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a b s t r a c t

The enzyme N-carbamoyl-b-alanine amidohydrolase catalyse the hydrolysis of N-carbamoyl-b-alanine or
N-carbamoyl-b-aminoisobutyric acid to b-alanine or 3-aminoisobutyric acid, under the release of carbon-
dioxide and ammonia. This work studies the inhibition of N-carbamoyl-b-alanine amidohydrolase from
Agrobacterium tumefaciens C58 (Atbcar) by different carboxylic acid compounds that differ in number
of carbons, and position and size of ramification, while the binding thermodynamics of the inhibitors
are studied by isothermal titration calorimetry (ITC) and fluorescence. From the binding constants and
inhibition studies, we conclude that propionate is the most efficient inhibitor among those tested. Sub-
stitution of the linear alkyl acids in positions 2 and 3 resulted in a drastic decrease of the affinity. The
thermodynamic parameters show that a conformational change is triggered upon ligand binding. Binding
enthalpy DHb is negative in all cases for all ligands, and thus, Van der Waals interactions and hydrogen
bonding are most probably the major sources for this term. The process is entropically favoured at all
temperatures and pH studied, most probably due to the liberation of water molecules accompanying
the conformational change of the enzyme.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The enzyme N-carbamoyl-b-alanine amidohydrolase (Ncbaa,
E.C. 3.5.1.6), also known as b-alanine synthase and b-ureidopropi-
onase, acts as the last enzyme in the reductive pyrimidine-degra-
dation pathway, where uracil and thymine are degraded to the
corresponding b-amino acids, b-alanine, and 3-aminoisobutyric
acid. This pathway has been commonly generalized as catabolic,
although it can also function as a significant biosynthetic route
for b-alanine production. The latter is a precursor of coenzyme A
(CoA) and pantothenic acid in bacteria and fungi (vitamin B5) [1]
and is widely distributed in the central nervous system of verte-
brates; as a structural analogue of c-amino-n-butyric acid and gly-
cine, major inhibitory neurotransmitters, it has been suggested
that it may be involved in synaptic transmissions [2].

The Ncbaa from different sources has been reported to be inhib-
ited by product analogues [3–5]. Furthermore, in vivo experiments
have shown that inhibition of the human enzyme by propionic acid
(which can be accumulated due to propionic academia) could be
related to neurological complications due to decreased b-alanine
ll rights reserved.

+34 950 015008.
production [5]. As far as we know, despite the biological relevance
that this enzyme might have, no thermodynamic or detailed inhi-
bition studies have been carried out on the interaction of these
analogues for any Ncbaa. Recently, we have characterised the
Ncbaa from Agrobacterium tumefaciens C58 (Atbcar) showing activ-
ity towards different substituted and non-substituted N-carbam-
oyl-a, b, c, and d-amino acids (Martinez-Gomez et al., work in
preparation). Due to its broad substrate-spectrum, we decided to
use this enzyme to carry out inhibition studies with different prod-
uct analogues. Several compounds different from propionate in
number of carbons and kind of ramification were selected to study
their inhibitory effect and the influence of these changes on affin-
ity. ITC and fluorescence were used to obtain thermodynamic
information related to the binding process, and modelling studies
were carried out in conjunction to try to explain the thermody-
namic and inhibitory behaviour.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade, and were used without
further purification. TALONTM metal affinity resin was purchased

mailto:vjara@ual.es
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct
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from Clontech Laboratories, Inc. Buffer reagent sodium phosphate
and carboxylic acids were purchased from Sigma Aldrich Quimica
(Madrid, Spain).

2.2. Apoenzyme and holoenzyme preparation

The Atbcar was purified by cobalt affinity as previously reported
(Martinez-Gomez et al., work in preparation). Briefly, the recombi-
nant enzyme was overproduced in Escherichia coli, including a
His6-tag and purified using TALONTM metal affinity resin (CLON-
TECH Laboratories, Inc.). The purified enzyme was dialysed against
0.1 M sodium phosphate pH 8.0 and stored at T = 277 K, until use.

The apoenzyme was prepared by incubating (45 to 50) lM of
purified Atbcar with 10 mM of 8-hydroxyquinoline-5-sulphonic
acid (HQSA) at T = 277 K overnight. The HQSA was removed by
dialysis in four stages at 12-h intervals, all at T = 277 K and using
the corresponding buffers for ITC or fluorescence experiments (de-
scribed below).

Activity of Atbcar required the presence of divalent metal ions
such as Ni2+ (Martinez-Gomez et al., work in preparation). To obtain
the holoenzyme, (20 to 50) lM apoenzyme were dialyzed with the
buffer to be used for the corresponding experiment, adding 0.5 mM
NiCl2 in the last dialysis step, from a 100 mM stock solution.

