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Isothermal titration calorimetry (ITC) is a popular chemical analysis technique that can be
used to measure macromolecular interactions and chemical and physical processes. ITC
involves the measurement of heat flow to and from a measurement cell after each injection
during a titration experiment. ITC has been useful to measure the thermodynamics of
macromolecular interactions such as protein-ligand or protein-protein binding affinity and
also chemical processes such as enzyme catalyzed reactions. The use of ITC in
biocatalysis has a number of advantages as ITC enables the measurement of enzyme
kinetic parameters in a direct manner and, in principle, can be used for most enzymes and
substrates. ITC approaches have been developed to measure reversible and irreversible
enzyme inhibition, the effects of molecular crowding on enzyme activity, the activity of
immobilized enzymes and the conversion of complex polymeric substrates. A
disadvantage is that in order to obtain accurate kinetic parameters special care has to
be taken in proper experimental design and data interpretation, which unfortunately is not
always the case in reported studies. Furthermore, special caution is necessary when ITC
experiments are performed that include solvents, reducing agents and may have side
reactions. An important bottleneck in the use of calorimetry to measure enzyme activity is
the relatively low throughput, which may be solved in the future by sensitive chip based
microfluidic enzyme calorimetric devices.
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INTRODUCTION

Calorimetry is the quantitative measurement of heat, heat flow and/or heat capacity, as part of a
chemical or physical process. A calorimeter is a device to perform calorimetry. This can be done in
different ways, such as a microcalorimeter or a differential scanning calorimeter. A very popular
calorimeter that has found its way in many (bio)chemical labs since the early 2000s is the isothermal
titration calorimeter (ITC). The popularity of the ITC is easily explained. The machine is easy to
operate and provides information rich experimental data. But the simplicity can be somewhat
misleading as experiments that are not well designed may lead to data that is wrongly interpreted.

The field of biocalorimetry has been dominated by the measurement of biological activity on
complex substrates, e.g. microbial growth on wood materials (Wadso et al., 2017). Such experiments
allow the measurement of respiratory heat, and can be used to quantitatively monitor growth on such
complex substrates. With the advent of sensitive calorimeters with smaller measurement cells more
biological applications became feasible, such as the thermodynamic characterization of protein-
DNA, protein-protein and protein-ligand interactions (Wiseman et al., 1989). Already in the early
1990s a number of examples of enzyme calorimetry were reported, such as the measurement of
cytochrome c oxidase, acylase and nitrogenase (Watt, 1990; Morin and Freire, 1991; Williams and
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Toone, 1993). The measurement of enzyme kinetics using ITC
became more popular after ITC instruments with small
measurement cells became widely adopted. ITC can be used,
in principle, as a generic technique to measure the enzyme kinetic
parameters of most enzymes with most substrates.

The wide field involving ITC to study protein-protein or
protein-ligand (metal ion, inhibitor, cofactor) interactions,
thermodynamics of membrane proteins, as well as the study of
protein stability are excluded from this review, but excellent
reviews can be found elsewhere (Freire et al., 1990; Jelesarov
and Bosshard, 1999; Ward and Holdgate, 2001; Holdgate, 2001;
O’Brien and Hagq, 2004; Grossoehme et al., 2010; Draczkowski,
etal., 2014; Rajarathnam and Résgen, 2014; Quinn, et al., 2016). A
number of (tutorial) reviews on the study of enzyme kinetics
using ITC are already available (Todd and Gomez, 2001; O’Brien
and Hagq, 2004; Bianconi, 2007; Demarse et al., 2013; Quinn and
Hansen, 2019; Wang, et al., 2020; Ott, et al., 2021). The focus of
this minireview is to cover developments in enzyme calorimetry
that are relevant for the biocatalysis field.

