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bstract

The application of isothermal titration calorimetry (ITC) was tested towards measurements of enzyme kinetics in complex solutions containing
igh concentrations of proteins. Such investigations are important, due to the increasing interest in biochemical reactions in physiological relevant
edia as well as the application of enzymes in industrial processes. In contrast to spectral methods, measurements performed with ITC, are

ndependent of the optical properties of solutions, making it possible to measure enzyme kinetics in concentrated solutions of macromolecules.
n this study the kinetic properties of hexokinase was investigated in concentrated protein solutions (BSA). It was found, that the quality of the
easured kinetic data was independent of protein concentration in the investigated range (0–250 mg BSA ml−1). All results could be accounted

or by Michaelis–Menten’s approach and both kcat and KM decreased with increasing protein concentrations. The decrease in KM with increasing
rotein concentration was ascribed to an increase in the ratio of activity coefficients between the native enzyme and the enzyme–substrate complex.

he decrease in kcat with increasing protein concentrations indicates that crowding by BSA effect the conformational changes/rehydration that
ccompanies catalysis and/or diffusion of product from the enzyme–product complex. The methodology is discussed together with an analysis of
he experimental results.

2006 Elsevier B.V. All rights reserved.

kineti

d
k
o
c
e
c
e
c

t
d
s
T
fl

eywords: Thermodynamic non-ideality; Macromolecular crowding; Enzyme

. Introduction

Determination of enzyme kinetics and activity are among
he most important analytical procedures in biochemistry. The
ate of which enzymes catalyze chemical reactions are tradi-
ionally measured with a variety of methods including spec-
roscopy, potentiometric measurements and chromatography.
owever, common to all of the above approaches are, that they

re developed for specific enzymatic reactions. Furthermore,
he use of spectral methods when measuring enzyme kinetics
n concentrated solutions are limited due to scattering and/or
bsorption of the light [1–3]. These diluted conditions required
or spectral assays, are far from the physiological conditions
n cells, where the protein concentration in cytosol can reach

00 mg of protein ml−1 [4]. Such high protein concentrations
an have massive effect on enzyme kinetics for example through
acromolecular crowding effects [3,5–7] and it is therefore
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esirable to develop methodologies, which can elucidate enzyme
inetics with a minimal perturbance from macromolecules and
ther added solutes. Such data are needed to test theoretical
onsiderations of the effect of macromolecular crowding on
nzyme kinetics along with other possible effects of high solute
oncentrations [3]. They may also be important in attempts to
mpirically quantify enzyme activity under certain experimental
onditions relevant to, e.g. physiology or biotechnology.

The use of calorimetry to measure the rate of enzymatic reac-
ions has proved very useful and has been known for over three
ecades [8–12]. The general principle in using ITC is to mea-
ure the heat-flow associated with a given chemical reaction.
he rate of the enzymatic reaction is proportional to this heat-
ow, and thus measured as the primary experimental observable.
ince practically all reactions produce or consume heat, enzyme
ctivity can be monitored in real time without the need of probes,

ubstrate analogues, etc. Furthermore, the measurement is inde-
endent of the composition of the reaction solvent, as long as
omplex side reactions with non-linear time dependence do not
ccur (see Section 4).

mailto:sno@ruc.dk
dx.doi.org/10.1016/j.tca.2006.06.019
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Systematic investigations of the applications of ITC towards
ystems with high concentrations of macromolecules have not
een conducted yet. In a recent review concerning the potential
f ITC to measure enzyme kinetics in thermodynamic non-ideal
olutions, it is stated that such studies are missing [13]. The use
f calorimetry to measure enzyme kinetics in thermodynamic
on-ideal solutions has been restricted to crowding by small
olutes such as proline, glycine and sorbitol and only up to con-
entrations of 100 mM [14,15]. The method has also been used
o measure enzyme activity in crude tissue extracts [16], and
nzyme activity towards insoluble substrates [17]. The above
tudies indicate the promising potential of calorimetry towards
easurements of enzyme kinetics in complex solutions.
The scope of the current work is to investigate the usefulness

f ITC to measure enzyme kinetics in solutions containing high
oncentrations of macromolecules, thus mimicking in vivo con-
itions. Hexokinase was used as a model enzyme and bovine
erum albumin (BSA) as model crowding component. Advan-
ages and disadvantages of the method will be discussed together
ith an analysis of the effect of macromolecular crowding on

he kinetic properties of hexokinase.