2.3. Primary sequence analysis and modelling studies

The multiple amino acid sequence alignment was performed
with ClustalW [6], using the sequences of Atbcar, b-alanine syn-
thase from Saccharomyces Kluyveri (Skbas), and L-carbamoylase
from Sinorizobium meliloti (SmeLcar). The alignment was used as
an input for ESPrit utility [7], together with the structure of b-ala-
nine synthase from Saccharomyces Kluyveri (Skbas, PDB 1R3N). The
Atbcar open model was obtained by Swiss-model server [8], using
the structure of Skbas (PDB 1R3N) as the template [2]. The model of
the closed conformation was obtained previously (Martinez-Go-
mez et al., work in preparation) with the Swiss-model server along
to the substrate-bound structure of Skbas (PDB 2V8H) as template,
which has been solved at 2.0 � 10�10 m [9].

The stereochemical geometry of the final model was validated
by PROCHECK [10] and WHATCHECK [11]. Manual model building
of the structures was performed with Swiss PDB viewer [12] and
pymol [13].

2.4. Inhibition studies

Inhibition studies were carried out incubating the holoenzyme
(5 lM) at Atbcar 277 K for 60 min with and without the different
carboxylic acids (final concentration 10 mM), in 100 mM phosphate
buffer pH 8.0 (final volume 0.400 cm3). This solution was after-
wards preincubated for 1 min at T = 303 K and 0.100 cm3 of
100 mM L-N-carbamoyl-a-tryptophan (at the same temperature,
prepared in 100 mM phosphate buffer pH 8.0) were added to mea-
sure enzymatic activity. Aliquots (0.050 cm3) were retrieved after
(5, 10, 20, and 30) min, and reaction was stopped by adding
0.450 cm3 of 1% H3PO4. After centrifuging, the resulting superna-
tants were analysed by high performance liquid chromatography
(HPLC). The HPLC system (Finnigan SpectraSYSTEM HPLC System,
Thermo, Madrid, Spain) equipped with a LUNA 5 lm C18(2) column
(4.6 mm � 250 mm, Phenomenex) was used to detect L-tryptophan.
The mobile phase was 20 mM H3PO4 pH 3.2:methanol (80:20 v/v),
pumped at a flow rate of 0.75 cm3 �min�1 and measured at 273 nm.

2.5. Isothermal titration calorimetry

Titrations were performed using the MCS high-sensitive micro-
calorimeter manufactured by Microcal Inc. (Microcal, Northampton,
MA, USA), which has been described elsewhere [14,15]. A circulating
water bath (Neslab RTE-111) was used to stabilise the temperature.
The instrument was allowed to equilibrate overnight. The enzyme
was dialyzed extensively against 100 mM sodium phosphate,
0.5 mM NiCl2 (or without NiCl2 for experiments with apoenzyme)
at pH 6 and 7 (and pH 8 for propionate) prior to all titrations. The li-
gands were prepared in the final dialysis buffer. The enzyme was
loaded into the sample cell of the calorimeter (V = 1.38 cm3) using
enzyme concentrations from (17.96 to 32.73) lM, while concentra-
tions of inhibitors ranged from (66.17 to 77.44) mM for formiate,
from (20.85 to 53.4) mM for acetate, from (19.6 to 42.3) mM for pro-
pionate, and from (74.8 to 81.5) mM for butyrate.

The system was allowed to equilibrate and a stable baseline was
recorded before initiating an automated titration. The titration
experiment consisted of 25 injections of 10 cm3 each into the sam-
ple cell, carried out at 4-min intervals at different temperatures.
The sample cell was stirred at 400 rpm. Dilution experiments were
performed by identical injections of different carboxylic acids into
the cell containing only buffer. The thermal effect of protein dilu-
tion was negligible in all cases. The peaks of the thermograms ob-
tained were integrated using the ORIGIN software (Microcal, Inc.)
supplied with the instrument.
2.6. Fluorescence studies

2.6.1. Determination of binding constants
Fluorescence emission spectra were measured at T = 298.15 K in

a Perkin Elmer LS55 spectrofluorimeter for Atbcar in 100 mM so-
dium phosphate, 0.5 mM NiCl2, pH 7. The temperature of the cell
holder was controlled with a circulating water bath. Protein sam-
ples (0.3 lM) were excited at (280 and 295) nm to characterize a
different behaviour of tryptophan and tyrosine residues. The bind-
ing of different substrates to the enzyme was monitored by using
the decrease in fluorescence emission at 350 nm. Excitation and
emission bandwidths were 4 nm. Fluorescence measurements
were corrected for dilution. The saturation fraction, Y, can be ex-
pressed as

Y ¼ ðK � ½Ligand�Þ=ð1þ K � ½Ligand�Þ; ð1Þ

where K is the characteristic microscopic association constant and
[Ligand] the free concentration of inhibitors, which can be ex-
pressed as

½Ligand� ¼ ½Ligand�T � n � Y � ½Enzyme�; ð2Þ

where [Ligand]T is the total concentration of inhibitor, n the number
of active sites, and [Enzyme] the concentration of Atbcar. The satu-
ration fraction, Y, can be calculated as

Y ¼ ðFðLigandÞ � Fð0ÞÞ=ðFð1Þ � Fð0ÞÞ; ð3Þ

where F(0), F(Ligand), and F(1) are the corrected fluorescence
intensities for the protein solution without ligand, at concentrations
of ligand equal to those of inhibitors, and at saturating ligand con-
centration, respectively.

