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Abstract Isothermal titration microcalorimetry and equilibrium
dialysis have been used to characterize the binding of 2'-
deoxycytidine 5’'-monophosphate (dCMP) to the Asn229Asp
mutant of Lactobacillus casei recombinant thymidylate synthase
at pH 7.4 over a temperature range of 15°C to 35°C. Equilibrium
dialysis analysis shows that dCMP binds to two sites in the dimer
of both wild-type and mutant thymidylate synthase. A con-
comitant net uptake of protons with binding of dCMP to both
enzymes, was detected carrying out calorimetric experiments in
various buffer systems with different heats of ionization. The
change in protonation for binding of dCMP to wild-type enzyme
is lower than that obtained for binding of this nucleotide to TS
N229D, which suggests that the pK value of Asp-229 is increased
upon dCMP binding to the mutant enzyme. At 25°C, although
the binding of dCMP to wild-type and N229D TS is favoured by
both enthalpy and entropy changes, the enthalpy change is more
negative for the mutant protein. Thus, the substitution of Asn 229
for Asp results in a higher affinity of TS for dCMP due to a more
favourable enthalpic contribution. The Gibbs energy change of
binding of dCMP to the mutant enzyme is weakly temperature-
dependent, because of the enthalpy-entropy compensation arising
from a negative heat capacity change of binding equal to
—0.8310.02 kJ K~ per mol of dCMP bound.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Thymidylate synthase (TS; EC 2.1.1.45) catalyzes the re-
ductive methylation of deoxyuridine 5’-monophosphate
(dUMP) to produce deoxythymidine 5’-monophosphate
(dTMP), with the cofactor 35,1-methylenetetrahydrofolate
(CH,H,folate) being converted to dihydrofolate (Hyfolate).
TS provides the only de novo pathway for dTMP production
and has received much attention as a drug target. Molecular
details of the catalytic mechanism and structure of TS are
now well understood [1]. In Lactobacillus casei, the enzyme
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is a dimer of identical subunits of 36 kDa, each of which
contains an active site. The three-dimensional structure of
TS bound to DUMP has been solved at 2.55 A resolution
[2]. In this binary complex, Asn 229 is involved in a cyclic
hydrogen bond network with the pyrimidine ring of dUMP
[2-4]. The mutation of amino acids of the active site have
allowed to elucidate the role of specific residues in binding
and catalysis [5,6]. The analysis of several mutants at position
229 of L. casei TS [7,8] showed that N229 assists but is not
essential for dAUMP binding or for catalysis. Wild-type TS
binds dCMP weakly and does not catalyze the methylation
of dCMP. However, the Asn229Asp mutant of Lactobacillus
casei thymidylate synthase (TS N229D), as well as the corre-
sponding Asnl77Asp mutant of Escherichia coli TS, present
altered substrate specificity and catalyze preferentially the
methylation of dCMP versus dUMP [6-8]. The crystal struc-
tures of wild-type TS and TS N229D bound to dCMP have
been recently solved [9] and have revealed the structural basis
for the change in specifity.

In order to understand the forces driving association be-
tween dCMP and TS N229D, we have studied ligand binding
using isothermal titration calorimetry (ITC) and equilibrium
dialysis. The calorimetric experiments were performed at sev-
eral temperatures and showed that AH,, is negative at 35°C
and decreases linearly over the temperature range from 15°C
to 35°C, given a negative value of AC,. ITC was also em-
ployed to study the thermodynamics of interaction between
dCMP and wild-type TS at 25°C. The heat measured was
found to depend on buffer ionization heats in both cases,
reflecting that complex formation is accompanied by uptake
of protons. During binding, protonation of the TS N229D-
dCMP complex is higher than that of the TS-dCMP complex,
which suggests that Asp-229 may be involved in the proton
uptake. The results are discussed in the light of the structural
knowledge of the complexes of ACMP with the wild-type and
N229D enzymes.

