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ABSTRACT: Isothermal titration calorimetry (ITC) is a powerful tool for acquiring both thermodynamic 

and kinetic data for biological interactions including molecular recognition and enzymatic catalysis. ITC-

based kinetics measurements typically focus on reactions taking place over long timescales (tens of 

minutes or hours) in order to avoid complications due to the finite length of time needed detect heat flow 

in the calorimeter cell. While progress has been made towards analyzing more rapid reaction kinetics by 

ITC, the capabilities and limitations of this approach have not been thoroughly tested to date. Here, we 

report that the time resolution of commercial instruments is on the order of 0.2 seconds or less. We 

successfully performed rapid ITC kinetics assays with durations of just tens of seconds using the enzyme 

trypsin. This is substantially shorter than previous ITC enzyme measurements. However we noticed that 

for short reaction durations, standard assumptions regarding the ITC instrument response led to significant 

deviations between calculated and measured ITC peak shapes. To address this issue, we developed an 

ITC empirical response model (ITC-ERM) that quantitatively reproduces ITC peak shapes for all reaction 

durations. Applying the ITC-ERM approach to another enzyme (prolyl oligopeptidase), we unexpectedly 

discovered non-Michaelis-Menten kinetics in short time-scale measurements that are absent in more 

typical long time-scale experiments and are obscured in short time-scale experiments when standard 

assumptions regarding the instrument response are made. This highlights the potential of ITC 

measurements of rapid timescale kinetics in conjunction with the ITC-ERM approach to shed new light 

on biological dynamics. 

 

Isothermal titration calorimetry (ITC) is a powerful tool for determining thermodynamic and kinetic 

parameters for a range of biological reactions.[1, 2]  The instrument makes periodic injections of a 

macromolecule, ligand, or substrate solution into a sample cell containing a molecule of interest while 

recording how much power must be supplied to maintain a constant temperature. Exothermic reactions 

result in transient decreases in power, relative to the baseline, while endothermic reactions result in 

transient increases in the power supplied to the sample cell. ITC is commonly used to measure binding 

thermodynamics. In these applications, each peak in the ITC isotherm is integrated to yield the total 

amount of heat released or absorbed during and following each injection. The resultant series of integrated 

heats can be fit to variety of equations to yield the affinity, enthalpy, entropy, and stoichiometry of binding 

interactions.[3] ITC can also be used to measure reaction kinetics. This is accomplished by analyzing the 

shapes of the peaks themselves, which are related to the timescale of heat generation during and following 

each injection. Rapid reactions lead to sharp ITC peaks that are complete in seconds or tens of seconds 

while slow reactions lead to broad peaks that may be minutes or even hours in length.[4, 5] Quantitative 

ITC peak shape analysis has been used to characterize the kinetics of a wide variety of reactions including 

the chemical reactions of small molecules,[6] enzyme catalysis, [7-17] and biomolecular binding. [17-22] 

ITC offers several advantages over other experimental kinetics methods such as surface plasmon 

resonance,[23] UV-vis spectrophotometry,[24-26] and nuclear magnetic resonance spectroscopy.[27] It 

can be performed entirely in solution under physiological conditions, does not require spectroscopically-

active (eg. fluorescent) molecules, it is compatible with spectroscopically opaque solutions,[7] and can 

be applied to relatively dilute samples.[4] Despite its long history and technical advantages, kinetic 

applications of ITC remain fairly rare. A potential factor is the challenge of accurately modeling ITC peak 

shapes. This requires accounting for the various mechanical, chemical, and electrical processes that are 

involved in the measurement of an ITC isotherm. In practice, an instantaneous release of heat in the ITC 
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cell is detected over a period of seconds or tens of seconds. When reactions take place on similar time 

scales to these processes, it is challenging to separate the kinetics of the reaction from the kinetics of the 

instrument response itself.[11, 19] In contrast, for slower reactions taking place on the timescale of 

minutes to hours, the kinetics of the instrument response can essentially be ignored.  Nevertheless, many 

interesting and biologically important reactions take place on the seconds timescale. Progress has been 

made towards modelling the ITC instrument response and in measuring rapid reaction kinetics by 

ITC.[19] However to date the accuracy of the instrument response models has not been thoroughly tested, 

nor has the upper limit for reaction rates in ITC experiments been systematically explored.     

In this study, we have used a combination of electric heater pulses, Ca2+/EDTA binding experiments, and 

enzyme assays with trypsin and prolyl oligopeptidase to map out the capabilities and limitations of rapid 

kinetics experiments using common benchtop ITC instruments, focusing mainly, but not exclusively, on 

the VP-ITC produced by MicroCal/Malvern. We found that this instrument is capable of extracting 

reaction times with sub-second accuracy (as is the MicroCal ITC-200 and the TA Instruments Nano ITC). 

Motivated by this result, we performed trypsin enzymatic reactions in which all of the injected substrate 

was exhausted in under a minute, which is more rapid than previous ITC enzyme assays by about a factor 

of 20. Using a previously-published kinetic ITC analysis technique,[9] we extracted enzyme parameters 

in agreement with literature values. However, the modeled ITC peak shapes were not well reproduced, 

potentially obscuring useful kinetic information. We therefore developed an ITC Empirical Response 

Model (ITC-ERM), which accurately reproduces both ITC peak shapes and kinetic parameters. Applying 

the ITC-ERM approach to rapid reactions of prolyl oligopeptidase, we observed surprising non-Michaelis-

Menten kinetics that are completely obscured by previous ITC and spectroscopic analysis methods.  

