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Isothermal titration calorimetry (ITC) involves accurately measuring the heat that is
released or absorbed in real time when one solution is titrated into another. This
technique is usually used to measure the thermodynamics of binding reactions.
However, there is mounting interest in using it to measure reaction kinetics, particularly
enzymatic catalysis. This application of ITC has been steadily growing for the past two
decades, and the method is proving to be sensitive, generally applicable, and capable
of providing information on enzyme activity that is difficult to obtain using traditional
biochemical assays. This review aims to give a broad overview of the use of ITC to
measure enzyme kinetics. It describes several different classes of ITC experiment, their
strengths and weaknesses, and recent methodological advancements. A summary
of applications in the literature is given and several examples where ITC has been
used to investigate challenging aspects of enzyme behavior are presented in more
detail. These include examples of allostery, where small-molecule binding outside the
active site modulates activity. We describe the use of ITC to measure the strength,
mode (i.e., competitive, uncompetitive, or mixed), and association and dissociation
kinetics of enzyme inhibitors. Further, we provide examples of ITC applied to complex,
heterogeneous mixtures, such as insoluble substrates and live cells. These studies
exemplify the wide range of problems where ITC can provide answers, and illustrate
the versatility of the technique and potential for future development and applications.
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INTRODUCTION

Enzymes are catalytic proteins that are ubiquitous in living systems and play central roles
in virtually all cellular processes, such as metabolism, active transport, sensing, regulation,
communication, and signal transduction and integration (Hunter, 1995; Capaldi and Aggeler, 2002;
Benhar et al., 2009; Reyes-Turcu et al.,, 2009). Consequently enzymes constitute approximately
44% of all validated drug targets, including human enzymes whose dysregulation is linked to
disease, and foreign enzymes expressed by pathogens (Zheng et al., 2006). In addition, enzymes
are the most efficient catalysts known and have many industrial and medical applications (Choi
et al., 2015). For example, hydrolases break polysaccharides down into their component sugars,
with applications to food processing, pulp and paper, and biofuel industries (Guzman-Maldonado
and Paredes-Lopez, 1995; Sun and Cheng, 2002; Kuhad et al., 2011). Their high selectivity and
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biocompatibility have also made enzymes useful as
therapeutics, for instance in the treatment of phytobezoars
(Kramer and Pochapin, 2012).

In general, enzymes show saturation kinetics, which can be
rationalized according to the Michaelis-Menten/Briggs-Haldane
(MM/BH) model shown in the scheme below

ky keat
E+S—ESSE1p 1)

k-1

where an enzyme molecule (E) binds a substrate (S) with
association and dissociation rate constants k; and k_i,
respectively, to form the Michaelis complex (ES). The enzyme
then acts on the substrate to produce the product (P) with a
rate constant ke, This kinetic scheme gives rise to the familiar
MM/BH equation where the enzyme velocity, vy, has a saturable
dependence on the substrate concentration:
d[P]
Vo = =

dP) dIS] VialS)
a

dt Ky +1[S] @

Vmax is the maximum rate of catalysis in the theoretical presence
of an infinite quantity of substrate and Ky, is the concentration of
substrate required to achieve half-maximal velocity, as illustrated
in Figure 1. In terms of the rate constants in Scheme 1,

Vmax = kcat [E] (3)
and . .
Km _ -1+ Kcat (4)
ki

The relationship between enzyme velocity and substrate
concentration can be linearized according to the double-
reciprocal or Lineweaver-Burk plot, in which vy~ ! is plotted as a
function of [S] ™!, shown below:

1 Km 1

v Vinax

=0 ©)
Vo Vimax[S]

The slope of the resulting straight line is K,/ Vimay, the x-intercept
is =Ky~ ! and the y-intercept is Vimax ! The parameters Ky,
and ke, provide simple metrics of an enzymes behavior and
quantify how activity changes in response to changing solution
conditions, addition of inhibitors or activators, changes in the
amino acid sequence of the enzyme, chemical modification of the
substrate, or exchanging one cofactor for another, among other
factors. Thus, methods for measuring Ky, and kc, are among the
foundational techniques of molecular biosciences.

Most enzyme assays measure the concentrations of substrate
and/or product as a function of time. The rates of disappearance
and/or appearance give the enzyme velocity, which can be fitted
according to Equations 2 or 5. Note that care must be taken in the
choice of enzyme and substrate concentrations in order to ensure
that both Kp, and kg can be robustly extracted from the data
(Stroberg and Schnell, 2016). These experiments can be classified
in two types: continuous (or real-time) and discontinuous
assays (Harris and Keshwani, 2009). In a continuous assay, the
concentrations of substrates or products are measured in the
reaction mixture at the same time as catalysis proceeds. For

the most part, they employ spectroscopies, such as fluorimetry,
UV/vis absorption, or nuclear magnetic resonance, and rely on
substrates and products having different spectroscopic signatures
(Easterby, 1973; Seethala and Menzel, 1997; Reetz, 2001; Shu
and Frieden, 2005). While this is sometimes true in the native
reaction, in many cases continuous assays require experimental
modifications. Substrates can be chemically altered so that they
change color or fluoresce when converted to products (Reetz,
2001). While convenient, this approach has the drawback that
a customized substrate must be produced for each enzyme of
interest, and non-native chromogenic or fluorogenic substrates
do not necessarily have the same reaction kinetics as the natural
substrate. Alternatively, in coupled enzyme assays, the reaction
mixture includes secondary enzymes that accept the product
of the first enzymatic reaction as a substrate and produce
downstream spectroscopic changes, such as the interconversion
of NAD" and NADH that have very different extinction
coefficients for light at 340 nm (Easterby, 1973; McKay and
Wright, 1995). This approach allows native substrates to be used,
but the assay places limitations on the composition of the reaction
mixtures, for example product inhibition or activation studies
are impossible (McKay and Wright, 1995) and accurate results
depend on choosing appropriate concentrations of the coupled
enzymes and secondary substrates. When it is not possible
to monitor substrate or product concentrations in real time,
discontinuous enzyme assays must be used. In these experiments,
the reaction is quenched at various time points after initiation
and the substrates and products are separated by an ancillary
technique, such as liquid chromatography, gel electrophoresis,
centrifugation, or mass spectrometry (Reetz et al., 2004; Hooft
et al., 2012; Tauran et al., 2014) and quantified, for instance
spectroscopically, radiometrically, or by an immunosorbent assay
(Butler, 2000; Kerner and Hoppel, 2002; Hastie et al., 2006).
These additional steps add time, expense, and uncertainty to the
characterization process.

Isothermal titration calorimetry (ITC) is well known as a
powerful tool for studying host/guest binding interactions, but
has recently gained in popularity as a general and versatile
kinetic assay (Todd and Gomez, 2001; Di Trani et al., 2018a,b).
ITC has the advantage of directly measuring the heat flow
produced by catalysis in real time (Todd and Gomez, 2001;
Di Trani et al., 2017). Since most chemical reactions are
either exothermic or endothermic, ITC can be applied to
study virtually any enzymatic reaction, without the need for
customized reporter molecules, additional coupled enzymes, or
post-reaction separation. Furthermore, kinetic ITC experiments
can be performed with conventional dilute enzymatic reaction
mixtures, even with opaque samples, and require far less enzyme
than ITC binding studies (Oezen and Serpersu, 2004). The study
of enzyme kinetics has been briefly described in several surveys
of the ITC field (Freyer and Lewis, 2008; Liang, 2008; Ghai
et al., 2012; Atri et al., 2015) and has been the focus of more
technically detailed reviews (Hansen et al.,, 2016; Mazzei et al.,
2016). Here, we discuss how ITC can be applied to a broad array
of problems in enzyme biochemistry, including understanding
inhibition and allosteric modulation and studying heterogeneous
reaction mixtures, from the perspective of our own work in
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FIGURE 1 | Michaelis-Menten kinetics. (A) Velocity (vp) of a typical
enzyme-catalyzed reaction versus substrate concentration ([S]).

(B) Double-Reciprocal (Lineweaver-Burk) linearized plot (1/vg vs. 1/[S]) of the
rates in (A).

the field. We have tried to choose examples that illustrate how
ITC studies can go beyond measuring the parameters usually
associated with the term “enzyme kinetics” such as Ky, kcat, Ki,
etc. and extend to observing additional dynamic phenomena like
inhibitor association and release, substrates slowly entering the
bacterial periplasm, or rearrangements of crystalline chitosan, as
described below.