2. Materials and methods

Thymidylate synthase was purified from the Thy~ E. coli strain
%2013 transformed with pKPTSd, which contains the complete coding
sequence for the TS of Lactobacillus casei [10]. Purification involved
sequential chromatography on phosphocellulose and hydroxylapatite
as described by Kealey and Santi [11].

Asn229Asp mutant of thymidylate synthase (TS N229D) was puri-
fied from ya9:3/pSCTS9 N229D. After purification, wild-type and mu-
tant were concentrated to 15-20 mg/ml and the buffer changed to 10
mM KH,PO, (pH 6.8) 0.1 mM EDTA. Both enzymes showed a
single-band pattern in polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfate and dCMP deaminase activity has not
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been detected. Purified proteins were stored at —80°C. The purifica-
tion yield was around 40 mg and 35 mg of apparently pure protein per
1 of culture for wild-type and mutant TS, respectively.

Solutions of wild-type and N229D mutant were prepared by dialy-
sis of the enzyme against several changes of 50 mM KCl, 1 mM 2-
mercaptoethanol, 1 mM EDTA, 50 mM of buffer solution (Pipes,
HEPES or Tris) at pH 7.4 and 4°C. Protein concentrations were
determined from absorbance measurements at 278 nm, using the ab-
sorbance coefficients of 1.256x 10° M~ cm™! [12]. TS [13] and dCMP
methylase [7] activities were measured spectrophotometrically by
monitoring the increase in absorbance at 340 nm, which accompanies
H,folate production. Reaction mixtures contained 0.1 mM CHyHjyfo-
late, 0.125 mM dUMP and 10-14 nM protein for TS or 0.340 mM
CH,Hyfolate, 0.4 mM dCMP and 10-14 nM protein, for dCMP
methylase. One unit of activity is defined as the amount of enzyme
necessary to synthesize 1 pmol of product in 1 min at 25°C for TS and
20°C for TS N229D. Specific activities of purified wild-type and
N229D TS were 2.5-3 units/mg and 0.2-0.3 units/mg, respectively.
Absorbance measurements were carried out in a Beckman DU-7400
spectrophotometer with the cells maintained at 25°C.

All chemicals used were of the highest purity available and pur-
chased from either Merck or Sigma. [2-'4C]JdCMP was obtained from
Moravek Biochemicals, Inc. Centriprep 30 concentrators were from
Amicon.

2.1. Techniques

The equilibrium dialysis experiments were performed at 25°C using
a Dianorm equilibrium dialysis system with Spectrapor 12-14 kDa
molecular mass cut-off membranes as described in elsewhere [14]. A
LKB wallac 1209 Rackbeta scintillation counter was used in the dial-
ysis experiments to calculate the saturation fraction of the enzymes
with dCMP.

ITC experiments were performed in a calorimeter built in our labo-
ratory, interfaced to a microcomputer using an A/D converter board
(Data Translation DT-2805) for automatic instrument control and
data collection. The characteristics of this instrument are similar to
other calorimeters, such as those described by McKinnon et al. [15]
and Freire et al. [16]. The titration experiments were carried out at pH
7.4 and 15°C, 25°C and 35°C, as described elsewhere [17,18]. All
appropriate corrections for heats of dilution were applied. The ther-
mal effect of the protein dilution was negligible in all cases. The
activity of the enzyme was routinely checked just before and after
the calorimetric experiment. Similarly, the pH values of the buffer,
dCMP, and protein solutions were controlled at each temperature
before and after the binding reaction.

It was assumed that the dimeric protein has two equal and inde-
pendent sites for binding the ligand, L, with its characteristic micro-
scopic association constant, K, and molar enthalpy change of binding
AH,, and with ny+ being the number of protons taken up (ny+ > 0) by
the protein-ligand complex during the binding reaction. The heat re-
leased or absorbed for each ligand concentration, is given by the
equation [18]:

KIL]

0 =2[P| V(AH, + ng» AH;) T KD

)
where [P] stands for the dimer protein concentration in the calorim-
eter cell, V for the reaction volume, and AH, the heat of buffer ion-
ization. The free ligand concentration after each injection must be
calculated from these values according to:

L = { \/(1=KIL]; + 2K[P))? + 4K (L] + K[Ll,—2K[P|—1 } 2K

@)
where [L]r is the total ligand concentration.