2.6.2. Urea unfolding experiments
Unfolding studies with urea as denaturant were performed at

pH (6, 7, and 8) (in 100 mM sodium phosphate, 0.5 mM NiCl2). Pro-
tein concentration was (0.2 to 0.3) lM and the concentration range
of denaturant used was (0 to 6) M. Denaturant concentrations were
determined by measuring the index of refraction with a refractom-
eter (Refracto 30GS, Mettler Toledo, Germany) and applying the
following equation:
½Urea�=M ¼ 117:66Dnþ 29:753Dn2 þ 185:56Dn3; ð4Þ
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where Dn is the difference between index of refraction of the buffer
at a particular urea concentration and the index of refraction of the
buffer in absence of urea.
FIGURE 1. Overall topologies of (A) open and (B) closed monomer of Atbcar, showing
generating a more hydrophobic environment which would explain the negative values

FIGURE 2. Sequence alignment showing the catalytic residues conserved between Atbca
SmeLcar (GenBank accession No. AAT66633). Their different roles are as follows: * meta
Equilibrium times for the unfolding transition enzyme were
determined by following changes in intrinsic fluorescence. A 24 h
pre-incubation time was used prior to the fluorescence measure-
how the catalytic domain approaches the lid domain upon substrate binding, thus
of enthalphic contribution.

r (GenBank accession No. EF507843), Skbas (GenBank accession No. AAK60518), and
l binding; � substrate binding; and $ hydrolyzing hydroxyl group activation.



TABLE 1
Relative activity (%) of Atbcar in the presence and absence of the different inhibitors

Inhibitor structure/name Relative activity/%
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ments to ensure that the denaturation equilibrium was reached, as
observed by variations in the kmax of the spectra. Samples were
then incubated at T = 298 K for 30 min just before measurements.

The profiles of fluorescence intensity versus denaturant concen-
tration were analysed according to a two-state denaturation model
[16], in agreement with the experimental results found by gel fil-
tration. The free energy of denaturation of proteins in the presence
of denaturant, DG, is linearly related to the concentration of
denaturant

DG ¼ DGw �mC: ð5Þ

Taking into account equilibrium between the dimer and monomer,
DGw can be calculated from

DGw ¼ �mC1=2 � RT ln½M�; ð6Þ

where C1/2 is the concentration of denaturant at which half of the
protein is denatured, m is the slope of the transition, and [M] the
monomer concentration (twice the dimer concentration).

2.6.2.1. Urea unfolding followed by gel filtration chromatography. Gel
filtration chromatography was performed in an AKTA BASIC FPLC
system (GE-Healthcare), using a Superdex 200 HR 10/30 column
(Amersham Biosciences, Barcelona, Spain) at a flow speed of
0.5 cm3 �min�1 and monitored at 280 nm. The column was equili-
brated with 100 mM sodium phosphate, 0.5 mM NiCl2 pH 7 at dif-
ferent concentrations of urea (0, 2, 4, and 6) M. Samples of Atbcar
(134 lM in protomer units) were preincubated overnight at
T = 277 K at the same concentrations of urea used for elution.
Without (control) 100.00 ± 0.00

OH

O

H
Formiate 97.45 ± 1.45

CH3 OH

O

Acetate 69.92 ± 1.76

CH3
OH

O

Propionic acid 50.80 ± 0.59

OH

O

CH3

Butyric acid 71.71 ± 2.93

OH

O

CH
3

Valeric acid 75.40 ± 1.72

CH3
O H

O

2-Phenylpropionic acid 70.33 ± 3.01

OH

O

CH3

CH3

2-Methylbutyric acid 55.16 ± 2.09

OH

O

CH3

CH3

Isovaleric acid 78.83 ± 2.00

OH

O

CH3
2-Phenylbutyric acid 79.89 ± 3.10
3. Results and discussion

3.1. Sequence and structural analysis of Atbcar

Structural models for Atbcar were determined using the known
free (open) and bound (closed) structures of Skbas (1R3N and
2V8H, respectively), using Swiss-model server [8]. Similar overall
topologies were obtained to those observed for the X-ray struc-
tures of Skbas (figure 1). Out of a total of 415 residues, the final
models included 409 and 378 residues for the open and closed
models, respectively. The omitted residues are at the N (5 and 30
residues) and C (1 and 7 residues) termini.

By analogy with Skbas, Atbcar would present two domains (fig-
ure 1); a large domain comprising residues 2-213 and 331-415,
namely the ‘‘catalytic domain”, and a smaller domain formed by
residues 214-330, called ‘‘lid domain”. The catalytic residues previ-
ously reported for two members of this family of enzymes (Skbas
and SmeLcar, [16,17]) are completely conserved for Atbcar (figure
2). In the latter, the binuclear-metal centre would be formed by
His86, Asp97, Glu132, His193, and His385. Residues Arg291,
His229, and Asn278 would be responsible for the recognition of
the carboxyl moiety of the substrate/inhibitor, while Gly360 and
Gln196 would allocate the ureido group inside the catalytic centre
in the correct position for its hydrolysis. The Glu131 would be the
nucleophilic group responsible for proton abstraction of a water
molecule bridging both metallic atoms in the catalytic centre, thus
generating an ‘‘activated” hydroxyl group able to hydrolyze the
carbamoyl group of the substrate.
OH

O

CH3

3-Phenylbutyric acid 78.02 ± 0.78

Measurements were carried out in triplicate with different batches of the enzyme.
3.2. Relative molecular mass and subunit structure

The relative molecular mass was calculated as (90 to 92) kDa at
pH (6, 7, and 8) by Gel Filtration using a Superdex 200 HR 10/30
column. The relative molecular mass of the subunit was estimated
to be 45 kDa by SDS/PAGE. These data suggest that the native en-
zyme consists of two subunits with identical molecular mass.
The same biological unit has been found for Skbas [17] and Pseudo-
monas putida Ncbaa [4].