EXPERIMENTAL SECTION 

ITC Experiment Conditions. All ITC experiments were performed using a MicroCal VP-ITC in high-

feedback mode with a 1 second signal-averaging window and stirring rate of 806 rpm, unless otherwise 

specified. Pre-injection delays of 500 seconds were employed to allow baselines to fully stabilize.  

Electrical Heater Pulses. Electrical heater pulses were executed using the ‘pulse-off’ command in the VP-

Viewer2000 Thermostat/Calibration tab during a 2000s pre-titration delay with stirring. The peaks 

produced by the electric heater pulses were normalized by the total area of the peak (equation 8).   

Enzymes and Substrate preparation. Trypsin (EC 3.4.21.4) was purchased in the form of (TrypZeanTM) 

from Sigma-Aldrich. The lyophilized powder was dissolved into 200mM Tris-HCl, pH 8.0, 50mM CaCl2, 

and 0.2% PEG-8000 buffer. The concentration of Trypsin was measured using the extinction coefficient 

at 280nm (Ԑ = 30057 M-1 cm-1).[28] The substrate Nα-Benzoyl-L-arginine ethyl ester (EC 220-157-0) was 

purchased from Sigma-Aldrich and dissolved into the same buffer.      

Human Prolyl oligopeptidase was purified as described previously[29] and dialyzed in a buffer containing 

20mM sodium phosphate pH 8, 150mM sodium chloride, and 10% (w/v) glycerol,  prior to flash freezing 

in 300uL aliquots at ≈4µM in liquid nitrogen and storing at –80°C. Kinetic experiments were carried out 

with freshly thawed POP in the same buffer (above) with bovine serum albumin (BSA, 0.5 mg/mL) added 

to help stabilize POP. The substrate thyrotropin releasing hormone (TRH) was purchased from BACHEM 

international (product H-4915) and dissolved into the same buffer as POP for kinetics experiments.   

Ca2+ EDTA titrations. All Ca2+-EDTA measurements in the main text (except saturation experiments) 

were performed at 25°C in 10mM MES (2-(N-morpholino)ethanesulfonic acid) buffer pH 6. The Ca2+ -

EDTA saturation titrations were performed at 25°C in 20mM PIPES (piperazine-N,N’-bis(2-

ethanesulfonic acid))  buffer pH 7. The peaks generated by the Ca2+-EDTA injections were normalized 

(equation 8). 
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Enzyme Kinetics Fitting Scripts. All fitting was performed in MATLAB. Differential equations shown 

below (equations 1-4) describing Michaelis-Menten kinetics were integrated numerically using Euler’s 

method in 0.01s integration steps (dt in equations 1-4) according to:  

𝑑[𝑃]𝑡

𝑑𝑡
=  

𝑘𝑐𝑎𝑡 ∗ [𝐸] ∗ [𝑆]𝑡

𝐾𝑚 + [𝑆]𝑡
                                                             (1) 

[𝑃]𝑡+𝑑𝑡 = [𝑃]𝑡 + 
𝑑[𝑃]𝑡

𝑑𝑡
∗ 𝑑𝑡                                                         (2) 

𝑑[𝑆]𝑡

𝑑𝑡
= − 

𝑘𝑐𝑎𝑡 ∗ [𝐸] ∗ [𝑆]𝑡

𝐾𝑚 + [𝑆]𝑡
 +  

𝑅𝑎𝑡𝑒𝑖𝑛𝑗

𝑉𝑐𝑒𝑙𝑙
                                           (3) 

𝑑[𝑆]𝑡+𝑑𝑡 = [𝑆]𝑡 + 
𝑑[𝑆]𝑡

𝑑𝑡
∗ 𝑑𝑡                                                              (4) 

where 𝑘𝑐𝑎𝑡 and 𝐾𝑚 are the catalytic rate and the Michaelis constant respectively, [𝐸] is the total 

concentration of enzyme in the cell and [𝑆]𝑡 and [𝑃]𝑡 are the concentrations of substrate and product at 

time=t. 𝑅𝑎𝑡𝑒𝑖𝑛𝑗 is the rate of the injection (mole s-1) and 𝑉𝑐𝑒𝑙𝑙 is the total volume of the reaction cell. Note 

that on MicroCal instruments the beginnings of injections are indicated with an ‘@’ sign in the raw data 

file. On the TA Nano instrument, injection start times are specified in advanced. This was verified visually 

by the user. The instantaneous heat h(t) is calculated using the enthalpy of the reaction 𝛥𝐻𝑟𝑒𝑎𝑐𝑡 and the 

total volume of the cell (equation 5).  