ENZYME CALORIMETRY
Multi Injection Method

The most common way to measure enzyme kinetics using ITC is
the multi injection method. The method is based on the addition
of substrate aliquots to an enzyme solution in the ITC cell and to
follow the heat flow to or from the measurement cell over time
(Todd and Gomez, 2001; Bianconi, 2007). Since the heat transfer
in the form of the ITC power is proportional to the rate of the
reaction, the average of the power of the (shifted) baseline after
each injection can be plotted versus the substrate concentration to
result in a kinetic curve that in many cases will look like a
Michaelis-Menten curve. In order to measure enzyme kinetics
two different measurements have to be conducted. First the
apparent molar enthalpy of the reaction has to be measured.
This can be done by the conversion of a known amount of
substrate using a relatively high enzyme concentration in order to
allow the reaction to progress until completion or until the
chemical equilibrium has been reached. The total heat change,
which is equal to the area under the curve of an ITC thermogram
can be used to obtain the apparent molar enthalpy using Eq. 1:

Qrrc = [Pfinal] Ve - AHprc (1)

Qurc is the total heat [Ppy,; ] is the final product concentration.
Veenr is the volume of the ITC measurement cell, and AH;p¢ is the
apparent molar enthalpy. It is important to realize that the
determined apparent molar enthalpy is dependent on the
experimental conditions, most notably the buffer and pH. The
ionization enthalpy of the buffer will contribute to the total heat if
the reaction involves protonation or deprotonation. It is therefore
good practice to perform the measurement of the enthalpy and
the enzyme activity measurement under the same conditions.
Secondly, the enzyme activity is recorded as the power of the
shifted baseline after each injection of substrate using a relatively
low enzyme concentration. By using the apparent molar enthalpy

ITC in Biocatalysis

this observed power can be translated to the enzyme activity using
Eqgs 2, 3:

d d[P
d—? = Power =V - AHirc - % 2)
d[P] Activit Power 3)
— = Activity = ——
dt Y Vcell : AHITC

There are, however, several conditions that have to be met in
order to obtain reliable kinetic parameters using this method.
Unfortunately these conditions have not always been properly
considered in literature, and the method is far too generally
applied and too carelessly interpreted. For an example of a badly
conducted ITC experiment (i.e., time between injections too
short) one can look at in the article of Philpott and co-
workers published in Science (Shi et al., 2008). Unfortunately,
there are many more examples of published bad ITC data, and as
a consequence thermodynamic and kinetic parameters in
literature that are incorrect.

The first important factor that needs to be accounted for is the
amount of consumed substrate during the reaction. Since a new
aliquot of substrate is added with each injection and continuously
substrate is consumed, the precise substrate concentration is
always changing over time. This effect can be minimized by
keeping the overall conversion during the reaction very low, e.g.
below 5%. In that way the substrate concentration is always nearly
equal to the added substrate and the rate can be assumed to reflect
the initial rate. At the same time the product level has to be kept to
a minimum, at least in cases where product inhibition might
occur. The second problem is more fundamental, and it is due to
the inherent sluggishness of the change of heat flow in a
calorimeter. This effect, caused by the thermal inertia of the
measurement solution and instrument components, is reflected
by the instrumental time constant of the device. There are
methods to correct the observed data using physical equations
such as the Tian equation (Hofelich, et al., 2001; Wadso, 20105
Jests, et al., 2012). Alternatively one can choose to use long time
lags between each injection (e.g., >10 times the time constant of
the ITC), to ensure a stable heat flow is reached, and the time
constant is not relevant anymore. The downside of this is that the
measurement time will become very long.

Single Injection Method

The single injection method involves the slow long injection of
substrate to an enzyme solution in the cell (Transtrum et al., 2015;
Quinn and Hansen, 2019). The single injection replaces the
multiple separate injections. Unfortunately this means that the
substrate concentration is continuously changing, and proper
correction of the time constant is essential to obtain reliable
results. Depending on the response time of the instrument the
measurement will be slow, e.g., circa 30 min or longer. An
interesting possibility is to combine the enthalpy and the
activity measurement in a single experiment by allowing the
reaction to run until completion. For reliable kinetic parameters
special care has to be taken to choose a substrate concentration
sufficiently high above K, and a suitable enzyme concentration
for a reaction that is sufficiently slow to minimize the effects of the
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FIGURE 1 | Isothermal titration calorimetry was used to assess the conversion of lignin by three different laccases. Isothermal Titration Calorimetry provides the
molar enthalpy of the reaction, which reflects the extent of conversion and the time dependent power trace, which reflects the rate of the reaction. Large differences in the
extent and kinetics of lignin conversion among the different bacterial and fungal laccases were found. Reprinted with permission from (Islam et al., 2022).
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response time and sufficiently fast to complete the conversion of
all substrate in a reasonable time (up to several hours). Even so,
the measurement will be very sensitive to product inhibition and
to problems with enzymes stability. For enzyme activity
measurements in general this method is not recommended.