ENZYME KINETICS BY ISOTHERMAL
TITRATION CALORIMETRY

ITC Instrumentation

Isothermal titration calorimetry instruments measure in real
time the thermal power that results when one solution (in a
syringe) is titrated into another (in a sample cell), as illustrated
in Figure 2. A pair of cells, typically coin-shaped or cylindrical
with volumes on the order of 200-1,400 wL, are termed the
sample and reference cells and contain the analyte solution
and reference buffer (or pure water) respectively (Malvern,
2016; TA, 2019). The cells are housed inside a thermostated
adiabatic jacket, that is maintained at a temperature slightly below
the user-specified value for the cells. Electric resistive heaters,
termed the feedback and reference heaters are located on the
outer surfaces of the sample and reference cells, respectively,
and must supply a constant flow of heat to maintain the cell
temperatures at their set point. A Seebeck device sandwiched
between the two cells detects any differences in temperature
(AT) and modulates the power supplied to the feedback heater
in order to keep the temperatures of the two cells identical.
An automated injection syringe protrudes into the sample cell,
which is stirred either by rotation of the paddle-shaped syringe,
or by the action of a separate propeller, depending on the make
and model of the instrument. A series of injections (typically
between 1 and 20 L) is made into the sample cell. If the reaction
between the injectant and analyte is exothermic, there will be a
concomitant drop in the power supplied by the feedback heater
to maintain a constant temperature. Conversely, if the reaction
is endothermic, there will be an increase in feedback power.
Once the reaction is complete or the rate becomes negligible,
and no further heat is produced or absorbed in the sample cell,
the feedback power returns to baseline. The raw output of an

ITC instrument is the feedback power measured as a function
of time (typically at 1 s intervals). When characterizing binding
or reaction thermodynamics, the deflection of the ITC signal
from baseline is integrated over the entire injection, and is
used to extract enthalpy differences between the unreacted and
reacted states (i.e., free vs. bound or substrates vs. products).
When characterizing kinetics, the instantaneous output power is
interpreted in terms of the reaction velocity, since the rate of heat
production or absorption in sample cell is directly proportional
to the rate of the reaction. This is slightly complicated by the
fact that the ITC signal lags behind heat events in the cell,
however, there are several approaches to overcoming this issue,
as discussed in later sections. Furthermore, it should be noted
that obtaining accurate reaction rates requires accurate heat
rates, so it is important to calibrate the calorimetric response
(Demarse et al., 2011).

ITC Kinetics Methods

The instantaneous rate of heat production in the ITC sample
cell, dQ/dt, is directly proportional to the reaction velocity
(vo = d[P]/dt) and the enthalpy change of the reaction catalyzed
(AH = Hproduct — Hgubstrate)» according to

6;7? = cellArH% (6)
where Vg is the volume of the sample cell. Thus with ITC-
derived dQ/dt values obtained as a function of time, it is
straightforward to precisely calculate enzyme velocity at any
point in the experiment, provided A H and V) are known. This
is obtained from the integrated area of an ITC peak obtained
by injecting a known amount of substrate into a sample cell
containing sufficient enzyme to rapidly convert it entirely to
product, ,
oo dQ
AH = M 7)
ns

where ng is the number of moles of substrate injected. In
their seminal 2001 paper, Todd and Gomez describe two main
approaches for designing ITC experiments that rapidly measure
Vg as a function of substrate concentration, allowing the enzyme
kinetic parameters to be extracted by fits to Equations 2 or 5.
They referred to these as “Pseudo-first Order” and “Continuous”
assays, although these terms have been largely replaced with
“multiple injection” and “single injection” and we will use the
latter terms here. A broad variety of ITC enzyme kinetics
experiments have been developed in subsequent years, however,
most build on one or the other approach, so it is worthwhile to
describe them in some detail, as foundational to the field. In both
types of experiment, the reaction is initiated one or more times by
mixing enzyme and substrate solutions via injection(s) from the
syringe into the sample cell. However, the two methods differ in
the concentrations of enzyme and substrate used, the appearance
and information content of the data, and the analysis.

Multiple Injection Assays
In a multiple injection ITC enzyme kinetic assay, the enzyme
concentration is chosen to be sufficiently low so that substrate
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FIGURE 2 | A typical ITC enzyme kinetics experiment. The reaction is initiated when substrate in the syringe is injected into the sample cell containing enzyme. If the
reaction is exothermic (endothermic), less (more) feedback power must be supplied to the sample cell to keep it at the same temperature as the reference cell. The
instantaneous value of the feedback power is the ITC output.
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FIGURE 3 | Multiple injection and single injection ITC enzyme kinetic data. (A) Multiple injection assay of prolyl oligopeptidase in the sample cell and one of its
substrates, thyrotropin releasing hormone, in the syringe (Di Trani et al., 2017). The downward spikes correspond to dilution artifacts from each injection (3, 3, 6, 6, 6,
10, 30, 30, 30, 60, and 60 pL). Larger injections produce larger spikes. The displacement, following each injection, of the horizontal baseline relative to the initial
baseline (red dotted line) is proportional to the enzyme velocity. (B) MM/BH plot calculated from the data in (A). Error bars correspond to the standard deviations of
three repeat experiments. (C) Single injection assay with trypsin in the sample cell and one of its substrates, benzoyl-L-arginine ethyl ester, in the syringe (Di Trani

et al., 2018b). Data collected during (after) the 30 s injection are plotted in orange (blue). (D) Deconvolution of the data in (C) to remove the effect of the delayed
instrument response according to Equation 10 and an empirical response function. Note that during the first 30 s, the substrate is injected into the sample cell faster
than it is consumed and its concentration gradually increases, while the reaction velocity asymptotically approaches the maximum Vmax value, in accordance with
the MM/BH Equation (orange circles). After the injection ends, the substrate continues to be consumed and its concentration gradually drops, while the reaction
velocity decreases to zero once more (blue circles). (E) MM/BH plot generated from the data in (D) using Equation 8. The rate versus [S] values are superimposable
for the injection (orange, increasing [S]) and post-injection (blue, decreasing [S]) halves of the experiment, providing cross-validation for the data.

to v, according to Equation 6. Exothermic and endothermic
reactions give descending and ascending steps, respectively, if the

depletion during the experiment is negligible but high enough to
provide good signal (Todd and Gomez, 2001). As a result, the

instantaneous heat (dQ/dt) and ITC signal are ideally constant
(horizontal) between substrate injections and resemble a series
of steps, one per injection (Figure 3A). The displacement of
each step relative to the initial baseline is directly proportional

raw feedback power is plotted as a function of time. The injections
are designed such that early steps have [S] << Ky, and the final
injections have nearly saturated the enzyme with [S] >> Kp,. The
concentration of substrate present in the sample cell after each
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injection is known from the concentration of substrate in syringe
and volumes of all injections, while the reaction velocity can be
read directly from the vertical position of each step, tracing out
a complete Michaelis Menten curve (Figure 3B). In practice, we
find that the condition of negligible substrate consumption is met
when [E] < (107%s) x Km/keat- Enzyme concentrations that are
too high will give steps that slope toward the initial baseline, and
will lead to overestimates in the amount of substrate present at
each step. Enzyme concentrations that are too low will lead to
disappearingly small steps that are obscured by instrument noise.

There are several potential advantages to multiple injection
assays compared to single injection ones. Firstly, they can
accommodate substantially lower enzyme concentrations. For
example in Figures 3A,B, saturation is reached at about 4.5 mM
substrate with a Vi of 40 nM s~1. At that rate, it would take
more than 10° s or 28 h for the enzyme to convert a sufficient
quantity of S to P to complete a single injection assay (see below),
which is too long for practical purposes. It should be noted that
A,H must be determined in a separate measurement for multiple
injection assays, while it is obtained directly from single injection
data, thus comparable amounts of enzymes can be consumed
when all the necessary experiments are factored in. Secondly,
the readout portions of the experiment, i.e., the approximately
horizontal signals, are easy to distinguish from injection artifacts,
which themselves tend to be smaller since less substrate is added
in each injection. Secondly, product accumulation is also less
than for single injection assays. In a single injection assay, the
amount of product present near the end of an ITC peak is
necessarily several-fold greater than the K, since the enzyme is
initially saturated with substrate. In contrast, much less substrate
is converted to product during a multiple-injection experiment,
ideally less than 5% (Hansen et al., 2016). Thus much less product
is produced during a multiple injection assay compared to a
single injection one. This is advantageous when strong product
inhibition is present (Wang et al., 2019), although conversely,
if product inhibition is of interest yet relatively weak, single
injection assays would be the more sensitive option. Furthermore,
since the data are drawn from post-injection periods where
the enzyme velocities have stabilized to constant values, the
timescale of the instrument response to changing heat flow can
be ignored, simplifying the analysis (as described below). The
main disadvantages are that the determination of a single pair
of ket and Ky, values requires a complete series of injections,
making this technique relatively slow, and that the total amount
of heat generated is much less, making it more susceptible to
instrument noise.