ℎ(𝑡) = 𝛥𝐻𝑟𝑒𝑎𝑐𝑡 ∗ 𝑉𝑐𝑒𝑙𝑙 ∗
𝑑[𝑃]𝑡

𝑑𝑡
                                                              (5)  

The instantaneous heat curve is numerically convoluted with the instrument response function according 

to:  

𝑔(𝑡) = ℎ(𝑡) ⨂ 𝑓(𝑡)                                                                        (6) 

where 𝑓(𝑡) is either a mono-exponential response function or the empirical response function (obtained 

from reference injections, see Results Section), g(t) is the resulting calculated signal, and the convolution 

is defined according to 

ℎ(𝑡) ⨂ 𝑓(𝑡)   =   ∫ 𝑓(𝜏)𝑔(𝑡 −
𝑡

𝑜

 𝜏)𝑑𝜏                                                    (7) 

The calculated instrument output, g(t), was digitally resampled in second intervals to match the 

experimental calorimeter output and normalized by the total area of the peak using trapezoidal integration 

according to  

𝑔𝑛𝑜𝑟𝑚(𝑡𝑚) =  
𝑔(𝑡𝑚)

∑ [𝑔(𝑡𝑛 + 1) + 𝑔(𝑡𝑛)] ∗ 𝑑𝑡/2𝑁
𝑛=0   

                                           (8) 

where N is the total number of time points, tn and tm are the nth and mth timepoint, dt is the time increment 

(1 second in all cases here) and 𝑔𝑛𝑜𝑟𝑚 is the normalized peak. Enzyme kinetic parameters as well as a 

scaling factor for the modelled curve Ng were fit by minimizing the target function (equation 5)  

𝑅𝑆𝑆 =    ∑(𝑁𝑔 ∗ 𝑔𝑛𝑜𝑟𝑚(𝑡𝑛) − 𝑏𝑛𝑜𝑟𝑚(𝑡𝑛))2

𝑁

𝑛=0

                                              (9) 
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where RSS is the residual sum of squared differences, bnorm(t) is experimental data which has been 

normalized according to equation 8.  

All enzyme experiments were performed in triplicate. Errors of fits as well as parameter correlation 

coefficients were calculated using the variance-covariance matrix (see supporting information). 

RESULTS 

Background. There are several related physical and chemical processes that must be considered when 

calculating the time-dependent ITC signal. Firstly, there is the user-selected finite injection time, during 

which some of the contents of the syringe are introduced to the sample cell, typically on the order of 1-

500 seconds. Subsequently, during the pre-reaction mixing time, the injected solution is mixed 

homogeneously throughout the cell.[19] As the contents of the injection and sample cell are mixed, they 

can interact according to their intrinsic chemical kinetics, [4, 19] leading to the release or absorption of 

heat and the local heating or cooling of the solution at the site of reaction. This is followed by a heat 

transfer delay, the length of time necessary for the solid phase thermocouple to detect the small change in 

sample cell temperature, relative to the reference cell[30-33]. In an ITC feedback calorimeter this 

temperature difference activates the electronic response feedback circuit which causes a change in the 

amount of power being supplied to the sample cell, driving the temperature gradient back to zero.[31] 

Together, these processes determine the ultimate shape of the instrument output, i.e. the time-dependent 

signal (usually in µcal/s) that is recorded by the ITC. The preceding processes can all potentially 

contribute to the shape of a peak, however, the relative contribution and importance of each step has not 

been the subject of much attention to date. 

Typically, the finite injection time, pre-reaction mixing, and chemical kinetic processes are combined to 

calculate the time-dependent rate at which heat is generated in the ITC cell, which we refer to as the 

instantaneous heat or h(t) (see Supporting Information section).[19] The post-reaction heat transfer and 

electronic response are usually modelled as a single function, which we refer to as f(t). In most 

applications published to date, f(t) has been expressed as a single- or bi-exponential decaying function.[19, 

20, 32, 34-36] When f(t) is modelled as single-exponential, f(t) = exp{-t/τi} 

, the constant τi is referred to as the time constant of the ITC instrument and is typically taken to be on 

the order of 5 to 15 seconds.[19] The instrument output, g(t), is then calculated as the convolution of the 

instantaneous heat and the instrument response, g(t)=h(t)⊗f(t) (See Methods Section). Physically, this 

implies that an instantaneous burst of heat in the calorimeter cell produces a signal with the shape of the 

response function, i.e. if h(t) is the Dirac delta function, then g(t) = f(t).    

Rapid injection Experiments. In order to test the ITC instrument outputs resulting from known inputs, we 

used EDTA and Ca2+ as a model host/guest binding reaction. This system has the advantage of very strong 

affinity (KD≈0.180 µM)[37] providing tight control over reaction stoichiometry, high reaction enthalpy 

(ΔH≈-3.5 kcal mol-1) giving large heat signals, and extremely rapid association rates (kon≈5 x 106 M-1 s-

1),[37] meaning that the shapes of ITC peaks are dominated by factors other than the reaction kinetics, as 

desired for characterizing the instrument response. The pseudo first order time constant (τreact = 

(kon[EDTA])-1) for all Ca2+/EDTA reactions recorded in this study are less than 2.5ms. We performed a 

series of injections of Ca2+ into EDTA lasting between 0.2 and 5 seconds. During and following each 

injection we observed a deflection in the power due to the heat released by the Ca2+/EDTA binding 

reaction, as shown in Figure 1. Although the heat signals are tens of seconds in length, the longer 

injections nevertheless give rise to peaks that are noticeably wider; the injections differ from each other 

by only 1 second but produce peaks that are clearly distinct. This demonstrates that a typical ITC 

instrument has sub-second time-resolution, as required for measuring rapid kinetic processes.  
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Figure 1. Rapid injections into EDTA using the VP-ITC. CaCl2 (18mM in syringe) was injected (1µL 

injections) into the cell containing 1.8mM EDTA. Area-normalized peaks (averages of 10 replicates) are 

shown for 0.2s (dashed blue line), 1s (orange circles), 2s (yellow circles), 3s (purple circles), 4s (green 

circles) and 5s (cyan circles) injections. The solid lines show the fit to the experimental peaks using the 

ERM approach (see below) while floating the injection length. Extracted lengths for the injections are 

plotted in Figure S2A. 