Eq. 1 involves three fitting parameters: AHy,, K and ng+. Once the
convergence criteria is satisfied the values of those parameters can be
obtained for each temperature. A computer program for specific data
analysis has been written including a function optimization based on
the Levenberg-Marquardt algorithm [19]. Heat capacity change of
binding was obtained by measuring the enthalpy change on associa-
tion over a range of temperature from 15°C to 35°C.
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3. Results and discussion

3.1. Equilibrium dialysis measurements

The binding of dCMP to TS N229D was observed as a
function of the nucleotide concentration by equilibrium dial-
ysis at pH 7.4 and 25°C. The dimeric TS N229D concentra-
tions were from 0.164 mM to 0.465 mM. The results of this
binding study are displayed in Fig. 1 as a plot of degree of
binding, v, versus logldCMP]. Extrapolation of higher part of
the plot leads to v=2 for TS N229D. A Scatchard plot the
data clearly extrapolates to v=2 (data not shown). No sys-
tematic deviations from a linear function are detected. These
results may be taken as an evidence for the existence of two
equivalent and non-interacting sites in the TS mutant. The
fitting of the dialysis data to this model gave the optimum
value K=(10£0.5) 10* M ! and the theoretical v data pre-
dicted with this value are drawn with the solid line curve in
Fig. 1. An analogous study performed with dimeric wild-type
enzyme have also showed two sites for binding of dCMP.

3.2. Isothermal calorimetry experiments

Direct calorimetric measurements were performed in order
to obtain independent estimates of the thermodynamic param-
eters governing binding of dCMP to TS N229D and wild-type
enzyme. Fig. 2A shows a typical ITC profile for the binding of
dCMP to dimeric TS N229D in buffer Tris at pH 7.4 and
25°C. The sample data represent twelve equivalent 30 ul in-
jections (spaced at 4 min intervals) of dCMP solution into the
enzyme solution. A thermogram for the binding to wild-type
TS at the same pH and temperature is shown in Fig. 3A. The
positive sign of the measured heat indicates that the enthalpy
change for each injection was positive and that the process of
binding under these conditions was endothermic. Control ex-
periments involved the same number of 30 ul injections of
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Fig. 1. Binding of dCMP to the Asn229Asp mutant of L. casei re-
combinant thymidylate synthase at pH 7.4 and 25°C. The data were
obtained by equilibrium dialysis. The saturation fraction, Y, and the
moles of dCMP bound per mol of protein, v, are plotted vs.
log[dCMP]. The enzyme concentration was between 0.164 mM and
0.465 mM TS N229D and the buffer solution used was 50 mM
HEPES, 50 mM KCl, | mM EDTA and 1 mM 2-mercaptoethanol.
The solid line gives the best fit to the data for a binding model of
dCMP to two equivalent and non-interacting sites, with
K=(10£0.5x103 M.
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Fig. 2. Calorimetry titration of the binding of dCMP to the Asn229-
Asp mutant of L. casei recombinant thymidylate synthase at pH 7.4
and 25°C in Tris buffer. (A) The programmed sequence consisted of
12 injections of 30 pl each of 21.72 mM dCMP stock solution. The
dCMP and buffer solution were injected into a sample cell contain-
ing 2.9 ml of 137 uM dimeric TS N229D and reference cell contain-
ing 2.9 ml of buffer. The data shown in (A) are the differences be-
tween the sample cell and the reference cell. (B) Integrated heat
change for each injection per mole of dCMP injected after subtract-
ing the control injection is plotted vs. injection number. The solid
line is the theoretical one for the parameter values shown in Table
1 and for 0.65 protons.