Single Injection Assays

In a single injection ITC kinetic assay, the amount of enzyme is
typically chosen to be large enough so that the injected substrate
can be fully converted to product on the timescale of minutes
or tens of minutes. The concentration of substrate is chosen
so that the injection appreciably saturates the enzyme, i.e., the
concentration of substrate in the sample cell immediately after
the injection is several-fold higher than the Ky (Transtrum
et al,, 2015; Di Trani et al., 2018b). Single injection assays can
be initiated either by injecting substrate (syringe) into enzyme

(cell) or enzyme (syringe) into substrate (cell). Either case, the
ITC feedback power exhibits a large deflection immediately after
the injection, decreasing for exothermic reactions and increasing
for endothermic ones due to the heat released or absorbed by
catalysis. Large heat flows continue as long as the enzyme remains
saturated with substrate. The signal gradually returns to the
pre-injection baseline as the substrate is consumed as shown
in Figure 3C. It should be noted that single injection assays
are usually performed with substantially more dilute enzyme,
leading to peaks that are much broader, on the order of 20-
60 min, in contrast to the 100 s shown here. Our group has
been developing ways to collect and analyze data for rapid single
injection experiments, such as those shown in Figure 3C, offering
over 10-fold reductions in measurement time and opening the
door to new types of experiment (Di Trani et al., 2018b; Wang
et al., 2019). Single-injection ITC data can be fitted directly by
numerically integrating Equation 2 to give [S](f) and v (t), and
calculating dQ/dt as a function of time according to Equation
6, or using non-linear least squares optimization to find the
values of Ky, and ke that best reproduce the experimental
values. This approach has the advantage that the baseline and
instrument response time (see below) can be fitted along with
the MM/BH parameters (Transtrum et al., 2015; Di Trani et al,,
2017). Alternatively, the concentration of substrate present at any
time, , during the heat spike can be calculated by recognizing that
the fraction of total substrate remaining at ¢ is equal to the ratio
of the heat generated after time ¢ relative to the total amount of
heat generated during the heat spike:

S g

[ST(®) /7 494y [SI(t=0) (8)
Together, the vy and [S] values trace out a complete
Michaelis—-Menten curve. We find that substrate is consumed
sufficiently rapidly for this technique to be applied when
[E] > (1072 s) x Km/kcat. When the concentration of enzyme is
too low, the heat spike persists for such a long time (several hours
or more) that the return to baseline is difficult to distinguish.
However, the enzyme must be at a low enough concentration
so that the return to baseline takes at least seconds to tens of
seconds. More rapid reactions start to become obscured by
the response function of the instrument (as described below)
(Di Trani et al., 2017).

The defining feature of this approach is that a full enzyme
kinetic characterization is achieved in a single injection. Thus,
with substrate in the syringe, it is straightforward to perform
many single injection measurements within the same ITC
experiment, simply by programming several injections (as many
as 10 or 20) spaced at appropriate intervals (Cai et al., 2001;
Ertan et al., 2012; Pedroso et al., 2014; Siddiqui et al., 2014;
Maximova and Trylska, 2015; Di Trani et al., 2018b; Mason
et al, 2018; Abis et al., 2019; Maximova et al., 2019; Wang
et al, 2019). For the sake of clarity, we will refer to these
as recurrent single injection experiments, to distinguish them
from the very different approach termed multiple injection
experiments (see section “Multiple Injection Assays,” above).
At the simplest level, recurrent single injection experiments

Frontiers in Molecular Biosciences | www.frontiersin.org

October 2020 | Volume 7 | Article 583826


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

Wang et al.

ITC Enzyme Kinetics

provide repeat measurements of enzyme kinetic parameters and
improve the effective signal to noise ratio, although they do
not replace true replicate experiments for estimating parameter
uncertainties. Catalytic activity is repeatedly characterized over a
period of time, giving information on the stability of the enzyme
(Mason et al., 2018). These experiments also provide a sensitive
measure of product inhibition (or activation), since the product
accumulates in the sample cell with each injection (Cai et al,
2001; Wang et al., 2019). The recurrent single injection approach
can be adapted to rapidly characterize other types of inhibition as
well, as described below (Di Trani et al., 2018b).

Alternatively, single-injection assays can be performed with
enzyme in the syringe. This variation is preferable for substrates
that are poorly soluble, or those that form suspensions
rather than solutions, since they can remain at working
(diluted) concentration in the sample cell with constant stirring
throughout the experiment (Lonhienne et al., 2001; Ali et al,,
2013a,b; Commin et al., 2013; Pedroso et al., 2014; Lehoczki et al.,
2016; Kaeswurm et al.,, 2019). Similarly, if very high substrate
concentrations (100 s of mM) are needed (e.g., for enzymes with
very large Ky, values), it can be unfeasible to inject sufficient
amounts of substrate without generating large injection heat
artifacts, related to the large dilutions. Instead, the concentrated
substrate can be equilibrated in the sample cell and small
injections of dilute enzyme can be used to initiate the reaction
(Lonhienne and Winzor, 2002; Lonhienne et al., 2003). Lastly, the
barrel of the injection syringe lies exterior to ITC insulated jacket.
If experiments are being performed at temperatures approaching
the enzyme melting point, placing the enzyme in the syringe
(which is at ambient temperature) allows it to spend as little
time as possible at high and destabilizing temperatures (Al
et al,, 2013a,b, 2015). It is worth noting that with enzyme in
the syringe, recurrent single injection assays, as described above,
are not possible, since the maximum concentration of substrate
is necessarily present at the beginning of the measurement and
cannot be replenished once conversion to product is complete.
Another consideration is that small amounts of material can
leak from the tip of the injection syringe during the long initial
equilibration step, as well as between injections (although these
delays are shorter). While this is true for both substrate- and
enzyme-injection setups, the leakage is potentially far more
serious with enzyme in the syringe, as this can act on the substrate
in sample cell throughout the equilibration period, consuming
much or all of it before the experiment has begun. In contrast,
leakage of a few WL of substrate from the tip of the syringe
does not dramatically imperil the procedure. Consequently, it is
recommended to employ a buffer “plug” when injecting enzyme,
a few pL of buffer that is drawn up into the needle after
loading the syringe with an enzyme solution (Malvern, 2010,
Malvern, 2014).

Rapid Enzyme Kinetics Measured by ITC

In many cases, the ITC signal can be considered nearly equal (and
technically opposite) to the instantaneous rate of heat generation
in the sample cell (i.e., —dQ/dT). This approximation holds
when the relevant portions of the heat signal vary slowly
with time, such as in multiple injection assays and in cases

where the peaks for single injection assays are broad (tens of
minutes). For short reactions with rapidly varying heat signals,
the situation becomes substantially more complicated. There
are several physical processes that must occur before the heat
generated by enzymatic catalysis is detected in the ITC output
(Todd and Gomez, 2001; Burnouf et al., 2012). These include
a heat transfer delay, which is the length of time necessary
for the solid phase thermocouple to detect the small change
in sample cell temperature (Wiseman et al., 1989; Freire et al,,
1990; Garcia-Fuentes et al., 1998; Ebrahimi et al., 2015) and the
electronic response that alters the power supplied to the feedback
heater, driving the temperature gradient between the cells back to
zero (Wiseman et al., 1989). These steps are typically described
collectively as an instrument response function, f(¢) which can
be thought of as the instrument signal that would result from an
instantaneous burst of heat being released in the sample cell. If
the release of heat in the sample cell is described by the time-
dependent function h(t), then the instrument output is given by

g =f O @h) =zf(r)g(t—r)dr ©)

where ® indicates the convolution. The finite instrument
response has the effect of spreading out the observed signal
compared to the actual heat profile, such that peaks begin
more gradually and die away more slowly. The instrument
response function is often assumed to have a simple exponential
shape (Lopez-Mayorga et al., 1987; Garcia-Fuentes et al., 1998;
Velazquez-Campoy et al., 1999; Burnouf et al., 2012; Vander
Meulen and Butcher, 2012) f (f) o exp {—%}, where T is referred
to as the response time and is typically on the order of 5-15 s
(Burnouf et al., 2012). Accounting for the instrument response
can be done in one of two ways. In the first, non-linear least
squares fitting can be used to find the enzyme kinetic parameters
that generate an instantaneous heat function, h(t), which when
convoluted with the assumed instrument response function,
f(1), best reproduces the ITC peak shape, g(t). In the second,
one can use the Tian equation and the assumed value of t to
mathematically remove the spreading effect of the instrument
response (Backman et al., 1994).