. Materials and methods

.1. ITC

All experiments were conducted using an ITC instrument
VP-ITC, MicroCal, Northampton, USA). The enzyme kinetic
as investigated using both the so-called single injection method

nd the multiple injection method [12]. Briefly, the former
etects the time-course of substrate depletion upon one large
ddition of substrate, while the latter measures the rate of
nzyme catalysis during stepwise increase of substrate con-
entration in an extremely diluted enzyme solution. A brief
ntroduction to the calculations follows.

The primary experimental observable is heat-flow measured
n �W (�J s−1). This heat-flow is directly proportional to the
eaction rate. However, calculation of the reaction rate requires
nowledge of the enthalpy change of the reaction (�Hr) and
he volume (V) of the reaction chamber. The enthalpy change is
alculated by measurements of the total-heat, which is consumed
r released and the total number of moles which are converted
rom substrate to product:

Hr = 1

nsub

∫ t=∞

t=0

dQ

dt
dt (1)

here nsub is the number of moles of substrate which are con-
erted to products and dQ/dt is the heat-flow. Thus, the reaction
ate (v) can be calculated:

= 1

V�Hr

dQ

dt
(2)

The substrate concentration ([sub]) as a function of time can

e calculated using the integrated heat as a function of time:

sub] (t) = [sub]t=0 −
∫ t

t=0
dQ
dt

dt

�HrV
(3)

t
(
d
t
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Using Eqs. (2) and (3) it is possible to calculate both the
eaction rate and substrate concentration as a function of time
nd finding the kinetic parameters kcat and KM by fitting to the
ichaelis–Menten equation. A more detailed discussion of the

bove methods can be found elsewhere [12]. The single injec-
ion methodology used here is sensitive to a possible product
nhibition. To assess this, two types of control experiments were
onducted. First, a second injection of substrate was performed
fter the reaction of the first injection had gone to completion.
econdly, a multiple injection assay was made. In this approach,

he enzyme concentration is lower compared to the single injec-
ion assay and the amount of product produced hence negligible.

.2. Enzyme assays

The P2 form (b) of Yeast hexokinase (EC 2.7.1.1, H 6380)
as purchased from Sigma–Aldrich. The enzyme was frozen in

tock solutions in MilliQ water with 10% glycerol (applichem
y >99%). This stock solution was frozen in 100 �l aliquots
nd had an enzyme concentration of 0.89 �M (E1%

280 = 9.47)
18]. The enzyme reaction buffer contained 50 mM HEPES
Sigma > 99.5%), 50 mM KCl (Aldrich > 99%), 20 mM MgCl2
Merck > 99%), 9 mM ATP (Sigma > 97%) and varying amounts
f BSA (Sigma A3059 > 99%) (0–250 mg ml−1). The pH in all
olutions was 7.0 (±0.2) and experiments were performed at
5 ◦C. To adjust pH in 250 mg BSA ml−1 22 mM more NaOH
as needed compared to pure buffer. Control experiments

howed that addition of 22 mM NaCl had no effect on enzyme
inetic, thus the increase in ionic strength due to the buffer effect
f BSA was negligible. The concentration of glycerol originat-
ng from the enzyme stock solution was negligible (2.5 mM),
ince only 6 �l of the stock solution was mixed with 2.5 ml
nzyme reaction buffer, resulting in an enzyme concentration
f 2 nM in all experiments (single injection assay). The BSA
as dialysed three times against water (total of 72 h) and freeze
ried before use. The concentration of ATP was at saturation
evel ensuring pseudo 1. order reaction conditions. In the single
njection assay, the enzymatic reaction was initiated by injection
f 10 �l 112 mM glucose (Fluka > 99.5%) to the calorimetric
ell containing the enzyme in the reaction buffer. The heat-flow
as measured until the reaction had gone to completion. In the
ultiple injection assay the glucose concentration was gradu-

lly increased by a total of 12 injections; 2 × 5 �l, 8 × 10 �l and
× 15 �l 11.2 mM glucose. The enzyme concentration in the
ultiple injection assay was 0.5 nM.

