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Determination of Michaelis–Menten parameters obtained
from isothermal flow calorimetric data
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Abstract

Recent papers have reported [Thermochim. Acta 399 (2003) 63; Thermochim. Acta, in press] the results of a preliminary inter/intra
laboratory study into the suitability of the base-catalysed hydrolysis of methyl paraben as a test and reference reaction for isothermal
flow-through calorimeters. It was shown that this reaction can be used to investigate the flow characteristics of the instrument being used.
It has also allowed, for the first time, the calculation of accurate values for the rate constant and for the enthalpy change,�H (hereafterH
(enthalpy) for simplicity) of reaction directly from the calorimetric data, free from assumption. These findings have been extended to permit
the direct determination of Michaelis–Menten based kinetic parameters from calorimetric data again free from assumption (except that the
system conforms to Michaelis–Menten kinetic theory). This paper describes the method used for such an analysis and reports the results of a
preliminary study on the urea/urease enzymatic system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The requirement of a chemical test and reference reac-
tion for the validation of isothermal calorimeters has been
known for a number of years[3–5]. Recently the results
of an intra/inter laboratory study into the suitability of the
imidazole-catalysed hydrolysis of triacetin (hereafter ICHT
for simplicity) as such a test and reference reaction have
been reported[6,7]. This has been followed by a number
of other publications[7–11] reporting the potential applica-
tions of the triacetin reaction. The papers referenced above,
however, all describe applications of the test and reference
reaction for use in calorimeters operated in the static or batch
mode and no consideration of solution phase reactions stud-
ied by flow-through instruments is made.

Flow-through calorimetric instruments are particularly
suited to studying reactions, which have relatively short
half-lives or for those in which constant stirring is required,
examples include biological cell/medium interactions and
enzyme/substrate reactions[12].
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Data obtained from flow calorimetry can yield, through
application of the appropriate equations, both thermody-
namic and kinetic information such as enthalpy of reaction
and rate constant for example. However, until recently, the
recovery of such parameters was severely limited in its accu-
racy. As will be seen in the following section the calorimet-
ric data is dependent upon the value of the effective thermal
volume of the calorimetric cell (i.e. the volume of reacting
solution “seen” by the calorimeter). This could not be read-
ily measured before the introduction of a test and reference
reaction for such instruments and assumptions were made
as to its value. As a consequence it is likely that the major-
ity of values reported for the thermo-kinetic parameters of
interest derived from this technique (using assumptions for
the thermal volume), are likely to be in error.

An identical study to that reported here was performed by
Beezer et al.[17] some 30 years ago. Values were reported
for the enthalpy of reaction, the Michaelis constant and the
first-order rate constant. For the reasons outlined above, and
detailed in previous publications, these values (and the en-
thalpy in particular) are likely to be in error. This paper will
highlight the potential magnitude of some of these errors
by a comparison of the value reported 30 years ago for the
enthalpy of reaction for the urea/urease enzymatic system
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(derived using assumptions for the value of the thermal vol-
ume) with a value for the enthalpy obtained by us using an
identical protocol and calorimeter but this time with a prop-
erly identified value for the thermal volume.

General equations which describe calorimetric output for
static batch type calorimeters have been derived[13,14].
The principles used in the derivation of static batch type
equations were also used to derive equations, which describe
calorimetric output for flow-through calorimeters[15–17].
A general equation which describes the amount of material
reacted,x, to any time,t, for a flowing system is described
below inEq. (1):

x = C − (C−n(−ktCn + kntCn + C))1/(1−n) (1)

wherex is the amount of material reacted to timet; C, con-
centration of the reagent in solution;n, order of reaction;k,
appropriate rate constant;t, time.

The calorimetric output for a flowing system is the aver-
age signal over the time during which the reacting solution
is in the calorimetric vessel, the residence time, (Eq. (1)
can be written forx at any timet and forx at time t+) al-
lowing equations to be written[10,16] which describe the
calorimetric output for any kinetic order. Equations which
describe zero-order,Eq. (2), and first-order,Eq. (3), systems
are presented below:

Φ = −k0HτF (2)

Φ = −FCH(1 − e−k1τ) e−k1t (3)

HereΦ is the calorimetric output;F, flow rate of the flowing
solution; H, enthalpy of reaction;τ, residence time of the
solution in the calorimetric cell.