The aggregation state of the enzyme was not altered by the
presence of formiate, acetate, propionate, or butyrate at saturation
conditions (data not shown).
3.3. Inhibitory effect of different carboxylic acids on Atbcar

In order to evaluate the inhibition caused by different product
analogues, inhibition studies were carried out with different car-
boxylic acids. All the assayed compounds decreased the activity
of the enzyme (table 1). The inhibitory effect depended on: (1)
the length of the linear alkyl-chain, and (2) the size and position
of the ramification. Among the linear alkyl acids, propionate was
found to be the best inhibitor. In Skbas, a conformational change
in the catalytic domain is triggered upon substrate binding,
approaching it to the lid domain of the counterpart monomer,
inserting the ureido-moiety of the substrate into the binuclear-me-
tal centre of the enzyme, where the hydrolysis takes place [9]. A
single arginine residue belonging to the lid domain (Arg291 in
Atbcar) has been proven as the key residue responsible for sub-
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strate binding in at least two members of the peptidase family
[9,17], although other non-indispensable binding residues appear-
ing in the counterpart monomer are involved in this task (His229,
Asn278 for Atbcar). By analogy with the other members, it can be
inferred that these residues are responsible for inhibitor binding:
the carboxyl group of the acids used would bind those residues
blocking the binding of the N-carbamoyl-b-amino acid, and thus
the enzymatic activity.

3.4. Binding of linear alkyl acids

In order to study the influence of inhibitor chain length in the
binding process, we tested different product analogues differing
in one methylene group each. The ITC experiments were conducted
at two different pHs (6 and 7) (and pH 8 for propionate) and differ-
ent temperatures to determine the thermodynamic parameters of
the binding of these compounds to Atbcar (table 2). No large differ-
ences were revealed between thermodynamic parameters at pHs 6
and 7. The affinity constants follow the same trend found in the
inhibition studies. Binding could be detected up to four-member li-
gands, but not with longer chain compounds, (valeric acid caused
around 25% of inhibition, although affinity constant was too small
to analyze the data). A typical profile of the binding of propionate
to the enzyme is shown in figure 3A. figure 3B includes a plot of the
total heat evolved per mole of the ligand versus the ratio inhibitor
concentration over enzyme concentration. The smooth solid line
represents the best fit of the experimental data to a model of
two equal and independent sites (one per monomer) in agreement
with Atbcar biological unit, showing one catalytic cleft per mono-
TABLE 2
Thermodymanic parameters and binding constants determined by ITC and fluorescence
temperatures and pH

Substrate pH T/K DH/(J �mol�1) DCp/(J �mol�1 � K�1) K/M

Formiate 6 289.5 �1337.3 ± 85.4 �154.2 ± 11.2 89
293.1 �1834.9 ± 90.1 81
298.3 �2421.7 ± 32.1 79
303.4 �3540.1 ± 48.3 63

7 289.3 �946.7 ± 46.5 �207.6 ± 10.3 59
294.0 �1805.9 ± 34.5 53
298.5 �2684.8 ± 29.5 57
303.4 �3849.1 ± 25.2 54

Acetate 6 288.8 �1318.2 ± 20.3 �215.3 ± 8.6 450
293.3 �2163.6 ± 46.6 430
298.4 �3110.5 ± 34.6 423
303.2 �4235.9 ± 25.8 400

7 289,8 �1312.2 ± 17.7 �253.2 ± 7.5 416
293.4 �2582.4 ± 23.6 400
298.2 �3384.9 ± 24.7 400
303.2 �4861.3 ± 25.5 377

Propionate 6 289.0 �2836.5 ± 27.4 �290.2 ± 6.3 633
293.4 �3383.7 ± 26.6 621
298.2 �4848.8 ± 24.5 618
303.3 �6851.0 ± 23.6 588

7 288.6 �941.8 ± 18.8 �438.1 ± 10.2 631
293.2 �3625.8 ± 18.0 562
298.1 �3745.7 ± 14.8 540
303.2 �7303.3 ± 31.2 462

8 288.8 6961.8 ± 21.7 �141.0 ± 7.3 58
293.2 6625.7 ± 27.6 56
298.1 6521.6 ± 22.8 49
303.2 4763.5 ± 31.8 48

Butyrate 6 289.1 �1164.8 ± 42.7 �151.9 ± 7.8 52
293.1 �2120.4 ± 30.2 47
298.2 �2805.0 ± 83.9 38
303.2 �3253.6 ± 31.7 34

7 289.7 �899.9 ± 22.3 �161.1 ± 8.2 50
293.9 �2179.4 ± 23.8 47
298.4 �2370.9 ± 33.4 39
303.3 �3297.5 ± 50.1 38
mer. In this model total heat evolved in the titration after i titra-
tions, Q(i), is given by

Q ¼ nMtDHV0

2
1þ Xt

nMt
þ 1

nKMt
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Xt

nMt
þ 1

nKMt

� �2

� 4Xt

nMt

s2
4

3
5;
ð7Þ

where K is the binding constant, n the number of sites, V0 the active
cell volume, Mt the bulk concentration of macromolecule in V0, and
Xt the bulk concentration of ligand.