. Results

The kinetic parameters kcat and KM, were derived from ITC
easurements of the reaction rate of the phosphorylation of

lucose catalyzed by hexokinase in solutions containing up
o 250 mg BSA ml−1. Fig. 1A shows raw data from the sin-
le injection assay of an experiment without BSA. In Fig. 1B,

he raw data from Fig. 1A has been transformed (Eqs. (2) and
3)) into reaction rates and glucose concentrations. The depen-
ence of the reaction rate on glucose concentration followed
ypical Michaelis–Menten kinetics, and the parameters kcat and
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Fig. 1. Hexokinase. (A) Single injection assay: raw data of a calorimetric experiment. After 600 s, 10 �l 112 mM glucose was injected to the calorimetric cell
containing the reaction buffer and 2 nM hexokinase at 25 ◦C. (B) The data from (A) has been transformed into reaction rates and glucose concentrations. (C) Raw
d he cal
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ata from the multiple injection assay at 25 ◦C. The glucose concentration in t
1.2 mM glucose with 240 s between each injection. The enzyme concentrati
ransformed into reaction rates and plotted against glucose concentrations.

M were found by fitting the curve to the Michaelis–Menten
quation using non-linear regression. To ensure that product
nhibition was not significant when using the single injection
ssay, a multiple injection assay was performed. The raw data
rom the multiple injection assay is seen from Fig. 1C. The sharp
eaks correspond to the heat of dilution, when injecting the sub-
trate solution into the enzyme solution in the calorimetric cell.
he baseline level between these peaks corresponds to a change

n steady state heat-flow reflecting the reaction rate which grad-
ally increases following each injection.

In Fig. 1D, the steady state heat-flow after each injection has
een converted to reaction rates, and plotted against the glucose
oncentration. The enzyme and substrate concentrations were
orrected for dilutions when increasing the reaction volume by
dditional injections. Also, the glucose concentrations in Fig. 1D
ere corrected for the small amount of glucose phosphorylated
uring the trial. The kinetic parameters derived from these exper-
ments were respectively KM = 176 �M, kcat = 284 s−1 (single
njection assay) and KM = 181 �M and kcat = 238 s−1 (multiple
njection assay). The slightly lower value for kcat in the multi-
le injection assay compared to the single injection assay was
robably due to the lower enzyme concentration in the mul-

iple injection assay, which could result in a higher fraction
f enzyme absorbed to surfaces. Kinetic parameters were also
erived from two consecutive injections using the single injec-
ion assay. This resulted in almost the same kinetic parameters,

p
c
t
M

orimetric cell was increased by injections of 2 × 5 �l, 8 × 10 �l and 2 × 15 �l
s 0.5 nM. (D) The steady state heat-flow levels after each injection has been

n approximately 5% decrease in kcat and 9% increase in KM
n the second injection compared to the first injection. Based
n the fact that the two different assays gave almost identical
inetic parameters and that the kinetic parameters were almost
he same between two consecutive injections, it was concluded
hat there was no significant product inhibition when using the
ingle injection assay and above glucose concentration. Thus all
xperiments with BSA were performed using the single injection
ssay.

In Fig. 2A, raw data from experiments with respectively 25
nd 250 mg BSA ml−1 are presented. The sharp peak at 600 s
orresponds to the heat of dilution, when injecting 10 �l of
12 mM glucose into the concentrated protein solution in the
alorimetric cell. The dilution peak was simply removed from
he thermogram, when determining the enthalpy change from
he enzyme catalyzed reaction, since the heat of dilution disap-
ears within 2 min (data not shown). It is noticeable the rather
hort response times of modern ITC instruments (15 s for this
alorimeter) which strongly facilitates this correction, and con-
equently lighten the requirement of equality in composition
f the titrate and titrand. This is a simplificant experimental
dvantage for studies of crowding effects, where major com-

osition discrepancies necessarily occur. The sensitivity of the
alorimetric method was almost independent of BSA concen-
ration in the whole concentration range examined. All fits to

ichaelis–Menten equation resulted in r2 > 0.99.
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Fig. 2. Hexokinase. (A) Raw data of calorimetric experiments with 25 (solid line) and 250 mg BSA ml−1 (dashed line) at 25 ◦C. (B) The raw data from (A) has been
converted into reaction rate and glucose concentration.