As Eqs. (2) and (3)clearly demonstrate determination of
reliable values for rate constants and enthalpy changes from
experimental data (power/time data) for reacting systems
studied by flow microcalorimetry requires accurate and pre-
cise values forT (which is determined fromEq. (4)through
knowledge ofF and Vc). The thermal volume (that is the
effective operational volume of the calorimeter),Vc, can be
determined (for any flow rate) through prior knowledge of
accurate values fork andH and consideration of the calori-
metric output from a first-order solution phase (test and ref-
erence) reaction. For a detailed discussion of these points
see Ref.[2].

τ = Vc

R
(4)

The obvious choice would be the ICHT reaction. How-
ever, O’Neill [10] reports that the ICHT reaction is unsuit-
able for use as a test and reference reaction for flow-through
calorimeters and proposed the base-catalysed hydrolysis
of methyl paraben (hereafter BCHMP for simplicity) as
an alternative. The results[1,2,10] of a preliminary in-
ter/intra laboratory trial on the BCHMP have been reported
for studies using the LKB 10700-1 flow calorimeter and
customized and standard thermometric flow inserts (specif-
ically designed apparatus that allows flow-through and/or

flow-mix experiments to be conducted using the thermal
activity monitor (TAM)).

It was demonstrated by Kemp and Olomolayie, in our pre-
vious publications,[1,2,10], using their modified calorimet-
ric flow insert, for TAM, that the effects of flow rate could
be minimized by careful design of the insert and perhaps
more importantly the arrangement of sample and reference
ampoules in the calorimetric channel (more details can be
found in Ref.[2]). It was found that the effects of flow rate
on thermal volume were negligible, however, a significant
finding was that the zero flow rate volume,V0 (that is the
effective thermal volume of the calorimetric cell when the
flow rate is zero (nominally identical to the physical volume
of the cell) is significantly different from the nominal (engi-
neered) volume (approximately 30% greater: 1 and 1.29 cm3

for the engineered and operational volumes, respectively).
However, for the standard TAM flow inserts it was found that
the effect of flow rate was not predictable in that Volpe and
Oliveira and co-workers[1,2,10] found no significant effect
with flow rate moreover they also found that the zero flow
rate volume was almost identical to the nominal physical vol-
ume of the cell. In contrast Vine, using a nominally identical
flow insert, reported significant variation in thermal volume
with flow rate and also a significant difference between the
zero flow rate volume and nominal physical volume. The
results obtained by Vine are mirrored by those obtained by
O’Neill using the LKB instrument[2]. The variation in ther-
mal volume across the range experimental flow rate could
be as much as 15% (0.61–0.71 cm3). The zero flow rate vol-
ume can be as much as 60% greater than the nominal physi-
cal volume of the cell (0.73 and 0.47 cm3, respectively). For
the flow rate commonly used by us, for the LKB instrument,
this equates to approximately a 25% difference (for the most
common flow rate used) between effective volume and nom-
inal physical volume. These observations clearly highlight
the fact that the effect of flow rate cannot be predicted, for
different instruments and/or instrumental set-up, and can in-
troduce very large errors into values for thermo-kinetic pa-
rameters derived from flow calorimetric data. Consequently,
it is necessary that such instrument characteristics are deter-
mined before any studies are performed using the calorime-
ter. For a more detailed discussion see Refs.[1,2,10].

The implications of these observations are clear. If the
value ofVc (henceτ) used inEqs. (2) and (3)is incorrect then
the derived value for the enthalpy will also be in error. This
could amount to a significant error if the nominal physical
volume is used for all flow rates.