We have recently shown that the assumption of a simple
exponential response function is incompatible with experimental
ITC peak shapes, and that f(¢) is a more complicated function
of time. We found that the response function can instead be
equated to the signal obtained from very short (0.1 s) injections of
amodel host/guest system, such as EDTA injected with Ca?*. We
termed this approach an empirical response model (ERM), and
it reproduces ITC peaks quantitatively, producing sub-second
time resolution (Di Trani et al., 2017). The empirical response
model can be used for direct fitting to raw ITC data, according
to Equation 9, or can be used to deconvolute the instantaneous
heat function from the instrument response (Di Trani et al., 2017,
2018b). This second approach relies on the convolution theorem
which states that, given Equation 9, then

Flg®)=F (@) F(h@) (10)
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where F indicates the Fourier transform. The deconvoluted
instantaneous heat function is then given by h(t) =

1 f(g(t)) . . . _
F ( }'(f(t)))’ as exemplified in Figures 3C-E. It must be

emphasized that the instrument response [f(f)] varies with the
manufacturer and model, as well as the temperature, solution
viscosity, and stirring speed, among other factors, and must
be measured using very short injections (e.g., Ca?T/EDTA)
performed under conditions as close to those of the experiment
of interest as possible (Di Trani et al., 2017). This approach is only
really necessary when measuring reactions that take place on the
same timescale as the instrument response (i.e., roughly less than
20-30 s). For slow reactions that take tens of minutes or more
to complete, the instrument response can be largely ignored,
while for intermediate timescale reactions, the approximation of
a single instrument response time, T, is adequate.

An alternative approach, termed initial rate calorimetry
(IrCal), avoids the issue of modeling the instrument response
function altogether (Honarmand Ebrahimi et al, 2015).
Honarmand Ebrahimi et al. (2015) found empirically that the
initial slope of the ITC signal is proportional to the peak velocity
of the enzyme after the injection. The constant of proportionality
can be determined by calibration experiments. A series of
substrate injections of different sizes is made, and the initial
slopes of the injections reveal how the vy varies with [S]. One
drawback of this approach is that each injection gives only a
single vy value, in contrast to a typical ITC single injection assay,
which yields tens to hundreds of vy values at different [S].

ITC Enzyme Kinetics Applications

Overview

We have performed a comprehensive search of the scientific
literature and identified 73 publications between 2001 and
2019 reporting ITC-derived kinetic data on 59 different
enzymes including hydrolases, transferases, oxidoreductases,
lyases, ligases, and a protein folding chaperonin, listed in
Supplementary Table 1. The authors explained their choice of
ITC with a variety of reasons, including that ITC can represent
the only continuous assay available, that it can exploit the
native substrate where alternative continuous assays require
chemically-modified chromogenic or fluorogenic substrates, that
ITC avoids potential artifacts associated with coupled enzyme
assays, and that ITC allows continuous assays to be performed on
heterogeneous and spectroscopically opaque mixtures. multiple
injection-type ITC experiments were used for 35 enzymes, single
injection-type ITC experiments were used for 27 enzymes, and
enzyme-injection assays were used for 8 enzymes. Several of
these publications focused on the development of new ITC
kinetics approaches, such as IrCal and ERM above, and others are
described below. Many of these studies focused on characterizing
homogeneous enzymes exhibiting classical MM/BH kinetics.
However, many others described more complex systems, such
as enzymes with cooperative kinetics, those interacting with
allosteric effectors or inhibitors, and those in heterogeneous
media, such as insoluble hydrated polymers or even living cells.
We describe some interesting examples from our own work and
the work of others below.

Allostery and Cooperativity

Allostery is a key feature of biological systems in which covalent
modification or ligand binding at one site influences the activity
at distant sites in a macromolecule or macromolecular assembly.
Allosteric regulation plays a central role in metabolism and
cell signaling (Guarnera and Berezovsky, 2019) and has been
identified as a source of new drug targets (Monod et al,
1965; Koshland et al, 1966; Perutz, 1989; DeDecker, 2000;
Fenton, 2008; Guarnera and Berezovsky, 2020); thus, detailed
descriptions of allostery have far-reaching implications (Zhang
et al, 2020). For example, the downstream products of a
biosynthetic pathway can down-regulate the activity of the
enzyme catalyzing the first committed step, maintaining balance
between different branches of core metabolism through the
process of feedback inhibition (Spencer and Raffa, 2004; Gerhart,
2014). Alternatively, enzymes may require allosteric activators in
order to function, providing an extra layer of control (Willemoés
and Sigurskjold, 2002; Lunn et al., 2008). In the special case that
the substrate itself acts as an allosteric effector, enzyme kinetics
necessarily deviate from the classical MM/BH model. This can
often be accounted for mathematically with a Hill coefficient
of cooperativity, n, such that the enzyme velocity is given by

the expression
Vinax[S]"
Vo =

= 11
K§ + (81 ()

Values of n > 1 indicate positive cooperativity, such that substrate
binding makes an enzyme more active toward additional
substrates, and give characteristically sigmoidal v vs. [S] plots. In
a simple interpretation, an enzyme with a given Hill coefficient,
n, either binds exactly n molecules of substrate or none at
all. When binding a molecule of substrate at an allosteric site
reduces enzyme activity toward additional substrates (substrate
inhibition), enzyme velocity can often be described by the
expression

/ [S]Z
Vinax[S] + Vinax | "7

i

Ko + (8] (1+ 52 ) + ([Isgf)

i

arl _
dt

(12)

where V. is the maximum velocity of the reaction when
the allosteric site is empty, V'max is the maximum velocity
when the allosteric site is filled, and K; and K’; are the
equilibrium dissociation constants for substrate binding at the
allosteric site when the active site is empty and filled, respectively
(Jeoh et al., 2005).

Isothermal titration calorimetry represents a powerful tool
for characterizing complex enzyme allosteric interactions. For
instance, ITC was used to measure the kinetics of pyruvate
kinase (PK) (Lonhienne and Winzor, 2002; Lonhienne et al.,
2003) which catalyzes the transfer of a phosphate from
phosphoenolpyruvate to ADP as part of the last step of glycolysis.
Allosteric binding of the amino acid phenylalanine (Phe) shifts
PK to an inactive form, and is believed to be related to cellular
damage in the genetic disease phenylketonuria (Horster et al,
2006; van Spronsen et al., 2009). Lonhienne and Winzor (2002),
Lonhienne et al. (2003) were interested in how the presence
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of osmolytes affected the active/inactive transition. PK has
traditionally been studied using a coupled enzyme assay, which
is suboptimal for studying the effects of high concentrations of
osmolytes, since it is challenging to distinguish effects on PK
from effects on the secondary enzymes of the coupled assay. ITC
avoids these issues, since enzyme activity is detected directly.
They performed enzyme injection assays (Figure 4A), where
the displacement in the baseline after enzyme is injected is
proportional to the velocity of the reaction. While this approach
avoids large injection artifacts, it is somewhat time consuming
as separate experiment must be performed for each data point
in Figure 4B. They obtained standard MM/BH curves in the
absence of Phe. In the presence of 6 mM Phe, the curve shifts to
right, indicating a lower substrate affinity, and develops sigmoidal
character, a hallmark of positive cooperativity. Interestingly,
addition of the osmolyte proline shifted the curve back to the
original location, corresponding to a return of the inactive state
to the active state.

In another example, Rohatgi et al. (2015) used ITC to fully
characterize the complex kinetic mechanism of gluconokinase,
which transfers a phosphate from ATP to the common
nutrient gluconate. They used multiple injection enzyme
assays, injecting gluconate into enzyme at a constant ATP
concentration. The traces clearly show declining activity at
higher substrate concentrations indicative of substrate inhibition
(Figures 4C,D). Interestingly the shapes of the plots varied as
a function of ATP concentration in a way that was consistent
with substrate inhibition occurring via the formation of an
enzyme-ADP-gluconate ternary complex.