F ry data point represents an average of three measurements. (B) KM as a function of
B asurements.
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ig. 3. (A) Hexokinase: kcat as a function of BSA concentration at 25 ◦C. Eve
SA concentration at 25 ◦C. Every data point represents an average of three me

In Fig. 3 the kinetic parameters kcat and KM are presented as
function of the BSA concentration. All data points represent

n average of three measurements. Both kcat and KM decreased
pproximately linearly with BSA concentration resulting in a
eduction in kcat from 440 s−1 without BSA (extrapolated) to
00 s−1 with 250 mg BSA ml−1.

KM decreased from 190 to 140 �M over the same BSA range.
his corresponds to a 30% decrease in kcat and a 25% decrease

n KM. The KM values in the absence of BSA, were in the same
ange as found in other studies. Thus, Fromm and Zewe found
M for glucose at 167 �M [19] and Hogget and Kellett the dis-

ociation constant, Kd, of glucose to be around 300 �M [20] and
ood and Gomez found KM and kcat, respectively, of 72 �M and
70 s−1 using calorimetry [12]. The specificity constant kcat/KM
id not change significantly over the entire concentration range
f BSA.

The enthalpy change of the reaction (�Hr) also showed

ependence to the BSA concentration.

As illustrated in Fig. 4 the heat released by the phospho-
ylation of glucose increased from 45 to 51 kJ mol−1 over the
nvestigated range of BSA concentrations.

Fig. 4. Hexokinase: �Hr as a function of BSA concentration at 25 ◦C. Every
data point represents an average of three measurements.
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. Discussion

Studies of enzyme activity and kinetics have traditionally
een carried out in diluted systems, which most often can be
reated as thermodynamic ideal solutions (i.e. solutions which
re close to Henry’s law behavior). Clearly, a detailed insight
nto enzyme kinetics under in vivo conditions is crucially impor-
ant, and a number of theoretical and experimental reports
5,7,21–24] have concluded that the non-ideality arising from
xcluded volume/osmotic stress, may significantly influence
nzyme kinetics. Experimental backup of these theoretical con-
iderations, however, has been very sparse, perhaps due to prob-
ems with absorption and scattering of light in the spectroscopic

ethods commonly used. In this contribution, it is shown that
TC is an obvious candidate, for studying enzyme kinetics in
uch systems.

.1. Experimental considerations

The sensitivity of the method was essentially unchanged
hen adding BSA up to 250 mg ml−1. Furthermore, the heat
f dilution when injecting the diluted substrate solution into the
oncentrated protein solution in the calorimetric cell only dis-
urbed the signal over a period of about 2 min, due to the fast
esponse time of the power compensated ITC. Thus, it is not
ecessary to subtract the heat of dilution from the thermogram,
ince the data points for the first few minutes can be removed
ithout significant error in �Hr or the kinetic parameters. This

lleviates the limitations of having different compositions of
olutions in the injection syringe and the calorimetric cell, an
mportant advantage in studies of complex solutions.

As discussed above hexokinase kinetics were studied by two
undamentally different calorimetric approaches: Single injec-
ion and multiple injection assay. The advantage of the multiple
njection assay compared to the single injection assay is, that the
mount of product formed is negligible. Hence it is assured that
roduct inhibition does not significantly influence the measure-
ents. However, due to the low enzyme concentration, the heat-
ow is quite low, especially for reactions with a low enthalpy
hange, which makes the multiple injection method particularly
ensitive to baseline drifts. In the current application where the
ontent in the calorimetric cell is characterized by high protein
oncentrations, this problem may become accentuated due to
ide reactions such as chemical modification of labile side chains
r protein aggregation. The single injection method is much less
rone to uncertainties related to shifts in the baseline levels. This
s mainly because this method has a post-reaction baseline and
his allows for correction of effects from side reactions which
re constant or depend linearly with time. In any event, baseline
evels should be checked without enzyme present just injecting
he substrate into the reaction media. In the present study a small
inear decrease in baseline level was observed at the highest pro-
ein concentrations, probably due to protein aggregation in the

oncentrated media (data not shown). However, this was not a
roblem for evaluation of kinetic parameters, because it could
e readily corrected for by linear interpolation between the pre-
nd post reaction baseline levels. In all instances, measurements

e
f
c
c

cta 448 (2006) 12–18

f enzyme kinetics followed Michaeles–Menten kinetics with
2 > 0.99.