Rapid Time-Scale Enzyme Kinetics. The ITC traces obtained from injections of Ca2+ into EDTA, 

described above, suggest that short bursts of heat are detected over approximately 40 seconds by the VP-

ITC instrument. We therefore aimed to test whether enzymatic reactions occurring on similar timescales 

can be accurately characterized by this calorimeter. We selected the well-studied enzyme trypsin and the 

substrate Nα-Benzoyl-L-arginine ethyl ester hydrochloride (BAEE) as a model system. Initial 

experiments were performed by injecting BAEE into the cell containing relatively low concentrations of 

trypsin, on the order of 10 nM (Figure 2A). The observed heat signal from the instrument output is about 

150 seconds in duration, indicating that the total duration of the enzyme reaction is slightly greater than 

100 seconds, as the heat generated by the enzyme is detected with up to a roughly 50 second delay. The 

data were fit using a recently-developed approach in which the instantaneous heat, h(t), is calculated 

according to the Michaelis-Menten equation, the instrument response, f(t), is assumed to be single-

exponential, and the enzyme kinetic parameters are extracted while simultaneously fitting an effective 

value for the instrument response time, τi.[9] In what follows, we refer to this as the variable-τ approach.    

The modelled curve closely follows the experimental data and the fitted parameters (Km = 3.42 ± 0.08 

µM; kcat = 20.0 ± 0.3 s-1; 𝜏𝑖 = 23.9 ± 0.34 s) are in good agreement with previously reported values (Km 

= 4 µM; kcat = 15 s-1).[4, 38] Next, more rapid transients were produced using higher concentrations of 

enzyme, on the order of 60 nM (Figure 2B).  In this case, the instrument signal is roughly 70 seconds 

length, which is only 20 seconds longer in duration than the signal produced by a rapid injection of Ca2+ 

into EDTA. In other words, this enzymatic reaction occurs on a timescale equal to or less than the 

instrument response time. Once again, the data were fit using the variable-τ procedure. The extracted 

parameters (Km = 4.24 ± 0.05 µM; kcat = 16.7 ± 0.1 s-1; 𝜏𝑖 = 16.4 ± 0.16 s) agreed well with reported 

values, however the modelled curve deviated substantially from the experimental data. Trypsin has been 

shown to follow Michaelis-Menten kinetics in numerous studies. This strongly suggests that the variable-

τ procedure used to model the ITC response yields distorted peak shapes, at least for rapid reactions, 

potentially obscuring important kinetic information. 
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Figure 2. Single Injection Enzyme Kinetics for Trypsin using the VP-ITC. (A) Single injection (30µL 

over 20s) of BEAA (400µM in syringe) into the cell containing trypsin 10nM (open circles). Best fit 

according to the variable-τ approach.[11] (solid line).  (B) Single injection of BEAA (1100µM in syringe) 

into the cell containing trypsin 60nM (open circles). Best fit according to the variable-τ approach.[11] 

(solid line).  

Factors affecting ITC peak shapes. In order to develop an analytical approach that more closely reproduces 

ITC kinetic peak shapes, we re-examined the assumptions of the variable-τ method used above to analyze 

trypsin kinetics. These are 1) that pre-reaction mixing is effectively instantaneous and 2) that the post-

reaction response of the calorimeter (f(t) in equation 7) is a single exponential decaying function. 

Inspection of the Ca2+ /EDTA traces in Figure 1 reveals that either one or both of these assumptions must 

be false. A short injection (0.2 s) produces a heat signal that increases up to the 9-second mark. For 

instantaneous mixing with a single-exponential response function, the maximum heat flow is necessarily 

at the end of the injection period. In this case, the maximum heat flow is obtained 9 seconds after the end 

of the injection. 

One possible explanation for this delayed response is that it takes several seconds for the injected Ca2+  to 

mix with the EDTA in the cell. Note that the rate constant for this reaction (5 x 106 M-1 s-1)[37] is 

sufficiently large that it may be assumed that Ca2+ and EDTA react instantaneously once mixed. We tested 

the mixing time by performing a series of Ca2+ injections into a highly concentrated solution of EDTA 