Our lab recently used ITC to characterize prolyl-
oligopeptidase (POP) a validated drug target for multiple
myeloma (Di Trani et al, 2018a) allowing study of the
native peptide substrate, rather than the chemically-modified
colorigenic substrate analog that is typically used. We performed
ITC single injection assays and found that at lower enzyme
concentrations, data were well fit by the standard MM/BH
equation, while at higher concentrations, cooperativity became
more apparent, with n > 2 at an enzyme concentration of 2 pM
(Figures 4E,F). At the high enzyme concentrations where this
behavior becomes apparent, the reactions go to completion in
10 s or less, underlining the potential of ITC to characterize rapid
reaction kinetics.

More exotic ITC thermograms were obtained for the versatile
peroxidase (VP) from Bjerkandera adusta, which has potential
applications in the degradation of the industrial and agricultural
materials (Abdel-Hamid et al, 2013; Wang et al., 2013). VP
can employ both lignin peroxidase and manganese peroxidase
mechanisms in the degradation of humic materials (Siddiqui
et al., 2014). ITC single injection assays (fulvic acid injected
into VP) performed under conditions where both mechanisms
are active gave biphasic heat spikes where each phase can be
attributed to one of the mechanisms and each showed cooperative
kinetics (Figures 4G,H). The data were well fit by the modified
Hill Equation

Vmax2 [S] n2
K + (8]

Vmaxl [S]nl
V=
Kpi + 81"

(13)

with nl = 1.7 for the Ist phase and n2 = 10 for the 2nd
phase. Interestingly, the second injection gave broader peaks
than the first, indicative of product inhibition, as described in
more detail below.

Enzyme Inhibitors

Quantitative information on inhibitor binding is critical for
developing drugs (Su and Xu, 2018) and understanding how
enzymes function in living systems (Hulme and Trevethick,
2010). In fact ITC is primarily used to measure these types of
host-guest interactions and a quick literature search for “ITC
and inhibitor” yields more than 1,300 articles (using Clarivate
Analytics Web of Science). In a traditional ITC experiment, the
enzyme and inhibitor are placed in the sample cell and injection
syringe, respectively, and a series of injections are made, while
the instrument records the heat released or absorbed by the
binding process itself (Su and Xu, 2018). This gives a wealth
of thermodynamic information on the interaction, since the
Gibbs energy and enthalpy of binding are detected separately,
as the shape and overall magnitude of the saturation isotherm,
respectively (Sigurskjold, 2000; Tellinghuisen, 2008; Keller et al.,
2012; Su and Xu, 2018). Under favorable circumstances, the
kinetics of binding can be measured as well (Burnouf et al., 2012;
Pifieiro et al., 2019).

However, there are some drawbacks to this approach. Firstly,
traditional ITC experiments require substantially more material
than many other techniques used to measure binding, such as
fluorescence or surface plasmon resonance. The recommended
concentration of enzyme in the sample cell is roughly 5-500
times the inhibitor dissociation constant, Kj, [i.e., Wiseman
“c” values of 5-500 (Wiseman et al, 1989)] often leading
to requirements for protein on the micromolar to tens of
micromolar scale (Malvern, 2010, Malvern, 2014). On the flip
side, enzyme/inhibitor interactions that are too tight can be
challenging since the enzyme concentration should not be more
than about 1,000-fold greater than Kj, and very low enzyme
concentrations lead to vanishingly small heat signals. This
can be overcome with competition assays (Velazquez-Campoy
and Freire, 2006), but the procedure is far more complicated.
Finally, a traditional ITC binding experiment is not suited to
characterizing all modes of inhibition. Competitive inhibitors
bind exclusively to the free enzyme (E) and are suitable for
traditional ITC binding experiments. In contrast, uncompetitive
inhibitors bind exclusively to the enzyme/substrate Michaelis
complex (ES), and in principle would not show an interaction
at all in a traditional experiment. Mixed inhibitors bind to both
E and ES, but the results of a traditional experiment would
not reflect the true inhibition properties of the compound.
Furthermore, an ITC binding experiment alone does not contain
sufficient information to identify the inhibition mode.

These drawbacks can be overcome with ITC-based enzyme
kinetic experiments. Firstly ITC kinetics experiments require
far less enzyme than binding experiments. In a binding
experiment, a single molecule of enzyme generates heat only
once, when it forms a complex with the inhibitor. Whereas in
a kinetics experiment, a single molecule of enzyme produces
heat continuously as it undergoes multiple turnover. This allows
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FIGURE 4 | Non-MM/BH enzyme kinetics observed by ITC. (A) Single injection experiments with pyruvate kinase in the syringe and phosphoenolpyruvate and ADP
in the sample cell (Lonhienne and Winzor, 2002). The displacement of the horizontal baseline is proportional to the velocity of the enzyme. (B) Baseline
displacements (AP) obtained at different [PEP] (O), in the presence of phenylalanine as an allosteric effector ({J), and in the presence of phenylalanine and proline as
a molecular crowding agent (). (C) Multiple injection assay with gluconokinase and ATP in the sample cell and gluconate in the syringe (Rohatgi et al., 2015).

(D) Enzyme velocities from (C), fitted to a variant of Equation 12 that accounts for formation of the non-productive E-ADP-gluconate ternary complex. (E) Single
injection assay with substrate (thyrotropin releasing hormone) in the syringe and prolyl oligopeptidase (POP) in the sample cell (Di Trani et al., 2017). Points are
experimental data, red and blue curves are the best fits with classical MM/BH model, and cooperative model (Equation 11) with n = 2.4, respectively.

(F) Dependence of the extracted Hill coefficient on POP concentration (0.125, 1.2, and 2 uM). (G) Single injection assay with versatile peroxidase in the sample cell
and fulvic acid in the syringe, exhibiting biphasic cooperative kinetics (Siddiqui et al., 2014). (H) Reaction rates as s function of substrate concentration calculated
from (G). In (G,H), data were extracted from the original reference using Graph Grabber v2.0.2 (Quintessa) and plotted using MATLAB (MathWorks); red solid curves

indicate the first injection and blue dashed curves indicate the second injection.
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ITC enzyme kinetics experiments to routinely be performed
with sub-nM protein concentrations, which is outside the typical
concentration range of ITC binding experiments. Furthermore
ITC kinetics experiments are suitable for all modes of inhibition
and can be performed in such a way that the mode and associated
parameters are clearly evident. Finally, as detailed below, ITC
differs fundamentally from other enzyme assays in that it detects
the instantaneous velocity directly, while other methods measure
concentrations of substrates, products, or reporters as a function
of time and extract enzyme velocity indirectly. This makes ITC
uniquely sensitive to how enzyme velocity changes with time,
for instance as inhibitors exert their influence. Thus ITC has
great potential for measurement of inhibitor association and
dissociation rates.

A quantitative analysis of enzyme inhibition typically involves
determination of the mode (competitive, uncompetitive, or
mixed) and the inhibitor dissociation constant K;. For mixed-
mode inhibitors, there are separate K; values for binding to E
and to ES. Apparent Kp,*PP and k. *PP values are measured at
different concentrations of inhibitor [I] and analyzed collectively
to extract the inhibition parameters. For a competitive inhibitor

Q] a] I
kc[a)tp = Kkeat; rer = Kn (1 + !> (14)

1
and a double-reciprocal plot of 1/vg vs. 1/[S] obtained at different
[I] gives a series of lines that intersect at the y-axis. For an
uncompetitive inhibitor

kapp _ kcat . app Km
cat [’

1+4 " 714+ 1

(15)

where K'; is the dissociation constant for the inhibitor and ES
complex and a double-reciprocal plot gives a series of parallel

lines. For mixed inhibitors
2]
L)
aptp _ keat . K;Pp =Ky ( K
cal m ? 1
1+ K (1 + %)

and a double-reciprocal plot gives a series of lines that intersect
elsewhere than the y-axis. In the case that K; = K'j, the inhibitor
is said to be non-competitive and the lines intersect at the x-axis.