Initial Rate Calorimetry Using the IrCal
Method

An alternative to the methods in Multi Injection Method and
Single Injection Method that circumvents the problems associated
with the time constant of the instrument is the IrCal method. This
method involves the apparent initial rate measurements where
the inherent sluggishness is bypassed by observing the change of
the power signal in the first moments after injection. This has to
be done for each substrate concentration, so a downside is that
multiple different measurements are necessary to obtain a kinetic
curve, on the plus side each measurement is relatively short (circa
10 min, excluding equilibration time). The obtained kinetic data
of a range of different enzymes have been found to match very
well to data obtained using independent methods (Honarmand
Ebrahimi, et al., 2015). The IrCal method is therefore the method
of choice to obtain accurate kinetic parameters using ITC,
although the multi-injection approach can be suitable if the
response time of the instrument is properly considered.

The calorimetric assessment of lignin oxidation by different
bacterial and fungal laccases was performed using the IrCal
method (Figure 1) (A. Islam et al, 2022). This showed that the
extent of lignin conversion, as measured from the apparent molar
enthalpy, and the rate of that conversion, obtained from the power,
showed large differences among the different enzymes. Furthermore,

it showed that ITC can be used as global measurement tool of
enzymatic lignin conversion, which allows the direct comparison of
different enzyme variants and sources.

APPLICATIONS OF ENZYME
CALORIMETRY

Enzyme Kinetics and Inhibition

Using the methods described in Enzyme Calorimetry it is possible to
measure steady state kinetic parameters, such as K, and k. Specific
applications of ITC to measure substrate or product inhibition have
been explored. For example the product inhibition of RNase A by
CMP has been determined using the change of the shape of the peak,
characterized by the peak height, of sequential injections of the
substrate cyclic CMP which is completely hydrolyzed after every
injection (Cai, et al., 2001). The buildup of product slows down the
reaction, which results in more shallow peaks that still have the same
area under the curve. ITC has also been used to measure the action of
reversible enzyme inhibitors by measuring enzyme kinetics in the
presence of different inhibitor concentrations (Todd and Gomez,
2001). More conventionally ITC has been extensively used to measure
binding thermodynamics of enzyme inhibitors (in the absence of
substrates) (Weber and Salemme, 2003). A special application of ITC
is to measure the effect of irreversible enzyme inhibitors by
monitoring the time dependent change of the enzyme activity,
which has been done for covalent inhibitors of prolyl
oligopeptidase (Di Trani et al., 2018). In principle ITC can be used
to measure the kinetics of the covalent modification of enzymes by the
action of such inhibitors or by the change of residual enzyme activity
during the reaction with an irreversible inhibitor.
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Molecular Crowding
Enzyme kinetics is usually measured in vitro using dilute aqueous

solutions, which is a very different environment as compared to the
living cell (Lonhienne and Winzor, 2004; Maximova, et al., 2019).
The total protein concentration in Escherichia coli is 230 mg ml™" cell
volume, and more generally the total protein is circa 20-30% of w/v
for different prokaryotic or eukaryotic cell types (Brown, 1991). It is
therefore interesting to measure enzyme properties in the presence of
macromolecular crowders to better reflect the conditions of the cell.
As such conditions may interfere with the UV-vis or fluorescence
readout, ITC offers an alternative as it does not require optical
transparency. Bovine serum albumin (BSA) or polyethylene glycol
(PEG) have frequently been used as molecular crowders. The
observed k., and Kj; values of hexokinase in the presence of
250 mg ml™' BSA were circa 20-30% lower and the AH, was 14%
more negative for the crowded solution as compared to the dilute
solution without BSA (Olsen, 2006).

Activity of Immobilized Enzymes

For ITC it is not necessary that the enzyme is in solution,
although it has to be in a suspension that can be stirred in the
calorimeter. The main boundary condition is that the enzyme and
substrate need to be injectable into and removable from the ITC
measurement cell. In practice this means that the particle size has
to be below a few millimeter. Enzyme kinetic parameters were
determined using ITC (multi injection approach) on beta-
glucosidase immobilized on spherical polyelectrolyte brushes
(Henzler, et al., 2008). Using this approach it was possible to
measure apparent kinetic parameters for the immobilized enzyme
with a 2-nitrophenol labelled glucose or the disaccharide
cellobiose as substrates.