Q;,; (kJ/mole dCMP added)
o

nucleotide solution into the same buffer although without
enzyme present. Control injections represent the dilution
heat of dCMP and the heat effects from non-chemical reaction
sources, which have not been compensated with dual injection
into the sample and reference cells. The negative deflections
observed at the end of the titration in Fig. 2A are very similar
to the control injections and show that saturation has been
reached, while the last injections in the Fig. 3A are slightly
different to the control injections and show that saturation
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has not been attained. The area under each peak is the heat
for each injection. The integrated heats after subtraction of
the small heat of the control experiment are divided by the
moles of dACMP injected, and the resulting values are shown
vs. injection number in Figs. 2B and 3B. Identical experiments
to those described above were carried out in other buffers
(HEPES and Pipes) at 25°C. The enthalpy changes of the
binding strongly depended on the ionization heat of the buf-
fer, which demonstrates linkages between dCMP and proton
binding. Since the reaction is more endothermal in Tris buffer
than in Pipes buffer for the two systems studied, we conclude
that there is a net proton uptake during the binding reaction
of the nucleotide to the wild-type and mutant enzymes.

The equilibrium dialysis data referred to above show that
two mol of dCMP bind to wild-type and mutant TS in the
range of ligand concentration studied.

There are uncertainties in literature with regard to the num-
ber of binding sites and in relation to their symmetry once the
ligands have bound. So, for some ligands it has been shown
the existence of two interacting binding sites [20,21], whilst
other ligands seem to bind either to one binding site [22] or
to two non-interacting binding sites [8,17]. From these find-
ings it can be seen that the results obtained depend upon the
system and the experimental studied conditions [23].

The analyses of all the experiments performed were consist-
ent with a stoichiometry of two non-interacting binding sites
in the wild-type and mutant proteins for the binding of nu-
cleotide in agreement with the equilibrium dialysis studies. All
titration data sets in different buffers were analyzed simulta-
neously assuming a value of 2 for the number of binding sites
and using the ionization heat of the buffers [24]. The thermo-
dynamic parameters obtained by non-linear least squares fit-
ting of Eq. 1 to the experimental data are given in Table 1 for
wild-type and mutant TS and the number of protons uptaken
per subunit of wild-type TS and TS N229D during dCMP
binding were 0.47%0.03 and 0.65%0.01, respectively, at
25°C. Gibbs energy and entropy changes for nucleotide bind-
ing were obtained from the microscopic binding constants and
enthalpy changes at 25°C, and these functions are also dis-
played in Table 1. The standard state is that of 1 mol 1"!. The
calculation of thermodynamic functions implies the usual ap-
proximation of setting standard enthalpies equal to the ob-
served ones. The K value obtained by calorimetry for the
mutant enzyme was equal within experimental error to that
obtained by equilibrium dialysis at that temperature and
under the same experimental conditions (Fig. 1). The constant
values obtained for both proteins are lower than those given
by Liu and Santi [8] and this discrepancy may be due to the
difference in ionic strength, which suggests that electrostatic
interactions are involved in the binding process [25]. At 25°C,
although the binding of dCMP to both proteins was favoured
both enthalpy and entropy-ly, the enthalpy change for the
binding of the nucleotide to the mutant enzyme is more neg-
ative than that for the wild-type enzyme, while the AS? is

Table 1
Apparent thermodynamic parameters for the binding of dCMP to L. casei recombinant thymidylate synthase at pH 7.4 and 25°C
TS Kx1073 AGY AHy, AS°
MY (kJ mol™1) (kJ mol™) J K~ mol™!)
Wild type 3.0+0.2 —19.8£0.2 —2.4310.04 58%1
N229D 13.5+0.8 —23.6%£0.2 —4.30%0.10 65*1

The uncertainties are standard errors in fitting of the curves.
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Fig. 3. Calorimetric titration of L. casei recombinant thymidylate
synthase with dCMP at pH 7.4 and 25°C in Tris buffer. (A) shows
the data for 10 injections of 30 pl each of a 3.15 mM dCMP solu-
tion into a sample cell containing 2.9 ml of 97 uM enzyme, while
(B) shows integrated data per mole of dCMP injected after subtrac-
tion of control vs. injection number. The solid curve is the theoreti-
cal one for the parameter values shown in Table 1 and for 0.47 pro-
tons.

similar. This higher negative contribution to Gibbs energy
change is responsible for the higher affinity displayed by
N229D TS towards the nucleotide.