Characterization of enzyme inhibition can largely be
accomplished with the experiments described in Section “ITC
Kinetics Methods.” For example, ITC was used to characterize
inhibitors of pancreatic a-amylase, which hydrolyses starches
into monosaccharides in the gut (Kaeswurm et al., 2019). It has
been proposed that a variety of polyphenol plant metabolites
inhibit a-amylase, slowing glucose absorption by the intestine,
and reducing spikes in insulin levels with implications for the
management of diabetes (Hanhineva et al., 2010). The authors
tested a panel of naturally occurring polyphenols, together
with the known potent a-amylase inhibitor acarbose. They
used a single injection assay where a-amylase was injected into
1 mM trisaccharide substrate, with or without 100 wuM of each
phenolic inhibitor. The enzyme injection technique allowed
them to initiate the reaction with very small (1 pL) additions
of dilute reagent (1 wM enzyme), thereby almost entirely

(16)

avoiding injection artifacts. Each experiment consists of a single
peak, corresponding to the complete conversion of substrate
to product over the course of about 2.5 h. The resulting ITC
isotherms are shown in Figure 5A and MM/BH plots calculated
from these data are shown in Figure 5B. Interestingly, all of the
polyphenols affected both the ke, of the enzyme (indicated by
the height of the asymptote in Figure 5B) and the K, indicating
mixed modes of inhibition, although the curves were not fitted
quantitatively in this study. Mixed inhibition was also observed
using experiments with a colorimetric assay detected by UV/vis
spectroscopy. Note that while these assays were performed
injecting enzyme into substrate pre-incubated with inhibitor,
similar assays can also be performed by injecting substrate into
enzyme pre-incubated with inhibitors (Catucci et al., 2019).
When ITC inhibition experiments are performed with the
inhibitor loaded in the sample cell prior to data collection, as in
the examples above, then the procedure must be repeated several
times in order to accurately measure inhibition parameters.
This demands a considerable investment of time, since the
cleaning, loading, equilibration, and data collection must be
performed separately for each inhibitor concentration. Our lab
has developed a procedure for considerably shortening this
timeline, allowing much higher throughput of samples (Di Trani
etal., 2018b). This approach is a variation of a standard recurrent
single injection assay, with the modification that the syringe
contains both substrate and inhibitor. A series of injections
is made with each ITC peak giving a ket and Ky, pair. The
inhibitor accumulates with each injection, such that the activity
of the enzyme decreases in each successive peak, and provides a
thorough sampling of different inhibitor concentrations. Typical
data are shown in Figure 5C, with each peak clearly broader
than the preceding one, reflecting slower catalysis by the enzyme
(trypsin inhibited with benzamidine in this case). Each peak is
complete within 5-10 min and a total data set can be collected
in under an hour. The peaks were analyzed by fitting directly to
the raw ITC data. The extracted ke,*PP was very similar for each
peak, while the Ki,*PP increased linearly with increasing peak
number and inhibitor concentration (Figure 5D), as expected
for a competitive inhibitor (Equation 14). The y-intercept of
the line is Ky, and the slope is Kn/Kj. Alternatively, the peaks
can be deconvoluted using the empirical response function (see
Rapid Enzyme Kinetics Measured by ITC, above) and converted
to double-reciprocal plots in a model-free manner (Figure 5E).
The data give a series of straight lines that intersect at the
y-axis, consistent with the competitive inhibition mechanism of
benzamidine. This approach gives full kinetic characterization
for as many as ten different inhibitor concentrations in a
single experiment, providing assessment of inhibition mode
and strength. Note that direct fitting of ITC peaks is more
straightforward and is generally preferred to deconvolution-
based approaches. The double-reciprocal plot is primarily useful
for illustrating the extent to which data follow the MM/BH
equation and obey a given pattern of inhibition, as it is easier
to spot deviations from linearity and identify intersections than
it is to judge the shapes of ITC peaks by eye. More recently,
this method was applied to the study of human soluble epoxide
hydrolase, which is involved in cardiovascular homeostasis,
hypertension, nociception, and insulin sensitivity through the

Frontiers in Molecular Biosciences | www.frontiersin.org

October 2020 | Volume 7 | Article 583826


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

Wang et al. [TC Enzyme Kinetics

A B
0.0 x o3
—_— 1.51
S -0.2 -
© control —
- . EGCG % 1.0.
— L
= 0.6 s EC -
; -0.8 7 - Ecm 3
& L ‘,/, . CA &! 0.5
-1.0 {/ *  Miv-3-glc |
-1.2 ; . y ; 0
0 500 1000 1500 2000 0 0.2 04 0.6 0.8
Time (min) [GalG,CNP] (mM)
c -3
", X 10
[ 10
2 6
° —
a =
- 4 E "
0 —
N g 5
® 2 -
E x /
—
2 ! 0
0 . 2;)00 3000 0 20 40
Time(s [benzamidine] (uM)
E
5 10
x10*
i 10 15 20 x 10°
. [SH (MY
i 400
0.0 /’ 7 iy
Q) [ | i 300
3 ' E
= 1.5 ~F 200
0= T
2 -~
[=] I 100
o (-8
=
-3.0 0
0 500 1000 1?00 2000 20 40 60 80 100 120
Time (s [ADP],,, UM
FIGURE 5 | Enzyme inhibition characterized by ITC single injection-type assays. (A) Inverse injection assay with a-amylase in the syringe and the substrate
2-chloro-4-nitrophenyl-maltoside (GalG,CNP) in the syringe together with a variety of inhibitors: ACA (acarbose), CA (chlorogenic acid), EC (epicatechin), ECox
(oxidized epicatechin), EGCG (epigallocatechin gallate), Miv-3-glc (malvidin-3-glucoside) (Hanhineva et al., 2010). (B) MM/BH curves calculated from the curves in
(A). (C) Single injection assay with substrate (benzoyl-L-arginine ethyl ester) and inhibitor (benzamidine) in the syringe and trypsin in the sample cell (Di Trani et al.,
2018Db). (D) Km2PP values extracted from direct fits to each of the injections (different colors) in (C). (E) Data from (C), deconvoluted using the empirical response
model (Equation 10), converted to vg and [S] and presented as a double-reciprocal plot. (F) Single injection assay with substrate (ATP) in the syringe and
aminoglycoside-3'-phosphotransferase llla (APH) and kanamycin A in the sample cell (Wang et al., 2019). Under these dilute conditions [ATP] << K, ITC peaks
decay exponentially with rate constant keft = kcat/Km. Keft decreases with each injection due to product inhibition by ADP. (G) Plot of [APH]/kes as a function of total
accumulated ADP concentration.

metabolism of a variety of epoxy-fatty acids (Abis et al., 2019).
There is interest in inhibiting this enzyme in order to raise
physiological levels of epoxy-fatty acids, which have been shown
to have beneficial biological activities, and to reduce the levels of
the reaction products, dihydroxy fatty acids, many of which are
cytotoxic (Wagner et al., 2017). Previous assays of this enzyme

relied on liquid chromatography/tandem mass spectrometry
which is a discontinuous method with non-negligible liquid
handling steps. The authors showed that single injection ITC
assays can clearly distinguish the different kinetics of different
epoxy fatty acids providing a simpler and more robust route to
characterization. As well, they validated the multiple inhibitor
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injection method for this system using a previously identified
antagonist, setting the stage for rapid ITC-based screening for
inhibitors of this enzyme.

A similar type of situation occurs when the enzyme is inhibited
by the reaction product. In this case, the product of the reaction
accumulates after each injection, leading to progressively slower
catalysis. In fact, slowing catalysis with subsequent injections
in a single injection ITC experiment is a hallmark of product
inhibition (Cai et al., 2001). A challenge can arise when inhibition
is strong, since the product generated by a single injection
can be sufficient to essentially abrogate activity of the enzyme
in subsequent injections. This was the case in our studies of
several bacterial kinases and their inhibition by the reaction
product ADP (Wang et al., 2019). Interestingly, ADP inhibition
of kinases cannot be studied using the standard coupled enzyme
assay for kinase activity, since ADP is reconverted to ATP by
the secondary enzymes (McKay and Wright, 1995). In order
to avoid excessive inhibition of the enzymes, we injected the
substrate ATP at a concentration well below the Ky,. Under
these conditions, substrate consumption follows simple first-
order kinetics with rate constant, k.g = kcat[E]/Kin?PP, where
Km®P increases with each injection as product (i.e., inhibitor)
accumulates. Data for dilute ATP injected into aminoglycoside-
3’-phosphotransferase IIla are shown in Figure 5F, clearly
exhibiting broadening of successive peaks. A plot of [E]/k.g Vs.
[1] is linear (Figure 5G) with a slope of % . K% and a y-intercept
of %; the ratio of the two gives the inhibition constant, Kj. Using
this approach, we found that the K; for ADP was comparable
or lower than the K, for ATP, for all three kinases studied,
implying that inhibition by ADP influences kinase activity
in vivo. We also identified a more complex mechanism for a
dimeric pantothenate kinase, wherein ADP is activating at low
concentrations and becomes inhibitory at higher concentrations,
consistent with allosteric communication between the two active
sites (Wang et al., 2019).