The parameter of greatest interest for comparison with the
experiment, however, is the change in heat from the completion
of injection i � 1 to the completion of injection i. The correct
expression then for heat released, DQ(i), from the ith injection is

DQðiÞ ¼ QðiÞ þ dVi

V0

QðiÞ � Qði� 1Þ
2

� �
� Qði� 1Þ: ð8Þ

Since DHb is negative in all cases for all ligands, binding of Atbcar to
formiate, acetate, propionate, and butyrate at these two pHs is exo-
thermic. Van der Waals interactions and hydrogen bonding are usu-
ally considered to be the major potential sources of negative DH
values. Before binding, the inhibitor might be forming H bonds with
the water molecules of the solvent. After binding, the inhibitor
might also be forming hydrogen bonds with the groups of amino
acids of the active site. Thus, the binding of carboxyl group of the
ligand to residue Arg291 of the monomer forms a salt bridge, as
does hydrogen bonding to residues His229 and Asn278 of the other
monomer [17]. These H bonds are formed in a more apolar medium
than water and may be the major contribution to the intrinsic
for the binding of formiate, acetate, propionate, and butyrate to Atbcar at different

�1(ITC) DG/(kJ �mol�1) DS/(J � K�1 �mol�1) K/M�1 (fluorescence)

3.0 ± 25.6 �16.4 ± 0.1 52.0 ± 0.1
4.1 ± 32.6 �16.3 ± 0.1 49.4 ± 0.1
3.2 ± 20.1 �16.5 ± 0.1 47.2 ± 0.2 515.6 ± 52.3
9.5 ± 14.3 �16.3 ± 0.1 42.1 ± 0.2
4.8 ± 11.3 �15.4 ± 0.1 49.9 ± 0.2
1.0 ± 15.2 �15.3 ± 0.1 45.9 ± 0.2
1.3 ± 21.2 �15.7 ± 0.1 43.6 ± 0.2 433.7 ± 48.6
6.4 ± 18.9 �15.8 ± 0.1 39.4 ± 0.2

8.0 ± 35.8 �20.2 ± 0.1 65.2 ± 0.3
9.0 ± 25.6 �20.4 ± 0.1 62.2 ± 0.2
9.0 ± 21.4 �20.7 ± 0.1 59.0 ± 0.2 3998.8 ± 69.7
8.0 ± 35.2 �20.8 ± 0.1 54.6 ± 0.2
6.0 ± 31.6 �20.1 ± 0.1 64.8 ± 0.3
6.0 ± 32.5 �20.2 ± 0.1 60.1 ± 0.3
0.0 ± 21.8 �20.5 ± 0.1 57.4 ± 0.3 3795.3 ± 70.6
3.0 ± 24.6 �20.6 ± 0.1 51.9 ± 0.2

4.0 ± 34.6 �21.0 ± 0.1 62.9 ± 0.3
2.0 ± 28.9 �21.3 ± 0.1 61.1 ± 0.3
0.0 ± 73.1 �21.6 ± 0.1 56.2 ± 0.3 6230.9 ± 56.3
1.0 ± 60.7 �21.8 ± 0.1 49.3 ± 0.3
5.0 ± 63.5 �20.9 ± 0.1 69.2 ± 0.3
9.3 ± 67.1 �21.0 ± 0.1 59.4 ± 0.3
8.0 ± 38.9 �21.3 ± 0.1 58.9 ± 0.2 5650.6 ± 47.8
3.0 ± 29.8 �21.2 ± 0.1 45.9 ± 0.3
2.3 ± 18.3 �15.3 ± 0.1 77.1 ± 0.2
9.0 ± 10.0 �15.4 ± 0.1 75.1 ± 0.3
1.9 ± 13.2 �15.4 ± 0.1 73.6 ± 0.2 465.7 ± 9.9
4.4 ± 27.8 �15.5 ± 0.1 66.8 ± 0.2