.2. Analysis of experimental results

An explanation of the decrease in KM with increasing BSA
oncentration could simply be a decrease in the ratio of activ-
ty coefficients between the enzyme–substrate complex and the
ative enzyme with increasing BSA concentrations (Eq. (5)):

+ S � ES (4)

0
γES[ES]

γE[E]γS[S]
∼ γES

γE
Kc (5)

here K0 is the equilibrium constant of Eq. (4), expressed by
ctivities (a) (a = γC), KC the concentration dependent equi-
ibrium constant expressed in molarities, γ the activity coef-
cient, and E, S, ES, respectively, the enzyme, substrate and
nzyme–substrate complex. Note that γS equals 1 since it has
een shown, that the activity coefficient does not change sig-
ificantly for glucose in concentrated PEG solutions [2], which
ost likely also applies to concentrated protein solutions. To test

his, theoretical calculations were performed using the prefer-
ntial interaction parameter Γ µglu = (∂mglu/∂mBSA)µglu for glu-
ose in BSA solutions. The interaction parameter of glucose
Γ µglu/mglu) was estimated to be −15 m−1, based on values of
rehalose (−22 m−1) and glycerol (−9 m−1) (m is the molal con-
entration of the carbohydrate) [25]. These calculations suggest
hat the activity coefficient of glucose should increase 5% when
ransferred from water to 21 w/w BSA solution. Thus the activ-
ty coefficient has been approximated to be constant (γ = 1) at
ll BSA concentrations.

A decrease in γES/γE would be expected, if the volume and
hereby the total surface area of the enzyme–substrate complex
s smaller than the native enzyme [6]. The activity coefficients
f the enzyme and enzyme–substrate complex are most often
alculated using statistical mechanics. Such statistical calcula-
ions have been performed by Winzor and Wills [21], who have
een revising the osmotic stress hypothesis accounting for the
ncrease in binding constant between hexokinase and glucose
pon addition of PEG [2,26]. They concluded that a decrease in
he activity coefficient of the enzyme–substrate complex com-
ared to the free enzyme, could also account for the increase in
inding constant between glucose and hexokinase upon addition
f PEG. Using Eq. (6), they calculated the difference in virial
oefficients between the enzyme–PEG interaction (BE,M) and
nzyme–substrate complex–PEG interaction (BES,M):

n
K

KM
= (BE,M − BES,M)mMρs (6)

here K and KM are, respectively, the Micaelis–Menten constant
n the absence and presence of crowding solutes, mM the molality
f the crowding solute and ρS is the density of the solution. This

quation predicts a limiting linear dependence of ln(K/KM) as a
unction of mMρS as long as second virial coefficients are suffi-
ient to describe the non-ideal interactions. If the second virial
oefficient of the native enzyme is estimated from the stokes
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adius, the second virial coefficient of the enzyme–substrate
omplex can be calculated. Based on an equation which relates
he excluded volume of PEG and a spherical protein with the
econd virial coefficients, Winzor and Wills [21] calculated the
adius of the enzyme–substrate complex. These calculations pre-
icted a 2.5% decrease in surface area of the enzyme–substrate
omplex compared to the native enzyme. Analogous calcula-
ions were performed in this study using Eq. (7) [27], which
tates that the excluded volume of two spherical molecules is
irectly proportional to the second virial coefficients of the two
olecules as long as electrostatic (specific) interactions do not

ccur:

i,j × NA = 4π

3
(ri + rj)3NA = Bi,j (7)