Beezer et al.[16,17] (the first to publish the flow calori-
metric equations) used the equations described above to
analyse data from a study of the urea/urease enzymatic sys-
tem. Eqs. (2) and (3)were manipulated in order to yield
Michaelis–Menten based kinetic parameters from the calori-
metric data (Eqs. (5) and (6)):

Φ = −k[E]totVcH (5)

Φ = −FCH(1 − e(−k[E]tot/KM )τ) e−(−k[E]tot/KM )t (6)
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Note that in this treatmentk[E]tot is equal to k0 and
k[E]tot/KM is equal tok1.

As discussed earlier, equations such as (2) and (3) require
knowledge of the residence time,τ, and thermal volume,
Vc. Previously these equations could only be used if certain
assumptions were made about the values ofVc (and hence
τ). The procedure described by Beezer et al.[16,17] was to
assume that (i) the value ofVc was the engineered volume,
and (ii) fromEq. (5), that the value ofkτ is small and hence
Eq. (7)could be derived:

Φ = −k[E]tot

KM
[S]HVc e(−k[E]tot/KM )t (7)

where [E]tot is the initial enzymatic concentration;KM,
Michaelis constant; [S], initial substrate concentration.

Based on these assumptions the Michaelis constant,KM,
could then be calculated usingEqs. (6) and (7). Knowledge
of the Michaelis constant then permits the calculation of the
remaining kinetic parameters of interest. However, it is only
possible to calculate the productVcH using this method. In
order to calculate the enthalpy,H, it is necessary to know
Vc. In their methodVc was again assumed to be the physical
volume of the cell. As described above, for the flow rate
employed by them, this is approximately 25% in error. These
assumptions are clearly unacceptable if accurate values are
to be found for the enthalpy of reaction.

The concept of thermal volume is discussed in Refs.
[1,2,10]where it is shown that thermal volume and physical
volume are not the same, and therefore, any enthalpy and
rate constant values derived in this manner would be inac-
curate. These publications also report the results of a sec-
ondary test and reference reaction which, for the first time,
allows accurate values of thermal volume to be calculated,
and therefore, permits accurate determination of values for
the enthalpy change of reactions studied by flow calorimetry.

Knowledge of the thermal volume at any given flow rate
allows calculation ofτ and consequently allows direct de-
termination of Michaelis–Menten parameters, free from as-
sumption, from calorimetric data.

Through knowledge of the enthalpy for any first-order
reaction (enzymatic or otherwise) can be calculated from
Eq. (3). This can be done in two ways. The first method is to
extrapolate the line of a lnΦ versust plot to t = 0 and define
a value forΦ at t = 0. At this point the value of the term
Eq. (3) goes to 1 and hence disappears from the equation,
therefore,Eq. (3)becomesEq. (8). If the values forF, C, and
Eq. (3) (or k1 for a non-enzymatic reaction). These values
can be calculated from the slope of the lnΦ versust plot
are known then calculation ofH, from a rearrangement of
Eq. (8), to give Eq. (9)is possible.

Φt=0 = −FCH(1 − e(k[E]tot/KM )τ) (8)

H = Φ0

FC(1 − e−(k[Etot]/KM )τ)
(9)

The second method is to calculateH at every time
point, t, for the lifetime of the first-order reaction, and to

take the average value forH across all these time points.
Again this is readily achieved by a simple rearrangement
of Eq. (3) to yield Eq. (10). This equation can be entered
into an appropriate software package, e.g. Microsoft Excel
and an algorithm written, which automatically returns the
value ofH at any timet hence allowing the average to be
calculated.

H = Φ

FC(1 − e(−k[Etot]/KM )τ) e−(k[Etot]/KM )t
(10)

In principle this averaging method will yield a more ac-
curate value for the enthalpy. If the enthalpy is now known
then it is trivial to calculatek[E]tot from the value of the
calorimetric output under zero-order conditions by using
Eq. (6).

The method described above shows how it is now pos-
sible to calculate directly the Michaelis–Menten param-
eters from isothermal microcalorimetric data free from
assumption. This has been tested through a study of the
urea/urease system. This enzymatic system is extremely well
known and has been studied extensively over many years
[18-21].