4.0 ± 23.5 �15.1 ± 0.1 48.2 ± 0.2
5.8 ± 15.3 �15.0 ± 0.1 43.9 ± 0.1
6.9 ± 12.8 �14.8 ± 0.1 40.2 ± 0.2 438.6 ± 5.38
7.4 ± 11.4 �14.8 ± 0.1 38.1 ± 0.3
2.0 ± 10.9 �14.9 ± 0.1 48.3 ± 0.3
6.0 ± 9.3 �15.0 ± 0.1 43.6 ± 0.3
7.0 ± 11.7 �14.9 ± 0.1 42.0 ± 0.2 495.4 ± 8.41
1.1 ± 15.9 �15.0 ± 0.1 38.6 ± 0.2
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FIGURE 3. Calorimetric titration of the binding of propionate to Atbcar in 100 mM
sodium phosphate, 0.5 mM NiCl2 at pH 7 and T = 293.15 K. The experiment
consisted of 25 injections of 0.010 cm3 each of a 10.21 mM stock solution of
propionate. Propionate was injected into a sample cell (volume = 1.38 cm3)
containing 28.22 lM of Atbcar. Injections were at 4-min intervals. The upper panel
is the thermogram that shows a typical profile of the binding of propionate to the
enzyme. In the lower panel, the plot of total heat evolved per mole of ligand against
the molar ratio of inhibitor to enzyme concentration represents the integrated peak
areas corrected for heats of dilution. The solid line through the data points
represents the line of best fit obtained using ORIGIN 5 software.

TABLE 3
DASA values for formiate, acetate, propionate, and butyrate calculated from
calorimetric results data at pH 6 and 7

Substrate pH DASAnp (%) DASAp (%) DASAnp/DASAp

Formiate 6 58.8 41.2 1.42
7 59.3 40.7 1.46

Acetate 6 59.0 41.0 1.44
7 59.3 40.7 1.45

Propionate 6 58.6 41.4 1.41
7 60.4 39.6 1.52

Butyrate 6 58.2 41.8 1.39
7 58.9 41.0 1.44
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enthalpy change obtained. An increase in the length of the apolar
side chain of the inhibitor produces a more hydrophobic environ-
ment, which would explain the fact that the enthalpy change is
more negative for propionate than for acetate and formiate.

For butyrate, the binding constant decreases together with a
less exothermic enthalpy. This may be explained by the fact that
the binding site of the enzyme could bind with high affinity ligands
with three carbon atoms, but when this number is increased the
steric impediment decreases the binding constant. This effect is
more evident with ligands of five or more carbon atoms, for which
binding constants were too small to be detected, (although these
compounds are still able to inhibit the enzyme, showing that they
bind to the binding site, see table 1). Even though the K values for
formiate and butyrate are �102 M�1, according to the criteria of
Turnbull and Daranas [18] these constants could be determined.

Experiments for propionate were carried out at pH 8 to evaluate
the effect of pH on the binding process. The results are shown in
table 2. At this pH, a high decrease in the binding constant is ob-
served together with a positive enthalpy change. This fact could
be explained in terms of the change in the ionisation state of some
amino acids responsible for ligand binding. At this pH, the only
amino acid able to change its protonation state (relative to pH 7)
is His229, which would not be protonated. Thus, the hydrogen
bond could not be formed, changing the forces involved in the
binding (a different sign in the enthalpy) and decreasing the affin-
ity of the ligand to the binding site (lower binding constant).

A linear dependence of the binding enthalpy on temperature
was observed for the four ligands studied over the temperature
range used in ITC experiments. From the slope of the graphical plot
of DHb versus temperature, the values of DCp were determined for
every ligand studied. These values are shown in table 2. We can
appreciate that DCp is negative for all substrate analogues used.
Ladbury et al. [19] suggest that a negative DCp may be a conse-
quence of high specificity binding, whether at high or low affinity.
Negative DCp values indicate changes in hydrophobic and hydro-
philic areas buried upon ligand binding, with liberation of water
molecules from both the protein and the ligand. Heat capacity
changes involved in protein-binding arise from changes in the de-
gree of surface hydration in the free and complex molecules, and to
a lesser extent, from changes in molecular vibrations [20,21]. In the
association process of a ligand to a protein, a substantial fraction of
polar and non-polar surface is buried, and some semi-empirical
methods have been developed to calculate the molecular surface
buried in the complex. Freire et al. [20,22] have suggested the fol-
lowing equation for DCp

DCp ¼ 1:88DASAnp � 1:09DASAp ð9Þ

and DH313

DH313 ¼ �35:3DASAnp þ 131DASAp; ð10Þ

where DCp, DH313, and DASA are in J � K�1 �mol�1, J �mol�1, and
10�20 m2 units, respectively. DASAnp and DASAp represent the
changes in non-polar and polar areas exposed to the solvent (acces-
sible surface area) that take place upon protein ligand binding. The
DH313 is the binding enthalpy at T = 313 K, calculated assuming a
constant DCp and the experimental heat capacity change. The tem-
perature of 313 K in the expression is the mean value of the dena-
turation temperatures of the model proteins used in the analysis.
Table 3 shows the values obtained for the four ligands. The X-ray
crystallographic data of several proteins have been used to calculate
the changes in the water-accessible surface areas of both non-polar
and polar residues on protein folding. These calculations reveal that
the DASAnp/DASAp ratio varies between 1.2 and 1.7 [20]. This range
is comparable with the mean value for the ratio of DASAnp/DASAp of
�1.5 (see table 3), calculated for the interactions described in this
study.