(Figure 3), with a c-value ([EDTA]/KD) of roughly 500. In the second of these injections (the first 

injection is ignored due to pre-titration diffusion from the syringe), there is sufficient EDTA to fully react 

with injected Ca2+ in 7 l of the cell solution, i.e. just 5% of the total cell volume. In this case, one would 

expect that sufficient mixing of the two components would occur very rapidly. With subsequent 

injections, as free EDTA is converted to the bound form, the amount of mixing required for each injection 

increases. By the 20th injection, the Ca2+ must fully mix with at least 630 l of the partly-saturated EDTA 

solution (45% of the cell volume) in order to react to completion. In this case we would expect that 

sufficient mixing would require more time than for the first injection. Notably, all Ca2+ injections, from 

the second to the 20th give superimposable peak shapes, although the amount of mixing required for each 

injection can vary by up to about 90-fold. This strongly suggests that pre-reaction mixing is not rate-

limiting for generation and detection of heat in the ITC under these conditions. We note that the signal 

from the 21st Ca2+ injection is substantially broader than that of the previous injections. In this case, mixing 

with at least 79.5% of the cell volume is required to reach completion, and it seems likely that in this case, 

the pre-reaction mixing step becomes at least partially rate-limiting. Nevertheless, the assumption of 

instantaneous mixing appears to be valid for a broad range of free EDTA concentrations.  

Another possible explanation for the observed ITC peak shapes is that the post-reaction heat transfer and 

electronic response do not combine to give a single exponential response function. In order to examine 

these steps more closely, we measured the ITC signals resulting from short impulses of the electrical 

heater used to calibrate the sample cell. Here again, we observed heat signals that continued to build for 

roughly 9 seconds following the end of the heater pulse, despite the fact that no mixing of reactants is 

required (Figure S4). We repeated these experiments with the water-filled syringe present in the cell 

rotating at different stirring speeds. Notably, we observed broader peaks at slower stirring speeds. 

Furthermore, the stirring speed dependences of ITC peaks obtained from heater pulses and Ca2+/EDTA 

injections are very similar. This strongly suggests that stirring affects the post-reaction heat transfer step, 

and that this together with the electronic feedback mechanism largely governs the ITC peak shapes 

measured here. 
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Figure 3. Ca2+ EDTA saturation experiments using the VP-ITC. (A) Titration of CaCl2 11mM into EDTA 

1.8mM until saturation form a single experiment. (B) Overlay of area-normalized peaks 2-20 and 21. (C) 

Representation of coin shaped cell (outer ring with neck). The area of each inner disk is proportional to 

the volume of cell solution which contains enough unbound EDTA to bind all CaCl2 provided in that 

injection. The first injection small (5µL over 10s) is not shown in panel B or C due to pre titration diffusion 

form the tip of the syringe into the cell all subsequent injections are 10µL over 2s.  

Empirical Response Model. We have a developed an approach for analyzing ITC peak shapes based on 

an empirical response model (ERM). The approach treats pre-reaction mixing as effectively 

instantaneous, as outlined above, and subsumes all post-reaction heat transfer and electronic response into 

a single empirical response function, f(t), which obeys the convolution relationship in equation 7.  We 

took advantage of the property of convolutions, wherein an infinitely short burst of heat in the calorimeter 

cell (h(t) = (0)) produces g(t) as the instrument output. Here, we approximated an instantaneous burst of 

heat with a 0.1 to 0.5 second injection of Ca2+ into EDTA, and took the resulting peak as the empirical 

response function, f(t). ITC peak shapes were then simulated by numerically convoluting the 

instantaneous heat profile (h(t)) with the empirical response function (f(t)) thus obtained. We tested the 

ITC-ERM by fitting Ca2+/EDTA injections of varying durations and comparing the known injection 

lengths with those extracted from the peak shapes. This approach reproduced the experimental ITC peaks 

with remarkable fidelity (Figure 1), and the extracted injection lengths closely match the set values with 

a root-mean-square deviation of only 0.2 s (Figure S2). We then repeated the kinetic analysis of trypsin 

using the ITC-ERM approach and assuming Michaelis-Menten enzyme kinetics, obtaining very close 

agreement between the simulated and experimental peak shapes (Figure 4B), and kinetic parameters that 

match the literature values (Km = 2.848 ± 0.001 µM; kcat = 16.69 ± 0.02 s-1). This is in contrast with the 

variable-τ method (Figure 2B), where simulated ITC peak shapes show large systematic deviations from 

the experimental data. These results give us confidence that the ITC-ERM approach quantitatively 

reproduces ITC peaks of arbitrarily short duration with a high degree of accuracy.  
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Figure 4. Single Injection Enzyme Kinetics for Trypsin using the VP-ITC. (A) Single injection of BEAA 

(400µM in syringe) into the cell containing trypsin 10nM (open circles). Curve produced using ITC-ERM 

method. (solid line). (B) Single injection of BEAA (1100µM in syringe) into the cell containing trypsin 

60nM (open circles). Curve produced using ITC-ERM method. (solid line).  