The overall reaction scheme is expressed below.

2. Experimental protocol [16]

Sodium di-hydrogen phosphate·12H2O and di-sodium
hydrogen phosphate·12H2O were obtained from Sigma
Aldrich (ACS reagent) and were used at a total phos-
phate concentration of 0.75 M for the buffer solution
(pH 7.0). Urea (ACS reagent) was also obtained from
Sigma Aldrich and used without further purification. Ure-
ase (ACS reagent from jack bean) was obtained from
Sigma Aldrich biochemicals and stored at 5◦C. Fresh so-
lutions of 10 units (ml buffer)−1 were prepared for each
experiment.

Different concentrations of urea were freshly prepared,
in buffer, for each experiment. Concentrations of urea used
were 0.02, 0.03, 0.04, 0.05, 0.1, 0.2 and 0.4 mol dm−3. All
experiments were performed using an LKB 10700-1 flow
calorimeter operated at 298 K and a flow rate of 7.17×
10−6 dm3 s−1. Data was collected using PicologTM.

A 50-ml aliquot of the urea solution is pre-thermostated
to the operational temperature of the calorimeter and run in a
continuous loop, at a known flow rate, until a stable baseline
is achieved. This solution is then inoculated with 4.55 ml of
a standard, fixed concentration, urease solution also buffered
to pH 7.0 and the resulting calorimetric output recorded as
a function of time. This is repeated for all concentrations of
urea.
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Fig. 1. Calorimetric outputs for first-order, mixed order and zero-order urea/urease enzymatic reactions.

3. Results

Experimental data was exported from Picolog to Microcal
Origin and Microsoft Excel where all further data analysis
was conducted.

Fig. 1 shows the observed calorimetric outputs across a
range of substrate concentrations, from first-order kinetic
behaviour (substrate concentration of 0.02–0.04 mol dm−3)
through to mixed order kinetic behaviour (substrate
concentration of 0.04–0.1 mol dm−3) and finally to
zero-order kinetic behaviour (substrate concentration of
0.2–0.4 mol dm−3).

As noted earlier, at low substrate concentration, the slope
of the lnΦ versust plot yields a straight line with slope equal
to the first-order rate constant for the reaction (Fig. 2). It can
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Fig. 2. A plot of lnΦ vs. t for the determination of the first-order rate constant for the urea/urease enzymatic system.

be shown by rearrangement ofEq. (5) that the slope of the
ln Φ versus time plot is equal to−k[E]tot/KM (which is also
equivalent to the first-order rate constant).Eq. (10)allows
an average enthalpy across the lifetime of the first-order re-
action to be calculated, this average was calculated to be
−10.6 kJ mol−1 for all substrate concentrations within the
first-order kinetic region.Table 1shows that the two methods
(described earlier) produce results that are consistent with
each other. However, note that the averaging method yields a
value for the enthalpy, which is more consistent over a range
of substrate concentration compared with those values de-
rived via extrapolation. It would appear, therefore, that the
average value obtained, for the enthalpy, over the lifetime
of the first-order reaction is indeed more precise and hence
the averaging technique preferable to the extrapolation. Also
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Table 1
Comparison of values obtained forH using extrapolation and average
techniques

Substrate
concentration
(mol dm−3)

H from
extrapolation tot
= 0 (kJ mol−1)

H from average
over lifetime
(kJ mol−1)

0.02 −8.84 −8.83
0.03 −10.7 −10.6
0.04 −10.4 −10.6

note that at lower substrate concentrations, the derived value
for the enthalpy is not consistent with those at higher concen-
trations. This is not unexpected and can, in part, be attributed
to lack of sensitivity of the calorimeter at low concentrations
of substrate. Also note at lower substrate concentrations, it
is possible that the magnitude of the change in the calori-
metric signal is not sufficient to derive an accurate value for
the rate constant this too will impact on the accuracy of any
derived value for the enthalpy. It should also be noted that
the values reported for the enthalpy in this study and that of
Beezer et al.[17] are representative of the overall reaction
enthalpy and not just the conversion of substrate to product.
This has been dealt with in some detail by Wolf et al.[21],
who report values for the enthalpy for each reaction step.

