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The Versatility of Isothermal Titration Calorimetry in Modern Biology
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Molecular interactions are central to cellular organization
and design. Molecular recognition is a key event that dictates the
propagation of cellular signals, and it is intra- and intermolecular
interactions that facilitate macromolecular folding, stability and
elucidation of cellular response. Therefore, understanding the interplay
of the structural forces that govern recognition and specificity of
macromolecular interactions is crucial to decipher the molecular events
in a cell. Several spectroscopic techniques such as fluorescence, circular
dichroism, and Fourier transform infrared spectroscopy, as well as
surface plasmon resonance have been successfully used to characterize
non-covalent molecular interactions. However, isothermal titration
calorimetry (ITC) has been shown to be the most popular and versatile
bioanalytical technique that facilitates direct measurement of binding
affinity between interacting molecules.

An ITC experiment is a simple titration experiment performed
at constant temperature. The secondary ligand, lodged in a syringe, is
allowed to titrate its binding partner, the primary ligand, harbored in
the heat sensitive sample cell of the calorimeter (Figure 1). The amount
of heat released or absorbed after each addition of the titrant ligand is
proportional to the amount ligand bound to the interacting partner.
The heat change(s) occurring as a result of the isothermal titration
(in the sample cell) is measured as an electrical power with respect
to a reference cell which is lodged together with the sample cell in an
adiabatic chamber. The heat released is absorbed after each titration,
and measured by calculating the area under each peak obtained after
each injection. The heat changes represent a plethora of bonding
rearrangements that can occur during molecular interactions. These
heat changes are manifested as an overall change in the Gibbs free energy
(AG:-RTana) wherein K, is the association constant characterizing
the binding affinity between the interacting molecules. Fitting the
binding isothermogram to different molecular interaction models
yields valuable information on the binding stoichiometry (Figure 2).
Moreover, interactions between the molecules represent a balance
effect between the enthalpy and entropy effects which are unique to
each interacting system and hence contribute to a thermodynamic
signature of binding.

The advent of sophisticated microcalorimeters, with improved
heat sensitivity, easy-to-use technology, and increased automation,
has significantly contributed to the emergence of ITC as a favored
analytical technique in modern biology. Low volume ITC machines
such as the Nano ITC (TA Instruments Inc.) and iTC-200 and PEAQ-
ITC (Malvern Instruments Inc.) have provided an avenue to study
biomolecular interactions using very small volumes of often precious
biological samples. In general, the high popularity of ITC is primarily
because it is capable of directly measuring the thermodynamics of
interactions with no molecular mass limitations and also does not
require extrinsic/intrinsic labeling or immobilization of samples.

A broad range of interesting ITC based applications in several
fields of modern biology are emerging. Classical ITC has been
extensively used to study protein-lipid, protein-protein, protein-DNA,
and protein-carbohydrate interactions. However, recently several

newer applications of ITC have come to light, such as monitoring
kinetics of enzymes under conditions of poor transparency wherein
optical techniques cannot be used. Sotoft et al, have successfully
employed isothermal microcalorimetry to monitor the kinetics of
transesterification of alcohols catalyzed by immobilized lipase [1].
The capability of isothermal microcalorimetry to monitor bacterial
growth in real time has been successfully demonstrated, highlighting
the possibility of monitoring the efficacy of action of antimicrobial
agents [2]. Garcia-Payo et al, have devised macrocalorimeters,
through integration of calorimeters with bioreactors, to monitor
weak exothermic changes which possibly occur during bacterial
growth [3]. Interestingly, isothermal microcalorimetry has also been
successfully exploited to measure minimal inhibitory concentrations
of antimicrobial agents [4].

The heat capacity (ACp) of molecular interactions can be
accurately measured by performing ITC experiments as a function of
temperature. ACp values are strongly correlated to changes in buried
surface area(s) in macromolecules. Monitoring these changes can
provide insights into the subtle changes in protein conformations that
might occur in protein-ligand interactions. Studies by Sasahara et al,
suggested that the heating rate-dependent decrease in heat capacity
was correlated to the B2-microglobulin amyloid fibril formation [5].
More recently, Machha et al, suggested that the observed large negative
ACp values from measurements of histone-DNA interactions arise
from the loss of water from interaction interfaces [6]. In addition,
based on changes in enthalpy, entropy and Cp, it has also recently been
shown that the folding of human telemetric DNA into G-quadruplex
structures is involved in the formation of an intermediate state with
triplex structural conformation [7]. ITC has also been the technique
of choice as a preliminary screen prior to embarking on time and
resource consuming structural studies using X-ray crystallography and
NMR. This has allowed only high-affinity protein-ligand interactions,
as confirmed by ITC data, to be taken forward for 3D structure
determination.