As discussed in Section “Multiple Injection Assays,” there
are some advantages associated with multiple injection ITC
enzyme assays, and this holds true for inhibitor characterization
as well. For instance, the urease enzyme acts on urea to
produce bicarbonate and two equivalents of ammonia. Multiple
injection ITC assays produce far less reaction product than
do single injection ones; in this case it helps to minimize the
production of ammonia which is alkaline, volatile, and corrosive.
Urease inhibitors have potential antimicrobial and agricultural
applications (Kosikowska and Berlicki, 2011; Upadhyay, 2012).
Benini et al. (2014) used multiple injection ITC assays to
characterize inhibition of urease by fluoride ions. Typical raw
ITC data are shown in Figure 6A, while the corresponding
MM/BH curves for urease activity in the presence of 0,
400, and 800 wM NaF are shown in Figure 6B, revealing
a mixed mode of inhibition. Interestingly, the competitive
and uncompetitive components (K; and K'; in Equation 16)
showed different pH dependencies, and the authors could link
the two different inhibition modes to two different locations
of fluoride ion binding in the active site, as determined by
X-ray crystallography.

Our lab has recently designed a pair of experiments which
build on the multiple injection ITC experiment to give additional
information on inhibitor association and dissociation rates (Di
Trani et al., 2018a). In the association experiment (Figure 6C),
the syringe contains the inhibitor and the sample cell contains
dilute enzyme and sufficient substrate to maintain an essentially
constant concentration throughout the experiment. The rate of
catalysis is initially constant, giving a horizontal line. A series of
injections is made, in this case of reversible covalent inhibitors
targeting prolyl oligopeptidase in the sample cell. In each case, the
enzyme was increasingly inhibited and the power values shifted
upward, since the rate of (exothermic) catalysis was reduced after
each injection. As highlighted in Figure 6D, this shift occurred
gradually over tens to hundreds of seconds, which corresponds
to the time required for the inhibitor to bind in the active site.
Furthermore, the upward shift of the ITC signal became smaller
for each subsequent injection, as the enzyme became increasingly
saturated with inhibitor. The decrease in the sizes of the steps is
related to the inhibition constant, K;, and the values of k., and K;
can be fitted numerically to the data. The disassociation rate can
then be calculated as k,g = kon X Kj.

In the dissociation experiments, the sample cell contains only
the substrate and the syringe contains enzyme saturated with
an inhibitor (prolyl oligopeptidase and a reversible covalent
inhibitor), which is added to the cell in a series of injections
(Figure 6E). Immediately following each injection there was
no change in the rate of catalysis in the sample cell as the
added enzyme was fully inhibited. However, the large dilution
(>20-fold) experienced by the injectant led to a net dissociation
of the inhibitor and a gradual downward shift of the ITC
signal as the freshly released enzyme began to act on the
substrate (Figure 6F). The downward shift of the ITC signal
became smaller for each subsequent injection, as the inhibitor
accumulated in the sample cell and the net dissociation of each
injection diminished. The decrease in the sizes of the steps is
governed by the value of Kj. Data for the series of injections can
be fitted simultaneously to yield k¢ and K; (Figure 6F). The
association rate can then be calculated as ko, = kog/Kj. Note
that concentrations of enzyme are so low in these experiments
(~10 nM) that ITC detects only heats of catalysis, while heats
of inhibitor/enzyme binding can be safely ignored. This method
exploits the fact that ITC measures enzyme velocity directly.
A traditional concentration-based enzyme assay would detect
the gradual decreases and increases in enzyme velocity vividly
illustrated in Figures 6D,F as slight curvature in the product
buildup curve, making quantitative analysis far more difficult
(Di Trani et al., 2018a).

Heterogeneous Mixtures

A unique aspect of ITC enzyme kinetic assays is their general
ability to provide real-time measurements on opaque systems
that are unsuitable for typical bulk spectroscopic techniques. One
example of this is ITC enzyme kinetics experiments performed on
suspensions of living cells (Wang et al., 2017, 2018; Zhang et al.,
2018; Lv et al., 2019). Comparing the behavior of enzymes in vitro
and in situ is critical for understanding how they work in living
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FIGURE 6 | Enzyme inhibition characterized by ITC Pseudo-First-Order-type assays. (A) Multiple injection-type ITC assays with urea in the syringe and urease in the
sample cell (Benini et al., 2014). (B) MM/BH plots from data similar to (A) with fluoride ion concentrations of 0, 0.4, and 0.8 mM, fitted to a mixed inhibition model
(Equation 16). In (A,B), data were extracted from the original reference using Graph Grabber v2.0.2 (Quintessa) and plotted using MATLAB (MathWorks). (C) Inhibitor
association kinetics experiment with prolyl oligopeptidase (POP) and substrate (thyrotropin releasing hormone, TRH) in the sample cell and reversible covalent
inhibitor in the syringe (Di Trani et al., 2018a). (D) Overlay of injections 1-3 from (C) (colored points) with best global fits to a kinetic model of association (black
curves). (E) Inhibitor dissociation kinetics experiment with TRH in the sample cell and POP and a reversible covalent inhibitor in the syringe (Di Trani et al., 2018a).
(F) Overlay of injections 2-5 from (E) (colored points) with fit best global fits to a kinetic model of dissociation (black curves).

systems and can reveal how enzyme kinetics are tied to additional
layers of biological dynamics. Furthermore, studying enzymes in
the intact organism avoids the question of whether activity has
been compromised by extraction and circumvents the need for
purification steps at all. For instance, Zhang et al. (2018) used
ITC to study the metallo-B-lactamase NDM-1 in living cultures of
Escherichia coli. NDM-1 cleaves carbapenems, providing bacterial
resistance to these “last resort” f-lactam antibiotics. Development
of NDM-1 inhibitors has the potential to resensitize resistant
bacteria and offers an avenue for treating these kinds of serious
drug-resistant infections (Zhang et al., 2018). NDM-1 is located
in the periplasm of Gram-negative bacteria, anchored to the
inner leaflet of the outer membrane by a lipidated cysteine
residue (Palzkill, 2013). Thus the natural environment of NDM-1
is not well recapitulated by purified enzymes in solution. The

authors used cefazolin as a test substrate, injecting it into either
purified NDM-1 (Figure 7A) or live E. coli bacteria expressing
the enzyme (Figure 7B). Very similar single injection-type heat
signals were obtained in both cases, with all injected substrate
being consumed within 100-200 s in the case of purified protein
and 400-600 s in the case of live cells. Cefazolin injected in
live bacterial cultures not expressing NDM-1 gave negligible heat
signals. The amount of NDM-1 present in the live cells was not
determined and differences in enzyme concentration could have
contributed to differences in kinetic profiles in Figures 7A,B.
However, the authors also made the intriguing suggestion that
the slower kinetics in live cells could be due, at least in part, to
the time lag of cefazolin entering the periplasm and hydrolyzed
products leaving. The results presented in their study suggest
that ITC could be a powerful tool for studying these processes
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FIGURE 7 | Isothermal titration calorimetry characterization of heterogeneous mixtures. (A) Single injection assays with substrate (cefazolin) in the syringe and
purified NDM-1 in the sample cell (Zhang et al., 2018). (B) Single injection assays with cefazolin in the syringe and a suspension of live E. coli bacteria expressing
NDM-1 in the sample cell. (C) Experiments in (B) repeated with various concentrations of an inhibitor (D-captopril) added to the E. coli suspension. (D) ICso
calculation, taking the magnitude of each peak in (C) as proportional to enzyme activity. Single injection assays with chitinase in the injection syringe and (E) soluble
chitin fragments or (F) insoluble chitin in the sample cell (Lonhienne et al., 2001). Vertical arrows indicate timings of injections.

in future work. The authors went on to test a live-cell screen
for NDM-1 inhibitors, using a panel of previously reported
compounds. Data are shown in Figure 7C for a similar assay
to Figure 7B, with cefazolin injected in live cells pre-incubated
with different concentrations of known inhibitor, D-captopril; as
the concentration of inhibitor was raised, the ITC heat peaks
became increasingly broad, indicative of slower catalysis and
enzyme inhibition. Taking the absolute amplitudes of the peaks
as a measure of enzyme activity, the set of ITC data gave an ICs
of about 50 uM (Figure 7D), in good agreement with previous
measurements on purified protein (Zhang et al., 2018). The
authors repeated the experiments on four different clinical strains
of pathogenic bacteria. Interestingly, different strains showed
different levels of activity, perhaps reflecting different levels
of NDM-1 expression, different accessibility of the periplasmic
space, or both. This study paves the way for using ITC both as a
rapid screen for inhibitors of antibiotic resistance genes, and also
as a tool for probing the resistance profiles of clinical isolates.