It should also be noted that the calorimetric signal can be
directly converted into rate by simply dividing the calorimet-
ric signal by the enthalpy for reaction, this is demonstrated
in Fig. 3.

Φ (J s−1)

H (J mol−1)
= rate(mol s−1)

It is clear from the form of bothFigs. 1 and 3that the
urea/urease system does conform to Michaelis–Menten type
kinetics (i.e. saturation kinetics are observed with increasing
substrate concentration). Therefore, it is appropriate to apply
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Fig. 3. Max rate vs. substrate concentration for the urea/urease enzymatic reaction.

the equations outlined earlier in an analysis of this enzymatic
system.

As described earlier, once the enthalpy is known then all
other parameters become accessible.Eq. (6) describes the
output for an enzymatic reaction under zero-order condi-
tions (i.e. excess substrate). It is clear that if the enthalpy
and thermal volume are known for the reaction then it
is trivial to calculatek[E]tot from the zero-order output
Eq. (11).

Φ

VcH
= k[E]tot (11)

wherek[E]tot = 3.4× 10−4.
The slope of the lnΦ versus time plot is linear with slope

equal to the first-order rate constant which can also be shown
to be equal to−k[E]tot/KM.

Hence,

Slope= −k[E]tot

KM
= k1, k1 = 4.9 × 10−4 s−1

KM = − k[E]tot

4.9 × 10−4
, KM = 0.07 M

4. Discussion

The protocol for this study was obtained from a previ-
ous paper published by Beezer et al.[17] some 30 years
ago. They analysed their data as described earlier and made
the assumption that the thermal volume (at their particu-
lar flow rate) was identical to the physical volume of their
calorimetric cell (0.45 ml) in order to calculate a value for
the enthalpy of reaction. The reported values for the rate
constant,k1, Michaelis constant,KM and enthalpy,H are
4.8×10−4 ±1.4×10−5 s−1, 0.05 M and−33±1 kJ mol−1,
respectively.
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The values calculated for the Michaelis constant,KM, and
rate constant,k1/(k[E]tot/KM) in this study correspond well
with the values derived by Beezer et al.[17] in their iden-
tical study. This is to be expected since the rate constant
is not governed by the thermodynamics of the system, it is
merely a reflection of the rate of change in the signal. The
Michaelis constant is a function of several rate constants and
also is not dependent on the thermal volume of the calorime-
ter. However, the enthalpy is dependent on thermal volume
and it was found that derived values for the enthalpy vary
markedly. Beezer et al.[17] report a value of approximately
−33 kJ mol−1 compared with−10.6 kJ mol−1 found in this
study. This significant difference between the two can most
likely be accounted for in the assumptions made by Beezer
et al. for the values of the thermal volume andkτ. Recall
the value used forVc in their analysis was 0.45 ml, in fact
this value should have been closer to 0.65 ml, at the flow
rate employed in their study (Beezer et al. performed their
study with an instrument identical to that used in this study).
Since the kinetic parameters (kandKM) were found to be
similar for the two studies it is likely that the difference be-
tween the two observed values for the enthalpy (−10.6 and
−33 kJ mol−1) can be accounted for in the inaccurate value
used forVc in the study by Beezer et al.

5. Conclusions

This paper has described a new technique for the direct
determination of Michaelis–Menten parameters, for enzy-
matic systems, from flow calorimetric data. The technique
has been demonstrated through a study of the urea/urease
enzymatic system. The results obtained from this study, us-
ing the new technique, have been compared with the results
obtained from an identical study (published some 30 years
ago), obtained using several (flawed) assumptions, particu-
larly the assumption that physical volume is identical to ef-
fective thermal volume. This is not critical to the elucidation
of accurate kinetic parameters, however, it has a significant
impact on the derived value for the enthalpy of reaction. The
results reported here have shown that the effect this variation
can have is as much as 25%, at the flow rate employed in this
study, and hence clearly highlight the importance of having
accurate values forτ and Vc if valid thermodynamic and

kinetic data are to be obtained from flow calorimetric stud-
ies. It is possible, therefore, that any values obtained from
the older method of analysis (described by Beezer et al.) are
inaccurate and should be treated with caution. However, it
is possible to correct these data if the physical volume used
to elucidate the enthalpy is known and the effective thermal
volume can be calculated retrospectively.