ITC has been generally considered as a low throughput technique.
However, the miniaturization of calorimeters has allowed titrations to
be performed at low volumes and consequently have enabled use of
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Figure 1: Isothermal titration calorimeter. The primary ligand (Protein)
is placed in the sample cell (primary ligand is symbolized by circles) at a
concentration on the order of at least 10-fold lower than the secondary ligand
(protein, nucleic acid, carbohydrate, small molecule...etc.) that is placed in the
syringe on top (Secondary ligand is symbolized by small rectangles). Several
such injections are made during an experiment where both the ligands are
mixed, and the release or absorption of a small amount of heat is detected. The
output of the data (inset at top right) is transformed based on the differences
measured for the heats of interaction of the given ligands. The heat from the
reference cell is measured to account for the heat of dilution.
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Figure 2: An example of ITC experimental data. Isothermogram
representing the interaction of heparin (1 mM) and the human fibroblast
growth factor-1 (hFGF-1). Upper panel represents the raw data and the lower
panel is the best-fit of the raw data after subtracting the heat of dilution from
appropriate buffer blank. Solid line in the lower panel represents the best-
fit of the raw data. Heparin interaction with hFGF-1 best-fits to the one-set
of sites binding model. Apparent K, of hFGF-1 to heparin was found to be
~3.8uM. Titrations were carried out at 25°C in 10 mM sodium phosphate
buffer (pH 7.2) containing 100 mM NaCl.

ITC as a quasi-high throughput technique. For example, quasi-high
throughput screening of drugs has been achieved by array calorimetry
wherein a series of nanocalorimeters are connected in parallel [8].
Fragment-Based Drug Discovery (FBDD) efforts, in conjunction with
ITC, have proved useful in the rapid screening of drugs. The FBDD
method involves identification, based on enthalpy changes, of smaller
fragments of potential drugs that bind to target molecules with high
affinity. Subsequently, these high affinity binding fragments are used
as building blocks to construct larger drug compounds which bind
to their molecular targets with high specificity. ITC-based FBDD
methods have provided an avenue for less time-consuming structure-
based rational design of drugs, and has found immense favor with
the pharmaceutical industry where the consequences of failure could
be extremely cost-prohibitive. To this end, Zhou et al. reported an
interesting method to identify the target protein(s), present in a mixture
of biomolecules, for a drug or lead compound [9]. First, ITC was used
as the first step to verify the binding of a ligand/drug to a protein or
protein(s) present in a biomolecular mixture. Next, the mixture was
separated by column chromatography. Subsequently, iterative use of
ITC and column chromatography on each collected fraction resulted
in the successful identification of the specific target protein for a
ligand/drug. This method therefore has shown promise as its success is
mostly independent of the relative abundance of the target protein in a
biomolecular mixture.

Another advantage of ITC comes from its power in characterizing
membrane protein interactions which constitute nearly 30% of the
proteins encoded by the human genome. These proteins are intricately
involved in cell signaling and therefore are also important targets for
therapeutic drugs. However, owing to technical problems pertaining
to their solubility, little progress has been made as it relates to the
rational design of agonists and antagonists against membrane proteins.
Recently, Reyes et al. made elegant use of ITC data to demonstrate
that the role of Na* ions in binding and release of the substrate from
membrane-bound glutamate transporters [10]. Similarly, Oliva et
al. used ITC, in conjunction with other biophysical techniques, to
demonstrate that a synthetic octapeptide, modeled based on a segment
from the membrane proximal external region of glycoprotein 36
(gp36), induced significant perturbation of the lipids resulting in the
reorganization of its associated membrane structure [11]. Also recently,
Situ et al, effectively used ITC to show long range perturbations in the
bicelle lipid structure upon interaction with the integrin aIIbf3 TM
complex [12].

Overall, ITC as a technique has come of age. Given the versatility
and the future scope for advancement in the instrumentation, it is
expected that more novel and exciting applications of ITC in modern
biology will be developed in the future.
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