Prolyl Oligopeptidase. Prolyl oligopeptidase (POP), is a post-proline cleaving enzyme implicated in 

cancer and neurodegenerative disorders.[39, 40] POP cleaves thyrotropin-releasing hormone (TRH), a 

modified tri-peptide with the sequence (pyro)Glu-His-Pro-NH2, among other substrates. ITC traces 

obtained from injections of TRH into the reaction cell containing varying concentrations of POP are 

shown in Figure 5. The ITC-ERM approach was used to fit each transient using the Michaelis-Menten 

equation. At low enzyme concentrations, the calculated peak shapes agree well with the experimental data 

(Figure 5A), as seen for trypsin, above. However, at higher enzyme concentrations, the peak shapes are 

no longer well fit by this model Instead, the data agree with an empirical formula, previously used to 

describe non-Michaelis-Menten enzymes with cooperative substrate binding,[41] according to: 

𝑑[𝑃]𝑡

𝑑𝑡
=  

𝑘𝑐𝑎𝑡 ∗ [𝐸] ∗ [𝑆]𝑛

𝐾𝑚 + [𝑆]𝑛
                                                         (10) 

where values of n>1 correspond to positive cooperativity and n<1 indicate negative cooperativity. This 

behavior is fundamentally different from that of trypsin, whose ITC peak shapes agree closely with 

classical Michaelis-Menten kinetics at both low and high enzyme concentrations. In the case of POP, 

values of the cooperativity coefficient vary from n=1.13 with [POP]=136 nM to n=2.37 with [POP]= 1.98 

μM (see Table S2). Interestingly, the extracted values of n appear to follow an empirically linear 

dependence on enzyme concentration. Extrapolation to the y-intercept is short, and produces a value of 

n=1.07. This suggests that at vanishing low enzyme concentrations, POP obeys Michaelis Menten kinetics 

almost exactly, while at higher enzyme concentrations, kinetics are increasingly cooperative, implicating 

enzyme self-association in solution in this behavior.  To our knowledge, such a concentration-dependent 

shift in enzyme cooperativity has not been previously reported for POP. The underlying physical 

mechanism and potential physiological role are not known, and are the subject of ongoing investigation 

in our laboratory. Interestingly, the cooperative kinetic behavior of POP disappears at the low enzyme 

concentrations (≈3nM) that have been used in previous spectroscopic assays with POP[42] and multiple 

injection experiments (Figure S5). Furthermore, when the rapid enzyme kinetic data is modelled using an 

exponential response function with the variable-τ approach, the inherent systematic distortion of the peak 

shapes (Figure 2B) entirely masks the non-Michaelis-Menten behavior. In other words, rapid single-

injection enzyme kinetic ITC assays together with ITC-ERM analysis represent a uniquely powerful 

approach for unravelling non-classical enzyme kinetics.   
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Figure 5. Single Injection Enzyme Kinetics for POP using the VP-ITC. All three panels show data for a 

single injection (20µL over 6s) of TRH (690 µM in syringe) made into a cell containing 132 nM POP (A), 

1.8 µM POP (B), and 2.37 µM (C) (open circles). Fits using the ITC-ERM approach and Michaelis-

Menten kinetics (equation 1) and cooperative kinetics (equation 10) are shown in red and blue lines, 

respectively at each concentration. Resulting Hill coefficients (n) plotted against enzyme concentration 

with line obtained by linear regression (C). 

Maximum Reaction Rates. Chemical reactions that take place on roughly the same timescale as the 

instrument response can be quantified by ITC-ERM, while those that occur much more rapidly (eg. short 

Ca2+/EDTA injections) are indistinguishable from instantaneous bursts of heat and yield little or no kinetic 

information. In order to estimate rough upper rate limits for this technique, we performed a series of 

Monte Carlo calculations in which molecular binding and enzyme catalytic data were computed with 

simulated random errors. The synthetic data were analyzed using the ITC-ERM method and the fitted 

kinetic parameters were compared to the ones used to generate the data sets. For molecular recognition, 

we fixed KD and ΔH to the Ca2+/EDTA-derived values (0.180 µM and -3.5kcal/mol, respectively) and 

varied kon between 104 and 106 M-1 s-1. The agreement between the true and fitted kon values was excellent 

for the slower on-rates, but increased rapidly after 1105 M-1 s-1, reaching more than 50% error after about 

4105 M-1 s-1. Association rates faster than this lead to signals that are essentially indistinguishable from 

instantaneous bursts of heat. Note that the kon values for Ca2+/EDTA are about 10 times this value. Thus 

kon=105 M-1 s-1 represents an approximate upper limit for association rates, under these conditions. 

Interestingly this is slightly faster than the ITC-derived rate constant of 3104 M-1 s-1 reported by the 

Dumas lab for the TPP riboswitch.[19] For the enzyme simulations, we fixed kcat and Km to the trypsin-

derived values (15 s-1 and 4 M, respectively) and varied the total enzyme concentration between 5 and 

1000 nM. The agreement between the true and fitted kcat and Km values was excellent for the lower enzyme 

concentrations, where heat is generated more slowly. In contrast, for concentrations greater than about 

400 nM (Vmax > 6 μM s-1), the errors in the extracted kcat and Km values were larger than 20% and 50%, 

respectively, marking the approximate upper limit for this technique under these conditions. 