References

[1] M.A.A. O’Neill, A.E. Beezer, C. Labetoulle, L. Nicolaides, J.C.
Mitchell, J.A. Orchard, J.A. Connor, R.B. Kemp, D. Olomolaiye,
Thermochim. Acta 399 (2003) 63–71.

[2] M.A.A. O’Neill, A.E. Beezer, G. Vine, C. Labetoulle, L. Nicolaides,
R.B. Kemp, D. Olomolayie, P.L.O. Volpe, D. Oliveira, Thermochim.
Acta 413 (2004) 193–199.

[3] A. Chen, I. Wadsö, J. Biochem. Biophys. Methods 6 (1982) 297–
306.

[4] L. Briggner, I. Wadsö, J. Biochem. Biophys. Methods 22 (1991)
101–118.

[5] R. Willson, PhD thesis, University of Kent, 1995.
[6] A.E. Beezer, A.K. Hills, M.A.A. O’Neill, A.C. Morris, K.T.E. Kier-

stan, R.M. Deal, L.J. Waters, J. Hadgraft, J.C. Mitchell, J.A. Connor,
J.E. Orchard, R.J. Willson, T.C. Hofelich, J. Beaudin, G. Wolf, F.
Baitalow, S. Gaisford, R.A. Lane, G. Buckton, M.A. Phipps, R.A.
Winneke, E.A. Schmitt, L.D. Hansen, D. O’Sullivan, M.K. Parmar,
Thermochim. Acta 380 (2001) 13–17.

[7] A. Hills, PhD thesis, University of Kent, 2001.
[8] R. Deal, MSc thesis, University of Greenwich, 2001.
[9] A. Hills, A.E. Beezer, J. Connor, J.C. Mitchell, F. Baitalow, Ther-

mochim. Acta 386 (2002) 139–142.
[10] M.A.A. O’Neill, PhD thesis, University of Greenwich, 2002.
[11] M.A.A. O’Neill, A.E. Beezer, R.M. Deal, A.C. Morris, J.C. Mitchell,

J. Orchard, J. Connor, Thermochim. Acta 397 (2003) 163–169.
[12] A.M. James (Ed.), Thermal and Energetic Studies of Cellular Bio-

logical Systems, Wright, Bristol, 1987.
[13] R.J. Willson, A.E. Beezer, J.C. Mitchell, W.J. Loh, Phys. Chem. 99

(1995) 7108–7113.
[14] A.E. Beezer, A.C. Morris, M.A.A. O’Neill, R.J. Willson, A. Hills,

J.C. Mitchell, J. Connor, J. Phys. Chem. 105 (2001) 1212–1215.
[15] V. Poore, PhD thesis, University of London, 1979.
[16] A.E. Beezer, H. Tyrrell, Sci. Tools 19 (1972) 13.
[17] A.E. Beezer, H. Tyrrell, T. Steenson, Protides of the Biological

Fluids, Pergamon Press, 1972, p. 563.
[18] R.A. Alberty, J. Am. Chem. Soc. 75 (1953) 1928.
[19] K.J. Laidler, J.P. Hoare, J. Am. Chem. Soc. 71 (1949) 2699.
[20] N.D. Jespersen, J. Am. Chem. Soc. 97 (1975) 1662.
[21] R. Hiittl, K. Bohmhammel, G. Wolf, R. Oehmgen, Thermochim.

Acta 250 (1995) 1–12.


	Determination of Michaelis-Menten parameters obtained from isothermal flow calorimetric data
	Introduction
	Experimental protocol [16]
	Results
	Discussion
	Conclusions
	References