Difficult Substrates

Poorly soluble or complex polymeric substrates are generally very
difficult to measure using conventional (e.g., UV-vis based)
enzyme assays. Direct chemical analysis can be difficult in the
case of polymeric substrates and products, e.g., in the case of
biomass derived lignin. Here ITC can offer a pragmatic solution
by measuring the overall conversion of lignin by an enzyme. This
has been done for the lignin conversion by different laccase
variants and showed that the extent of conversion and the rate
of that conversion can be determined (Figure 1), although the
precise molecular nature of the products needs to be determined
independently (Islam et al., 2022).

Coupled Reactions

The power signal observed with ITC is dependent on the rate and
on the reaction enthalpy. If the enzyme reaction is slow and/or
has a modest reaction enthalpy it can be attractive to add an
enzyme to convert the product quickly and with a high reaction
enthalpy. Such coupled enzyme reactions can be used to enhance
calorimetric response and measure calorimetry silent reactions.
For example the ITC response for the xylanase kinetics was
enhanced by using a coupled assay with carbohydrate oxidase
and catalase (Baumann et al., 2011). The polymeric xylan was
used as a substrate, which results in a polymer with reducing
sugar groups which were oxidized using carbohydrate oxidase
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and O, resulting in hydrogen peroxide that was
disproportionated using catalase. As for any coupled assay it
will be important to optimize the amounts of the coupling
enzymes to ensure the rate is only limited by the first enzyme.

LIMITATIONS OF ENZYME CALORIMETRY

Can all Reactions be Measured?

Many enzymes and substrates can be measured using ITC (Table 1),
however, not all enzyme reactions can be measured. Reactions in
which there is no net change of bond order, e.g, for many
isomerases, the reaction enthalpy change will be small. As a
consequence such reactions cannot be directly measured, which is
also exemplified by the almost complete absence of reports on
enzyme calorimetry of isomerases. However, using an enzymatic
or chemical coupled reaction that is product specific, this limitation
can be circumvented. Previously Todd and Gomez reported activity
of chaperonin subunit GroEL as a representative of the isomerase
enzyme classification, which is misleading as the measured activity
was ATP hydrolysis, and not the protein refolding which is
chaperonin catalyzed (Todd and Gomez, 2001). An example of a
true isomerase reaction measured with ITC is the activity of
L-thamnose isomerase, which catalyzes the conversion of
L-rhamnose to L-thamnulose (Bai et al, 2015). The activity with
different substrates was measured using the multi injection and the
single injection method. Unfortunately these experiments have not
been well conducted so the obtained kinetic parameters are not
reliable. However, there is a clear enzyme reaction observed and
interestingly large differences in the apparent AH, with different
substrates of the enzyme were observed. The “calorimetry silent”
reactions can still be interesting, as in such cases binding of
equilibrium substrate/product mixtures is possible. This can
provide interesting complimentary information to kinetic data
that was independently determined.

Solvents

Dilution of solvents in aqueous solutions will give very large
calorimetric responses, which means that for ITC experiments
both substrate and enzyme solutions should have identical
solvent concentrations. For example the heat of dilution of
ethanol in water is AH,,;, = —10.1kJ mol™" at 25°C (Alexander
and Hill, 1969). The dilution of an aqueous solution of methanol
in water is a common positive control measurement to check if
the ITC is performing well. If a substrate requires a co-solvent, the
same co-solvent has to be present in the same concentration in
the cell with the enzyme as well. This can give problems if the
enzyme is not stable under such conditions. In order to perform
ITC measurements using an organic solvent instead of water it is
important to have the same solvent in the reference cell as well.
Otherwise large differences in heat capacity of the solutions in the
measurement and reference cell will lead to unreliable results.

Conditions

Although, this is not only true for calorimetry, experimental
conditions under which the enzyme properties are measured have
to be precisely reported and unless these conditions (such as
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TABLE 1 | The universality of enzyme calorimetry characterized by the apparent reaction enthalpies for enzyme reactions observed with ITC.