Application to Other ITC Instruments. In order to test the generality of the ITC-ERM approach, we 

repeated Ca2+/EDTA reference experiments using the MicroCal ITC-200, which has a cell size 

approximately seven-fold smaller than the VP-ITC, and the Nano ITC from TA instruments, which has a 

cell roughly the same size as that of the ITC-200, but cylindrical in shape, in contrast to the coin-shaped 

cells employed in the MicroCal instruments. In all cases, injection lengths varying between 1 and 5 

seconds are clearly distinguishable, indicating that these instruments also have sub-second time resolution 

(Figure S1). The variable-length injections were then fitted using the ITC-ERM approach, as described 
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above for the VP-ITC. Interestingly, for both the ITC-200 and the Nano ITC, the fits deviated 

systematically, such that injection lengths were consistently under-estimated (Figure S2). We suspected 

that the programmed 0.2s pulses were not serving as an accurate models of the instrument response 

function, f(t). In order to circumvent this problem, we reanalyzed the data using a longer (1 second) 

injection to model the instrument response and adjusting the experimental data accordingly. Briefly, we 

define a modified response function, f´(t) as the area-normalized instrument output following a 1 second 

injection, and the adjusted data, g´(t) to be the instrument output numerically convoluted with a 1 second 

square pulse, s(t) = 1, 0 ≤ 𝑡 ≤ 1 and s(t) = 0, t < 0, t > 1. The modified response function can be used to 

fit the adjusted data just as the true response function is used to fit the unadjusted instrument output. The 

modified response function and adjusted data are described by the equations 

𝑓′(𝑡) = 𝑠(𝑡) ⊗ 𝑓(𝑡),                                                                  (11) 

𝑔′(𝑡) = 𝑔(𝑡) ⊗ 𝑠(𝑡),                                                                  (12) 

where f(t) is the true response function and g(t) is the unadjusted instrument output. From equations 6, 

11, 12, and the commutative property of convolutions it therefore follows that: 

ℎ(𝑡) ⊗ 𝑓′(𝑡) = 𝑔′(𝑡).                                                                (13) 

This approach yields quantitative agreement between true and fitted injection lengths for all calorimeters 

tested here (Figure S2), confirming that the ITC-ERM accurate reproduces peak shapes for a range of cell 

sizes and geometries. Furthermore, Ca2+/EDTA saturation experiments performed with the both ITC-200 

and Nano ITC show essentially superimposable peak shapes over a broad range of stoichiometric volumes 

(up to about 50% for both ITC-200 and Nano ITC) (Figure S3). This indicates that the assumption of 

instantaneous mixing holds for the ITC-200 and Nano ITC under conditions similar to those we found for 

the VP-ITC. 

DISCUSSION 

The advantages of using ITC to measure chemical reactions, particularly enzyme kinetics, have long been 

recognized and there is varied literature on the subject going back several decades.[4, 12, 43] Most of 

these studies have focused on reactions taking place over tens of minutes to avoid complications of the 

finite instrument response time. Here we demonstrate experimentally that accurate Michaelis-Menten 

parameters can be extracted from ITC peaks just tens of seconds in length. Computer simulations had 

previously predicted that accurate enzyme kinetic parameters could be extracted from ITC peaks on this 

timescale. However, to our knowledge, this had not been tested experimentally. The ITC reaction times 

utilized in this study are about a 20-fold shorter than those of previous ITC enzyme kinetic studies, and 

thus represent an important experimental validation of the theoretical predictions.[9, 19] Rapid ITC 

kinetic experiments (seconds) offer several advantages compared to longer-timescale (minutes) 

approaches. Firstly, they allow the same number of kinetic traces to be obtained in much less time, which 

is advantageous both in terms of throughput, and for substrates that degrade or enzymes that steadily lose 

activity under catalytic conditions, such as Cytochrome P450 and NADPH-cytochrome P450 

reductase.[44] Secondly, they are well suited to small injections of dilute substrates that are consumed 

rapidly by the enzyme, which is desirable for expensive or sparingly soluble reagents. This is also 

beneficial for systems that experience product inhibition, as operating at lower substrate concentrations 

means generating less product. Lastly, a compensation calorimeter measures reaction rates in terms of the 

displacement of the heat flow from the baseline value. However, the ITC baseline fluctuates slowly with 

time and must be interpolated between the beginning of the injection and the end of the reaction.[11, 36] 

Shorter reactions allow for smaller regions of interpolation and thus fewer errors due to baseline 

fluctuations. 
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We found that a previously published (variable-τ) approach for analyzing ITC kinetic traces yielded 

accurate enzyme parameters, even for short reactions on the order of tens of seconds. However, for rapid 

reactions (less than about 80 seconds), the inherent assumption of a mono-exponential instrument 

response led to large systematic distortions of the calculated ITC peaks shapes. These distortions were 

eliminated by replacing the mono-exponential response function with an empirical response function that 

is derived experimentally from very short burst injections using a rapidly-reacting host/guest system (or 

1-second reference injections and suitably adjusted data, as described above). We term this the ITC-ERM 

approach. Most kinetic ITC studies to date have assumed mono-exponential[9, 11, 19, 20, 36] or bi-

exponential[32, 35, 45] instrument response functions. However the empirical response generated by a 

short burst of heat in the calorimeter cell is not well approximated by mono-, bi-, or tri-exponential 

functions (Supplemental Figure 6 and 7) and good agreement is obtained with sums of about 14 

exponential terms or more (Supplemental Figure 8). In principle, it would be possible to fit the 

experimental instrument response with a multi-exponential function, which could then be used in 

subsequent ITC-ERM calculations. However the experimental instrument response curves are visually 

extremely smooth to begin with and we did not find the additional smoothing provided by a multi-

exponential function to be necessary.  We therefore averaged and area-normalized the experimental data 

for 5-10 short injections, and used these values directly in numerical convolutions to simulate ITC data. 