The ionization changes during nucleotide-enzyme binding
can be attributed to a shift in the pK of one or more groups
of the nucleotide and/or enzyme on the complex forms. Alter-
ations in the protonation state of certain residues in the vi-
cinity of the dCMP binding site may explain the uptake of
protons when the nucleotide binds to the enzyme at pH 7.4.
The formation of dCMP complex with TS N229D is accom-
panied by an uptake of approximately 0.2 H" more than that
with wild-type TS. Since the only difference between both
enzymes is the Asp-229 mutation, this result suggests that
the pK of Asp-229 is raised upon binding, which correlates
very well with our present knowledge of the structural infor-
mation of the complex. Thus, Finer-Moore et al. [9] have
proposed the formation of a hydrogen bond between the
Asp-229 and 3-N on dCMP, which requires that Asp-229 is
protonated. Stabilization of the imino tautomer by hydrogen
bonding is necessary for to explain the mechanism of methyl-
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ation of dCMP by TS N229D proposed previously [9]. The
AH,y, values (Table 1), although corrected for the enthalpy of
buffer protonation, include the enthalpy change when
2’dCMP binds to the enzyme and the heat induced by proton
uptake from the ligand-protein complexes. If Asp-229 uptakes
approximately 0.2 H*, its contribution to AHy will be of the
order of —1 kJ/mol at 25°C. The values of thermodynamic
parameters could be analyzed in the light of the structural
knowledge of dCMP complexes with wild-type and N229D
TS [9]. The negative binding enthalpy values (Table 1) corre-
late well with the formation of hydrogen bonds postulated. As
in the TS-dUMP complex, Arg-23, Arg-218, Arg-178' and
Arg-179" as well as Ser-219 are involved in an extensive hy-
drogen-bonding network around the phosphate of dCMP
[2,9,26]. Some of these highly conserved arginine residues,
Arg-23 and Arg-218, have been shown to be important for
activity [5]. Tyr-261 and His-259 are hydrogen bonded to the
ribose ring. The possible formation of hydrogen bonds be-
tween Asp-229 and dCMP may explain the binding enthalpy
difference between wild-type TS and TS N229D. A minor
favourable enthalpy contribution is found for the binding of
dCMP to wild-type TS with respect to the binding of dUMP
[27]). This enthalpy difference may be attributable to the loss
of hydrogen bonds in the dCMP complex.

3.3. Temperature dependence of the dCMP-TS N229D
nteraction

An analogous study to that described before was performed
with TS N229D at 15°C and 35°C. The number of protons
taken up by TS N229D subunit during dCMP binding were
0.620£0.010; 0.681+0.002 at pH 7.4 for 15°C and 35°C,
respectively. Thus proton exchange varied only slightly with
temperature. Consequently, at pH 7.4 and within the temper-
ature range studied, the AH,, value practically does not change
with pH.

The heat, @, on the total amount of ligand added (Eq. 1)
divided by the moles of dimeric protein, AH, was corrected for
heat of ionization of buffer during the binding according to
the Equation

K[dCMP]
1+ K[dCMP]

K[dCMP]
1+ K[dCMP]

3)

AH. = AH—2ny+ AH; =2 AH,

and three single sets of calorimetric values, AH., were ob-
tained, one for each temperature. As the temperature rises
the binding enthalpy becomes more exothermic. The solid
lines in Fig. 4 are those calculated with Eq. 3, where the
free concentration of dCMP is given by Eq. 2 for the thermo-
dynamic parameters obtained, which are plotted as a function
of temperature in Fig. 5. The enthalpy change upon binding
decreases linearly with temperature in the range of 15°C to
35°C. Thus, a constant heat capacity change, AC,, of
—0.83+0.02 kJ K~! per mol of dCMP bound was obtained
from the slope of a linear-regression analysis of the AH}, vs. T
data (Fig. 5).