The values of DG were calculated from the microscopic binding
constant at each temperature (DG = �RTlnK; see table 2) and are
practically independent of temperature, indicating the occurrence
of enthalpy–entropy compensation at this pH. This effect seems
an almost inevitable property of perturbation of any system com-



J.
m

ol
-1

-25000

-20000

-15000

-10000

-5000

0

a)

b) c)

d)
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prising multiple, weak intermolecular forces [23]. The DG is nega-
tive in all cases indicating that the binding process for the four li-
gands is thermodynamically favourable. The most favourable
binding process is in the order Atbcar with propionate > ace-
tate > formiate > butyrate. The entropy change was calculated from
the binding enthalpy (DG = DHb � TDS) (table 2). DS values are po-
sitive at all temperatures studied.

From the dissection of the binding affinity for these inhibitors
(figure 4), it can be inferred that the dominant contribution to
the Gibbs free energy is the entropy change. When the dominant
driving force for binding is a large positive entropy change, this
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FIGURE 5. Top – Plot of saturation fraction Y against concentration of the inhibitor to sho
fluorescence titration was performed in 100 mM sodium phosphate, 0.5 mM NiCl2, pH 7 a
addition of either (0.005 or 0.010) cm3 of stock solutions at concentrations of 100 mM
propionate (�). Bottom – Models of (A) open and (B) closed monomer of Atbcar on the
differences in fluorescence emission.
originates primarily from a large positive solvation entropy due
to the burial of a large hydrophobic surface upon binding and a
small loss of conformational entropy due to the little flexibility li-
gands preshaped to the geometry of the binding site [24]. As the
main interaction of inhibitors with the enzyme is hydrogen bond-
ing, the positive entropy value together with the negative DCp,
generally associated to the burial of hydrophobic surface and liber-
ation of water molecules could be partly explained by a conforma-
tional change that would take place when the ligand binds to the
enzyme. Similar results were presented for other systems
[25,26]. By analogy with the closed structure observed for Skbas
[9], this result points towards a conformational change in Atbcar
comprising closure of the catalytic domain towards the lid domain
after substrate binding to Arg291, Asn278, and His229 (figure 1).

We studied whether the presence of the cation in the catalytic
centre had any influence on the binding properties of the enzyme
(due to conformational changes or structure stabilization). Similar
experiments were carried out with the apoenzyme, using formiate,
acetate, propionate, and butyrate. The values of the microscopic
binding constants at pH 7 and T = 298 K were {(550.8 ± 18.6),
(4120.5 ± 38.9), (5260.3 ± 65.3), and (402.8 ± 20.7)} M�1, respec-
tively. These values are similar to those obtained for the holoen-
zyme, indicating that the presence of the cations in the catalytic
site of Atbcar did not significantly affect the binding of the ana-
logues. This fact means that presence of the cation is not indispens-
able for ligand binding although it is for substrate hydrolysis [17].
The binding of formiate, acetate, propionate, and butyrate to Atbcar
was also measured by intrinsic fluorescence. A decrease in fluores-
cence as a function of ligand concentration was obtained at
T = 298 K in the buffer 100 mM sodium phosphate, 0.5 mM NiCl2
0.009 0.012 0.015

itor]/M

B

w the binding titration of formiate, acetate, propionate, and butyrate to Atbcar. The
nd T = 298.15 K. Enzyme concentrations were 0.3 lM. Titrations were carried out by
of formiate (�), 103.5 mM of butyrate (N), 93.5 mM of acetate (�), or 74.8 mM of

basis of Skbas X-ray structures, showing how Trp218 might be responsible for the



TABLE 4
Thermodynamic parameters and binding constants determined by ITC for the binding of different substituted inhibitors to Atbcar at T = 298 K and pH 7

Substrate DH/(J �mol�1) K/M�1 DG/(kJ �mol�1) DS/(J � K�1 �mol�1)

Isobutyric acid �3259.2 ± 35.3 1899.0 ± 28.9 �18.7 ± 0.1 51.8 ± 0.2
2-Phenylpropionic acid �2303.2 ± 54.7 1140.0 ± 49.5 �17.4 ± 0.1 50.7 ± 0.2
3-Phenylpropionic acid �609.5 ± 11.9 100.6 ± 2.3 �11.2 ± 0.1 35.5 ± 0.3
2-Methylbutyric acid �1930.6 ± 35.6 250.3 ± 12.8 �13.7 ± 0.1 39.5 ± 0.2
2-Phenylbutyric acid �998.3 ± 42.5 115.4 ± 15.5 �11.7 ± 0.3 35.9 ± 0.9
3-Methylbutyric acid N.D. N.D.
3-Phenylbutyric acid N.D. N.D.
Valeric acid N.D. N.D.

N.D.: no binding is detected by ITC.