EC class® Enzyme Substrate AH, Conditions References
(kJ mol™)®
1 Oxidoreductase Laccase ABTS -422 +09 34°C, 100 mM KPi, 10 mM NaCl pH 5.8 Islam et al. (2022)
2 Transferase Hexokinase Glucose -45 25°C, 50 mM HEPES, 50 mM KCI, 20 mM Olsen, (2006)
MgCl,, 9 mM ATP, pH 7.0
3 Hydrolase Alkaline phosphatase para-nitrophenyl -36 30°C, 100 mM Tris, 10 mM NaCl, pH 8.0 Honarmand Ebrahimi
phosphate et al. (2015)

4 Lyase Adenosylsuccinate adenosylsuccinate +38 + 1 25°C, 20 mM NaH,PO,, 200 mM NaCl, 1 mM  Romanello et al. (2017)
lyase MgCl,

5 Isomerase L-Rhamnose L-rhamnose -6.89 60°C, 100 mM glycine buffer pH 8.5, 1 mM Bai et al. (2015)
isomerase MnCl,°©

6 Ligase CTP synthase ATP, UTP, glutamine -47.3 +0.3 GTP, MgCl,° Willemoés and

Sigurskjold, (2002)

AThe apparent reaction enthalpy is highly dependent on experimental conditions, e.g. on the pH and the ionization enthalpy of the buffer.
PEC class 7 translocases are not included in this table as these are not enzymes but transport proteins.

°pH not reported.
9Buffer, pH, temperature and concentrations not reported.

temperature and pH) are included in the rate equations the reported
kinetic parameters are highly conditional. ITC offers the advantage
that the temperature control during the measurements is superior to
most other used techniques. Reducing agents such as DTT are not
chemically stable, and therefore produce significant background
signals when used in ITC experiment. TCEP can be used instead
of DTT or -mercaptoethanol. In general it is recommended to avoid
compounds that are not chemically stable in the measurement time of
the experiment, and if their use cannot be prevented the concentration
has to be kept to a minimum. Enzyme (usually in the cell) and
substrate (usually in the syringe) has to be in solutions with preferably
identical composition such as buffer concentration, pH and salt
concentration. This is a downside as the enzyme assay conditions
are not always the best conditions for enzyme stability.

Side-Reactions

Although calorimetry is an attractive technique as it can be used
to measure many different chemical reactions, this also means
that side reactions that are sufficiently fast and have a sufficient
enthalpy change are observed together with the target reaction.
An example of this is the measurement of different apparent
reaction enthalpy values (AH, = —5.1 £ 0.2 and —3.3 + 0.3) for the
conversion of glucose and ATP to glucose-6-phosphate and ADP
by two different yeast hexokinase isoenzymes (Bianconi, 2003).
The reaction enthalpy should not be dependent on the type of
enzyme, but only on the chemical reaction and physical
conditions. In this case apparently the reaction is not exactly
the same for both enzymes, which has been attributed to
difference in the side reactions that may be catalyzed by each
enzyme, such as ATP hydrolysis or protein phosphorylation.

OUTLOOK

Because calorimetry is inherently slow it has been difficult to increase
the throughput for biological calorimetric measurements. The key to
increase the throughput is through miniaturization and using

microfluidics. The development of miniaturized sensitive
calorimeters has produced the field chip calorimetry (Lerchner
et al, 2006; Lerchner, et al, 2008; Hartmann et al, 2014; van
Schie, et al, 2018). Microfluidic chips in which calorimetric
devices are integrated can be used to measure chemical reactions
with a very short response time. The sensitivity of calorimetric devices
has so far limited the applications of such chip based calorimetry
devices to processes that will generate a large heat flow. The real
breakthrough has to come from more sensitive devices that can
record temperature changes in the sub-millikelvin range to allow
measurement of enzyme reaction in microliter scale volumes. Besides
the problem with sensitivity, mixing is also a bottleneck that awaits
adequate technical solutions. In general turbulent mixers are
incompatible with sensitive calorimetric devices as the friction
heat will disturb the measurements. Diffusive mixing may
therefore be preferred, but this requires very short diffusion
distances in the nanometer range. Unfortunately to our
knowledge no reported chip calorimeter designs has tackled all
these technical problems. Enthalpy arrays have been successful to
increase the throughput by performing many measurements in
parallel in small volumes, although rigorous analysis of the kinetic
data, high sensitivity and fast mixing are still challenging (Recht et al,,
2008). Therefore sensitive and fast high throughput enzyme
calorimetry is still a dream to be fulfilled. I envision that
hyphenation of a chip based calorimetry device to powerful
chemical analytical techniques such as mass spectrometry will
produce a superior enzyme functional analysis method by
combining direct measurement of the rate and the identification
of the reaction products. This will enable breakthroughs in
biocatalysis that are necessary to develop a more sustainable
chemical industry.
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