the robustness of the analysis. The cooperativity effect must be
reciprocal: if the binding of a ligand affects the binding affinity another ligand by a certain factor,
then binding affinity of the first ligand must be affected by the second ligand to the same extent.

Displacement titrations. Displacement binding represents a special type of ternary titrations in
which a pre-bound ligand is displaced by another injected ligand in a form of maximal negative
heterotropic cooperativity. Both ligands occupy the same ligand binding site or a very close and
sterically excluding binding site. This type of experiments has been employed for the determination
of very tight (K4 < 1 nM) and very weak (Kq > 100 uM) binding affinities30-35, without the need for
modifying the experimental conditions as done some studies3637. A special setup for ternary
titrations has made possible to study protein-metal ion interactions avoiding lengthy and risky
dialysis procedures (protein precipitation or adsorption onto dialysis membrane) for removing the
metal ion from the protein during sample preparation: either titrating a chelating agent (e.g., EDTA
or EGTA) solution into a solution of protein with a slight excess of metal, or titrating a metal
solution into a solution of protein with a slight excess of chelating agent, allows estimating the
binding parameters for the protein-metal ion interaction38-40.



Competition titrations. These are another type of ternary titrations where there is simultaneous
competition of two binding partners to a common macromolecule. This is a variation of the ternary
titration in which no pre-mixing of any of the ligands with the macromolecule is done. This protocol
has been employed for determination of high affinities for very insoluble compounds*! or for
determining differential affinities in a mix of stereoisomers of a chemical compound42.

Micellization of amphipathic substances. Micelle formation can be studied and the critical micelle
concentration (CMC), the micellization enthalpy, and the number of molecules per micelle can all be
determined4344. Further, assays can be designed to monitor the reconstitution of membrane-
protein assemblies45.

Enzymatic activity. Enzyme activity can be studied by employing a step-wise addition of substrate
into a very dilute enzyme solution (applying a first-order kinetic approximation) in which a stepped
thermogram is obtained, or employing a single-injection protocol in which a quasi-continuous
thermal power curve is obtained. In both cases, the direct output (reaction thermal power) can be
processed to be converted into a Michaelis-Menten curve from which the enzymatic parameters kca
and Ku can be estimated#6-50. An outstanding advantage when monitoring enzymatic by ITC is that
there is no need for using unnaturally-modified substrates or coupled enzymatic reactions, since
virtually any catalytic process will have a non-zero enthalpy of reaction (or experimental conditions
can be slightly modified to get a non-zero enthalpy change). In addition, diluted cell extracts and
other optically active samples can be tested with no major complications.

Single injection method. An additional development consists of substituting the series of small
injections of titrant by a single injection equivalent to the total volume5!. The advantage of this
modified procedure is that the experimental time is considerably reduced, and the thermogram can
be converted directly into a quasi-continuous interaction isotherm with very high time resolution.
This improves the estimation of the binding affinity and the binding enthalpy. However, it may be
argued that the calculation of the effective concentration of reactants in the sample cell could be
somewhat uncertain.

Other protocols. Not necessarily requiring a modified protocol, but the study of adsorption of
biomolecules on nanoparticles deserves special attention because of the biotechnological and
biomedical interest of biofunctionalization52-54, as well the study of supramolecular chemistry and
encapsulation of biomolecules in nanopolymers for drug delivery55.56.



Flow chart for ITC data analysis

Calculating the concentrations of titrant and titrand inside
the cell before/after each titrant injection (see Box 2)

=

Defining the binding model (i.e.,, chemical species and
equilibrium constants) (see Box 3). Assigning tentative
initial values to the binding parameters

) ==

Calculating the change in concentration for each complex
inside the cell after each titrant injection (see Box 3)

~

Calculating the theoretical value of the heat by using the
guessed values of the formation enthalpies of the different
complexes complexes and their concentration changes
along each injection, calculating their increments after
each injection (see Box 3)

: it
-

Comparing the calculated heat values and the
experimental values, modifying the fitting parameters if
needed, and repeat from step 5 until the desired level of
convergence is attained (the x2 or sum-of-the-squared-
residuals is lower than a predefined value or it can no
longer be minimized).

A\

Is the Wiseman isotherm an appropriate representation?

Least-squares regression data analysis for parameter estimation imposes two main assumptions
conditioning the processing and representation of experimental data: 1) x-variable must be an
independent variable with negligible error; and 2) y-variable must be normally distributed.
Because of this many linearization representations such as the Lineweaver-Burk in enzymology or



the Scatchard plot in binding) should not be employed for parameter estimation, and only used for
visual depiction purposes.