TABLE 5
Thermodynamic parameters of the urea-induced denaturation of Atbcar at T = 298 K

pH m/(kJ �mol�1 �M�1) C1/2/M DGw/(kJ �mol�1)

6 3.1 ± 0.1 2.6 ± 0.1 32.7 ± 0.9
7 3.4 ± 0.1 4.1 ± 0.2 38.4 ± 1.1
8 2.4 ± 0.1 1.6 ± 0.1 28.4 ± 0.5

M. Andújar-Sánchez et al. / J. Chem. Thermodynamics 41 (2009) 212–220 219
at pH 7 (similar results were obtained by excitation at (280 and
295) nm). Figure 5 represents the saturation fraction versus con-
centration of formiate, acetate, propionate, and butyrate, and the
results fit to a model of two equal and non-interacting sites (figure
5). The good fit of the experimental curve is an indication of the ab-
sence of cooperativity in the binding of these ligands to Atbcar, and
yields binding constant values (K) in agreement with data obtained
by ITC (table 2). These results corroborate the non-cooperativity ef-
fect hypothesized for Skbas by Lundgren et al. [9]. A tryptophan
(Trp218) appears in the region where the binding site is allocated,
and thus it must be buried by the conformational change triggered
upon inhibitor binding (figure 5 bottom). The decrease in fluores-
cence intensity due to inhibitor binding could be explained by
the proximity of this residue to the negative charge of the carbox-
ylate moiety of Asp289 in the closed structure (or even to that of
the inhibitor), thereby reducing its fluorescence quantum yield
[27,28].

3.5. Binding of 2- and 3-substituted carboxylic acids

ITC experiments were carried out at pH 7 and T = 298 K with
several ramified carboxylic acids to evaluate the influence of the
ramification in the binding process (table 4). The presence of a
methyl or a phenyl group in position 2 of propionate or butyrate
lowered the affinity constant, with a larger decrease for the latter
(table 4). In all cases, binding is enthalpically and entropically fa-
voured. The decrease in affinity constant due to the presence of
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FIGURE 6. Plot of the intrinsic fluorescence intensity Atbcar as a function of Urea
concentration. The intrinsic fluorescence intensity spectra of the enzyme were
obtained after equilibrium had been achieved at the indicated denaturant concen-
trations in 100 mM sodium phosphate, 0.5 mM NiCl2 for pH 6 N, pH 7 j, and pH 8
d, and T = 298.15 K. Within the inset, the plot of absorbance against elution time
shows the gel filtration profiles of Atbcar at pH 7 and T = 298.15 K at four different
concentrations of urea: 0 M —, 2 M ---, 4 M — �—, and 6 M — � �— .
ramification could be explained by steric impediment due to the
presence of a group in position 2. This effect would be higher when
the ramification group is bulkier, as can be seen from the decrease
in binding affinity constant when there is a phenyl rather than a
methyl group in position 2. This decrease in affinity is caused by
a less favourable enthalpic contribution (table 4).

Substitution in position 3 by a phenyl group of propionate re-
sults in a 10-fold decrease of the binding constant compared to
the same substitution in position 2. Substitution in position 3 by
a methyl or a phenyl group of butyrate resulted in negligible bind-
ing under the experimental conditions (table 4).

3.6. Stability of Atbcar at several pHs

In order to study the influence of pH on the stability of the en-
zyme we carried out chemical-denaturation experiments in the
presence of Ni2+ using urea as denaturant. The emission fluores-
cence spectrum of Atbcar showed a maximum at 350 nm, arising
from different contributions of the seven tyrosines located at posi-
tions 82, 154, 156, 166, 189, 192, and 350 and eight tryptophans
located at positions 15, 51, 128, 175, 217, 218, 365, and 395. The
urea-denaturation of Atbcar was monitored by observing the
changes in fluorescence at the maximum of the spectrum (similar
results were obtained by excitation at (280 and 295) nm). Profiles
of fluorescence intensity versus denaturant concentration were ob-
tained for the enzyme at pH (6, 7, and 8) (figure 6).

The results were fitted to a two-state model in which the fluo-
rescence of the folded and unfolded states is dependent on dena-
turant concentration [16,29]. Gel filtration experiments at
different urea concentrations showed that only two significantly
populated species were in equilibrium during the denaturation
process, the dimer, and the unfolded monomer (figure 6, inset).
The results obtained are shown in table 5. The conformational
transition induced by increasing the urea concentration and mon-
itored by the decrease in fluorescence intensity had a sigmoid
shape (figure 6). The values of m, C1/2, and DGw are shown in table
5. The enzyme is more stable at pH 7 than at pH 6 or 8 (with a dif-
ference of (5.7 and 10) kJ �mol�1, respectively).

4. Conclusions

ITC and fluorescence studies were made of the binding to Atbcar
of different carboxylic acids that differ in chain length and the po-
sition and kind of ramification. The results are adjusted to a model
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of two equal and independent sites. With the results obtained in
this paper, we can conclude that the binding of the different inhib-
itors to the enzyme produces a conformational change in the pro-
tein in agreement with the available structural data for the
homologous Skbas enzyme. Negative enthalpy values show that
hydrogen bonding and salt bridge are responsible for ligand bind-
ing to the enzyme, and the amino acids involved are Arg291 of one
monomer and His229 and Asn278 of the other monomer. Ramifica-
tion in position 2 or 3 in the carboxylic acids decreases the affinity
to the enzyme, and this is more evident when the ramification
group is bulky. These two facts can be explained in terms of steric
impediment in the active site of the enzyme. Stability studies in
presence of a denaturant indicate that its stability is higher at pH
7 than pH 6 or 8.
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