The enthalpy and entropy changes of TS N229D-dCMP
complex formation depend strongly on temperature in the
range of 15-35°C, while AG® changes little with temperature
because of enthalpy-entropy compensation, as has been found
for many ligand-protein interactions [18,28-30]. AH,, is nega-
tive at 25°C and 35°C, changing sign near 15°C and ASC is



R. Téllez-Sanz et al./[FEBS Letters 409 (1997) 385-390

positive within the 15-35°C temperature range. Thus, at 35°C,
the binding of dCMP to TS N229D is driven almost equally
by enthalpy and entropy as judged by their contributions to
the AG° and by entropic components at 15°C. The positive
entropy change can be explained by hydrophobic effects and
electrostatic interactions. In the nucleotide binding reaction,
the complex formation requires the dehydration of both the
protein and the ligand and there is a entropic gain from trans-
fer of interfacial water into the bulk solvent. Heat-capacity
change negative values are usually interpreted as arising
from the burying of apolar groups from water [31-36]. Mur-
phy and Freire [37] and Spolar and Record [38] have sug-
gested that the AC, may be described as a phenomenon in
hydration terms, pointing out that changes in vibrational
modes apparently contribute little to AC;,. If there are changes
in the ionization, their contribution to AC, must be taken into
account [39]. The binding of dCMP to TS N229D is accom-
panied by the uptake of approximately 0.65 protons within
15-35°C. The functional groups responsible for this proton
uptake might be Asp-229 and, largely, other groups with
low ionization heat. Thus, the contribution of protonation
to AC, is expected to be small. The application of Murphy’s
approach [37] to the experimentally determined values (Table
1) indicates that the surface area buried on complex formation
comprises 60% non-polar surface (approximately 700 A?) and
40% polar surface (approximately 450 A?).

The results presented in this study show that complex for-
mation of dACMP with both wild-type and N229D mutant TS
is accompanied by a proton uptake and a comparison of both
systems suggests that the pK value of Asp-229 is increased
upon binding. On the other hand, our results indicate that
the change of Asn-229 to Asp gives rise to an increased affin-
ity of TS for ACMP due to a more favourable enthalpic con-
tribution. The binding of dCMP to N229D TS is enthalpy and
entropy driven at 35°C, while the binding is driven by en-
tropic contributions at 15°C. Thus, the enthalpy and entropy

10
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Fig. 4. Thermal titration of the Asn229Asp mutant of L. casei re-
combinant thymidylate synthase with dCMP at pH 7.4. Experimen-
tal values are corrected for the thermal effect of the protons taken
up by the buffer systems. The corrected heat data are plotted as a
function of the free dCMP concentration at 15°C (m), 25°C (@) and
35°C (). The solid lines are the theoretical ones corresponding to
Eq. 3 and obtained from the values shown in Table 1.
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Fig. 5. Temperature dependence of the thermodynamic parameters
for the binding of dCMP to the Asn229Asp mutant of L. casei re-
combinant thymidylate synthase at pH 7.4. The solid lines are the
linear least-squares fitting of the data. The heat-capacity change,
given by the slope of the plot of AH}, vs. T, is —0.83+0.02 kJ K™!
per mol of dCMP bound.

changes upon binding exhibit strong temperature dependen-
cies, arising from a significant negative heat-capacity change,
whereas the affinity of the nucleotide is practically the same
within the 15-35°C temperature range. The negative AC,, val-
ue suggests changes in buried hydrophobic and hydrophilic
areas upon nucleotide binding, with liberation of water mol-
ecules from both the protein and the nucleotide.
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