The ability of the ITC-ERM approach to quantitatively reproduce the fine features of ITC peaks opens 

the door to novel investigations of biological kinetics, particularly for systems where the kinetic 

mechanism is not known a priori. For instance, the ITC-ERM method clearly showed that the POP enzyme 

deviates from Michaelis-Menten kinetics in a concentration-dependent manner. This behavior appears 

only at enzyme concentrations too large to study by standard spectrometric assays, and is completely 

obscured by the ITC peak-shape distortions produced in the variable-τ approach. In other words, the ITC-

ERM approach offers a unique opportunity to extract detailed enzyme kinetic information inaccessible 

using other experimental techniques. Furthermore, ITC-ERM approach is applicable not only to enzyme 

kinetics but to all kinetic ITC applications. For instance, kinetics of macromolecular ligand binding and 

coupled folding/binding reactions can be measured by ITC.[19] Many association reactions take place in 

seconds or tens of seconds under ITC conditions, meaning that methods to accurately reproduce rapid 

kinetic ITC peak shapes are quite important for these studies.  

There are several caveats to the ITC-ERM approach. Firstly, as with any ITC-based kinetics method, both 

the affinity and the enthalpy must be large enough to permit detection of the interaction at relatively low 

concentrations. For instance, we found that for the Ca2+/EDTA interaction, 105 M-1 s-1 represents an 

approximate upper limit for measurable association rate constants, under the conditions of this study. This 

corresponds to roughly 11 µcal of heat released per injection and a pseudo-first order time constant of 2 

s. To achieve similar results with another system, the concentration of the injectant would have to be 

adjusted to yield similar heats, while the concentration in the cell would have to be adjusted to maintain 

association times at or slower than 2 s. For weak interactions with low enthalpies, this may not always be 

possible. Secondly, pre-reaction mixing is effectively ignored in the method as implemented here. This is 

justified based on the excellent agreement we find for trypsin kinetic ITC peaks using this approach, as 

well as our observation that mixing occurs at a much faster rate than the post-reaction heat transfer and 

detection steps, at least with a large excess concentration of host molecules (eg. EDTA) in the cell. For 

injections near the stoichiometric saturation of a host or kinetic saturation of an enzyme, we might expect 

this approximation to break down. Finite pre-reaction mixing has previously been modelled in ITC kinetic 

studies as a first-order exponential process. [19] This could easily be included in the ITC-ERM approach 

as an additional step in calculating the instantaneous heat (h(t)). However this does not appear to be 

necessary to accurately model the ITC data presented here, and details of this additional calculation are 

beyond the scope of this work. A second caveat is that we have found that the empirical instrument 

response varies as a function of temperature, stirring speed, and solvent viscosity (Figures S4, 9, 10), and 

solution density and thermal conductivity are likely also important.[9] Thus burst injection host/guest 
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experiments must be performed under conditions as identical as possible to those of the actual kinetic data 

set. Note that for ITC-200 and Nano ITC calorimeters, short (~1s) reference injections should be 

performed instead of burst (~0.2s) injections and the instrument output adjusted prior to analysis, as 

described above. A temperature series of binding kinetics will require a temperature series of burst or 

reference injection measurements, for example. The ITC-ERM approach is consequently more costly in 

terms of experiment time than methods where a simplified mono exponential response function is either 

optimized on the fly, such as in the variable-τ method,[9] or approximated identically for all conditions. 

We note that in our hands, analyses using simplified mono-exponential response functions yield accurate 

enzymatic parameters, even when the fitted curves deviate substantially from the experimental data (as in 

Figure 2B). Thus when the kinetic mechanism is known a priori and only the model parameters are of 

interest, there are time-saving advantages to using a simplified ITC response function. However in cases 

where the kinetic mechanism is not known with certainty, the distortions inherent in using a simplified 

mono-exponential response function completely obscure the level of agreement or disagreement between 

any given model and the experimental data, when ITC peaks are shorter than about 150 seconds. In 

contrast, the ITC-ERM reproduces such short ITC peak shapes quantitatively, allowing the appropriate 

mechanistic model to be selected based on goodness of fit. For example, the mono-exponential variable-

τ approach gives poor agreement when rapid kinetic ITC traces from either trypsin or POP are analyzed 

according to the Michaelis-Menten mechanism. In contrast, the ITC-ERM approach shows that trypsin 

data follow the Michaelis-Menten model closely, while those of POP do not, and instead follow a 

concentration-dependent cooperative mechanism. Thus the ITC-ERM represents a new and valuable 

analytical tool for extracting mechanistic information from rapid timescale ITC kinetic data and shedding 

new light on the function of biological macromolecules.  

CONCLUSION 

The present study demonstrates that ordinary calorimeters are capable of measuring heat flow with sub-

second precision. However, conventional ITC data analysis approaches produce systematic deviations 

from experimental data when modelling rapid enzyme kinetics. We have developed an ITC-ERM 

approach that quantitatively reproduces ITC peak shapes, providing a simple way to study rapid reaction 

kinetics in detail. An application of ITC-ERM to prolyl oligopeptidase uniquely identified unexpected 

non-Michaelis-Menten kinetics, demonstrating its utility. 
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