Other examples of opaque reaction mixtures are those
involving insoluble substrates (Lonhienne et al., 2001; Murphy
etal, 2010a,b, 2012, 2013) or enzymes immobilized on insoluble
matrices (Henzler et al., 2008; Henao-Escobar et al., 2014; Ali
et al, 2015; Mason et al,, 2018) where the components are
combined as a suspension or slurry. These mixtures are of great
industrial importance, in part because the insoluble carbohydrate
polymers cellulose and chitin are the two most abundant organic
compounds on earth, present in large quantities in vascular
plants and arthropod exoskeletons, respectively (Berlemont
et al, 2016). Cellulose and chitin modifying enzymes have
many potential applications in biofuel production, chemical
upcycling, agriculture, and textile production (Turner et al.,
2007). Lonhienne et al. (2001) used ITC to characterize the
activity of psychrophilic bacterial chitinases, which hydrolyse
glycosidic bonds in chitin. They studied both an insoluble
suspension of powdered chitin and a sample in which the chitin
had been cleaved by acid hydrolysis into soluble fragments of
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40-100 kDa. When a series of injections of dilute chitinase
were made into a sample of soluble chitin fragments, the heat
flow increased in a series of steps of equal size (Figure 7E), as
expected, since for normal MM/BH Kkinetics, the total reaction
velocity is proportional to the concentration of enzyme. In
contrast, when chitinase was injected into the chitin suspension,
the first injection produced a large increase in heat flow, the
step associated with the second injection was much smaller,
and subsequent injections did not increase the rate of catalysis
at all (Figure 7F). The authors attributed this to saturation
of the chitin substrate. The bulk of the material forms an
interconnected network buried in the colloidal particle and is
therefore inaccessible to enzymatic attack. Once the surfaces of
the particles are covered by enzyme molecules, the addition of
further enzyme does not increase the rate of hydrolysis. An
additional interesting feature of the ITC data is the slow and
gradual increase in enzyme velocity after the first injection. The
steady-state rate of catalysis was not reached until roughly 15 min
after the enzyme was added. The authors attribute this lag to the
opening of crystalline regions on the colloid surface to expose
new fibril ends that are susceptible to the enzyme. This study
vividly illustrates how ITC data can give information not only on
enzyme kinetics, but also on the dynamic processes to which the
enzyme activity is linked.

DISCUSSION

The methods and examples discussed above illustrate the
power and potential of ITC as a universal enzyme assay.
ITC offers real-time monitoring of enzymatic reactions in
cases where other types of continuous assays are unavailable.
This is exemplified by human soluble epoxide hydrolase
(Abis et al, 2019) discussed above, where previous work
had relied on a combination of quenching the reaction at
various time points and analyzing the composition by liquid
chromatography and tandem mass spectrometry (Morisseau
et al., 2010). The ability to employ natural substrates is another
large asset for ITC. This is particularly true when the MM/BH
parameters obtained for chemically modified colorigenic or
fluorogenic substrate analogs do not match those obtained for
the native substrate by ITC. For example, glycosidase activity can
be measured spectrophotometrically with synthetic substrates,
such as maltooligomer derivatives with chromogenic chloro-
nitrophenyl (CNP) groups attached (Klaus et al., 1999; Morishita
et al, 2000; Ramasubbu et al, 2005). Separate studies on
a-amylase and glycogen phosphorylase found the Ky, values
of the fluorogenic substrate analogs to be substantially lower
than those of the native substrates determined by ITC, possibly
due to interactions of the chromophore with the active site
of the enzyme (Lehoczki et al, 2016; Szabd et al, 2019).
Thus ITC represents a simple way to accurately characterize
how enzymes interact with their biologically relevant molecular
partners. ITC also offers advantages for enzymes where the
standard assay involves indirect readout with a coupled-
enzyme system. This is particularly true when adding co-
solutes or inhibitors that affect enzymatic activity since the

secondary enzymes can be affected as well as the enzyme of
interest, as discussed above for pyruvate kinase (Lonhienne
and Winzor, 2002; Lonhienne et al., 2003). In addition, testing
spectroscopically active inhibitors or other effector molecules can
become a challenge when using spectrophotometric assays, i.e.,
with chromogenic or fluorogenic probes, or with coupled assays.
In contrast, deeply-colored inhibitors are fully compatible with
ITC inhibition assays (Zebisch et al., 2012). Furthermore ITC’s
ability to characterize opaque samples further extends the reach
of this technique beyond spectroscopically-accessible systems.
The examples described above involving suspensions of live cells
(Wang et al,, 2017, 2018; Zhang et al, 2018; Lv et al, 2019)
and insoluble substrates (Lonhienne et al., 2001; Murphy et al.,
2010a,b, 2012, 2013), illustrate how the surrounding milieu can
influence enzyme activity and how ITC can be a probe of these
more complex dynamics.

Over the past 20 years, the number of publications using
ITC to measure enzyme kinetics has been growing at an ever-
accelerating rate (Supplementary Figure 1). The advantages of
ITC described above are becoming increasingly recognized, and
we expect that this trend will continue as the technique becomes
more visible and widely known. Most of the studies to date
have employed the two main types of experiment described in
the original paper by Todd and Gomez (2001), ie., multiple
injection and single injection assays. However, we believe that
the full potential of ITC as an enzyme kinetic technique is
only starting to be explored and that the development of
innovative methods and novel capabilities will help to drive
the further growth of the user community. Our group (Di
Trani et al., 2017, 2018a,b; Wang et al, 2019) and others
(Honarmand Ebrahimi et al.,, 2015; Transtrum et al., 2015)
have recently reported methodological advances that push limits
of the technique. One area of interest is the development of
strategies for quantitatively addressing the finite response time of
ITC instruments (Honarmand Ebrahimi et al., 2015; Transtrum
et al., 2015; Di Trani et al., 2017). For example, our Empirical
Response Model, described above, has performed well under a
variety of conditions, and allowed us to, for example, characterize
very rapid reactions and clearly identify non-MM/BH Kkinetics
from single ITC peaks (Di Trani et al, 2017). In developing
this model, we found that the kinetics of post-injection mixing
can be largely ignored under many conditions. However, this
approximation should likely be revisited and is an area ripe
for advancement, perhaps by incorporating some ideas used
in analyzing binding kinetics by ITC (Burnouf et al., 2012).
More generally, there are an enormous number of ways to
generate different ITC experiments. As an illustration, for a
simple ternary system of enzyme/substrate/inhibitor, one can
imagine that each of the components can be loaded in either the
syringe or the sample cell, and can be either dilute (C << Ky,
K;) or concentrated (C >> Ky, Kj). This, in principle, gives 64
distinct arrangements, only a few of which have been investigated
to date. There are likely scenarios in which many of these
hypothetical experiments would yield uniquely useful data. When
one considers the number of multi-substrate enzymes (Wang
et al,, 2019) and multiple enzyme systems with shared substrates
or products (Murphy et al, 2010a), as well as the effects of
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allostery and substrate or product inhibition, the complexity of
the experiment-space and versatility of ITC starts to become
apparent. Finally, the ability of ITC to extract meaningful kinetic
data from systems as complicated as biopolymer suspensions
(Henzler et al., 2008; Ali et al., 2015) or even living cells
(Wang et al., 2017, 2018; Zhang et al., 2018; Lv et al, 2019)
holds great promise for understanding enzyme behavior in situ
and in vivo. One could imagine expanding this approach to a
multitude of other complex and heterogeneous media, such as
purified cellular components, homogenized tissue or soil samples,
and nanostructured materials, to name a few. It is our belief that
between advancements in experimental design and analysis and
sample selection and preparation, the full potential of ITC to
study enzyme kinetics will become evident in the coming years.
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