In Eq. (7) Vi,j is the excluded volume of the to spherical
olecules, NA the Avagadros number, ri and rj are, respectively,

he stokes radii of the two spherical molecules i and j. Using the
ata from Fig. 3, with the concentration (w/v) of BSA converted
nto molar concentrations, and stokes radius of BSA and native
exokinase of 3.7 nm [28] and 3.4 nm [21], respectively, the sur-
ace area of the enzyme–substrate complex should be 12% less
han the native enzyme to account for the decrease in KM. This
alculated decrease in surface area of hexokinase upon binding
f glucose seems to be very high, and is probably overestimated
ue to electrostatic interactions (neglected in Eq. (7)) between
exokinase and BSA, which both carry net negative charges at
H 7.0. To obtain a better estimate charge-charge contributions
eeds to be added to Eq. (7) using the Debye–Hückel termi-
ology as discussed in [13]. This analysis, however, is beyond
he current scope and probably also requires systematic stud-
es of the reaction at different pH-values (i.e. different protein
et charges). Another potential problem using this analysis is
he assumption that K0 (the dissociation constant) equals KM,
here KM is defined as (k2 + k−1)/k1. Here k1 and k−1 represent

he rate constants for the forward and reverse reaction of the
inding step of glucose and k2 equals kcat which is the 1. order
ate constant for the breakdown of the enzyme–product com-
lex. K0 equals KM in the range where k−1 � K2. Considering
he results of Hoggett and Kellett where k−1 was measured to
e 1100 s−1, kcat might have an influence on KM. This is not
onsidered using only changes in activity coefficient on esti-
ating the effect of crowding on KM. In contrast to the above

bservation the group of Rand found that there was no differ-
nce between K0 and KM using PEG as crowding agent [2]. If
−1 is assumed to be 1100 s−1 in the present study, this would
esult in a difference between KM and K0 of 25%. Furthermore
M would decrease 10% from 0 to 250 mg ml−1 BSA due to the
ecrease in kcat. Nevertheless, it is concluded that the current
nalysis shows the same trends concerning the effect of crowd-
ng on the binding constant between glucose and hexokinase as
n the study of Winzor and Wills [21].

The decrease observed in kcat, when increasing the BSA con-

entration is most likely linked to a decrease in the diffusion
ate of product from the enzyme–product complex, and the con-
ormational changes and rehydration that accompanies when
exokinase returns to the substrate free conformation. Such a
Acta 448 (2006) 12–18 17

decrease in kcat is expected with macromolecular crowding but
was not observed when PEG was used as a crowding compo-
nent [2]. It cannot be excluded that direct protein interactions
can contribute the observed decrease in kcat, but the effect of
the excluded volume should nevertheless increase the binding
constant since hexokinase undergoes a significant reduction in
the hydrodynamic volume upon binding of glucose.

The specificity constant kcat/KM was found to be constant
over the entire concentration range of BSA at a value of
2.2 × 106 l mol−1 s−1 which is close to the binding rate of glu-
cose at 2 × 106 l mol−1 s−1 found by Hogget and Kellett [20].
This binding rate is 2 orders of magnitude lower than what would
be expected from a diffusion limited reaction. Thus the invari-
ance of kcat/KM may reflect that the reaction is limited by the
binding rate of glucose.

The reason for the decrease in �Hr with increasing protein
concentrations is not known. It may rely on changes in hydration
from substrate to product when increasing the BSA concentra-
tion. Further investigation of this should include measurements
of heat of solvation for both reactants and products.

It is interesting to note, that hexokinase is a homodimer,
where the enzyme in solution exists in equilibrium between
monomers and dimers [29]. It should be expected, that macro-
molecular crowding would result in a shift in this equilibrium
towards dimers [5]. However, since the KM for the dimer (P2)
form of hexokinase is 10-fold higher than the monomeric form
[30], and since a decrease in KM with increasing BSA con-
centrations was observed, it is concluded that the effect on
enzyme kinetics by macromolecular crowding is not governed
by perturbation of the association-dissociation equilibrium. To
investigate this further, experiments where the substrate concen-
tration was raised 10-fold compared to the KM of the monomer
were performed (data not shown). No further increase in activity
at these high substrate concentrations was found. This sug-
gest that hexokinase is predominantly monomeric within solu-
tions crowded to the same extent comparable to the cytosol in
yeast.

5. Conclusion

In conclusion it has been demonstrated that ITC is an ade-
quate technique for the investigation of enzyme kinetics in
complex reaction media, including solutions mimicking in vivo
conditions. Further systematic work along these lines appears
to have a significant potential to fill some of these experimen-
tal gaps within this area [13]. This includes both empirical
investigations of enzyme kinetics under specific conditions and
experimental back-up for the evolving theoretical treatise of
biomolecules in crowded systems.
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