Similarly, it could be argued that the Wiseman isotherm does not comply with these basic
assumptions for least-squares fitting analysis, in particular the assumption that the x-variable is
unaffected by experimental error. On the other hand, the main advantage of the Wiseman isotherm
is that titrations performed with different instruments (different cell or syringe volumes) or with
different experimental settings (injection volumes, number of injections, etc.) can be easily
superimposed and compared. If there are no errors, the same Wiseman isotherm should be
obtained even changing the experimental setup. Another additional advantage is that certain
geometric features of the isotherm are directly linked to the binding parameters and, in principle,
the binding parameters could be obtained with no need of a nonlinear fitting analysis5”. It can be
noted that the original Wiseman isotherm was developed considering an analytical derivative
(dQ/d[X]r vs [X]t/[M]r), instead of the quotient of finite increments. Nevertheless, provided that the
volume of injection is sufficiently smaller than the cell volume, both formulations are equivalent.
Very recently, a new formalism has provided the mathematical basis to reach an agreement
between both alternative views58.

In summary, though the Wiseman isotherm is not strictly an optimal representation, it is a
convenient one.

Protein sample quality

Molecular interactions comprising proteins are amongst the most studied and relevant to
understand biological systems and for drug discovery. The quality of protein samples is key for the
reliability and reproducibility of the data collected with ITC in the scope of the characterization of
binding events and macromolecular assemblies involving proteins.

The need for a systematic and comprehensive quality control (QC) of protein samples has prompted
the recent publication of guidelines for the quality assessment and sample improvement59-61 (for
updated versions see https://p4eu.org/protein-quality-standard-pqs/ and https://arbre-
mobieu.eu/guidelines-on-protein-quality-control/). As expected, the implementation of QC has
been shown to improve data quality and reproducibilitys2.

These guidelines consist of three parts:

1. Minimal information to provide in publications
a. Protein name and sequence (database accession number), source of DNA (species)
and cloning strategy
b. Expression and purification details
c. Method used for measuring protein concentration and storage conditions
2. Minimal quality control parameters
a. Identity (assessed by intact protein mass and peptide mass fingerprinting by MS)
b. Purity (assessed by SDS-PAGE, papillary Electrophoresis and/or RP-HPLC)
c. Mass and size homogeneity (assessed by SEC, DLS, SEC-MALS or AUC)
3. Extended quality control parameters
a. Folding state (assessed by circular dichroism, NMR, FTIR)
b. Stability (assessed by DSC, thermal shift, nano-DSF)
c. Non protein contaminants (e.g., nucleic acids assessed by UV spectrophotometry)

10



d. Function (e.g, activity of an enzyme)

QC should be performed on every protein and for all batches of protein used in ITC experiments. An
extended set of QC parameters may also be applied depending on the protein, its properties, and its
availability. QC data inform the decision whether samples are suitable for ITC and other
downstream applications or if further optimisation of protein purification, formulation, or storage
conditions are requiredss.

Calorimetry measures heat, but... what if enthalpy is zero?

The success of ITC for determining affinities relies on the ability to measure the heat of the binding
reaction. Then, what happens when the observed binding enthalpy is close to zero? It may be
possible to confuse a zero-enthalpy interaction with a case of no interaction. Fortunately, if the
enthalpy of binding is zero at T, even though AG shows low sensitivity to temperature, its two
temperature derivatives, AH and AS:

OAG/T

01)T

0AG AS
oT

are strongly dependent on temperature:

OAH _ _0AS AC
ar ~ ot F
AH(T) = AH(T,) + ACH(T — Ty)

T
AS(T) = AS(To) + ACp In
0

kJ/mol

0 10 20 30 40 50
Temperature (°C)
In the previous Figure, the temperature dependency of the binding parameters for a particular
interaction with the following parameters has been plotted: AH(25 °C) = 6 k] /mol, -TAS(25 °C) = -

36 kJ/mol, and ACr = -1.2 kJ/mol. Along the 45 °C temperature range, the Gibbs energy (blue)
undergoes just a -5 k] /mol variation, but the enthalpy (green) and the entropic contribution (red)

11



show a ~50 k] /mol variation. According to its direct connection with the Gibbs energy, the
dissociation constant also undergoes minor changes (less than 2-fold change).

Therefore, performing titrations at different temperatures (and if ACr is non-zero), the binding
affinity and enthalpy can be determined in the vicinity of T4, and the binding and enthalpy of
binding at Ty can be calculated by interpolation. Additional experiment might involve making
changes in pH or selecting another buffer molecule in order (benefitting in this case from the
contribution of buffer ionisation to the overall enthalpy) to make the observed enthalpy different
from zero.
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