
Adenosine deaminase (ADA) is a glycoprotein (34.5 kDa)
consisting of a single polypeptide chain of 311 amino
acids,1,2) which catalyzes the irreversible hydrolytic deamina-
tion of adenosine and 2�-deoxyadenosine nucleosides to their
respective inosine derivative nucleosides and ammonia with
a rate enhancement of 2�1012 relative to the nonenzymatic
reaction.3) Catalysis requires a Zn2� cofactor.4) The enzyme
is widely distributed in vertebrates, invertebrates and mam-
mals including humans. Aberrations in the expression and
function of ADA have been implicated in several disease
states such as severe combined immuno deficiency (SCID),
which is characterized by impaired B- and T-cell-based im-
munity resulting from an inherited deficiency in ADA.5,6)

Higher level of ADA in the alimentarytract and decidual
cells of the developing fetal-maternal interface put ADA
among those enzymes performing unique roles related to
grows rate of cells, embryo implantation, and other undeter-
mined functions.7,8) The inhibition of adenosine deaminase in
brain would allow an accumulation of adenosine, which pro-
duces vasodilation, and increase of cerebral blood flow.
Therefore the decrease of enzyme activity would potentiate
the sedative actions of adenosine in interneuronal communi-
cation of the central nervous system.9)

ADA has a (a /b) barrel structure motif. The active site of
ADA resides at the C-terminal end of the b barrel, in a deep
oblong-shaped pocket. A pentacoordinated Zn2� cofactor is
embedded in the deepest part of the pocket. The zinc ion is
located deep within the substrate binding cleft and coordi-
nated in a tetrahedral geometry to His 15, His 17, His 214,
and Asp 295. A water molecule, which shares the ligand 
coordination site with Asp 295, is polarized by the metal giv-
ing rise to a hydroxylate ion that replaces the amine at the C6 
position of adenosine through a stereo specific addition–
elimination mechanism.10) Mutation studies of amino acids in
the proposed active site near the zinc binding site in the
adenosine deaminase confirmed the essential role of these
residues in catalysis.11—13)

ADA can hydrolyze the substituent in 6 position of a 
variety of substituted purine nucleosides. The enzyme’ hy-

drolytic capabilities have been exploited to convert lipophilic
6-substituted purine nucleosides to products which show
anti-HIV (human immunodeficiency virus) activity.14,15)

Understanding the interaction of ADA with its effectors at
molecular level will be important in the development of the
next generation of pharmaceutical agents that act as 
inhibitors, activator, or substrates. Isothermal titration calor-
imetry (ITC) gives valuable information about biomacromol-
ecule-ligand interaction and enzyme inhibition.16—24) Follow-
ing our previous research on modified histidine residues25)

and inhibition study of ADA by inosine,26) caffeine27) and 
acetaminophen,28) in this work we describe the binding prop-
erties of ADA interacted with theophylline studied by
isothermal titration calorimetry using a new data analysis 
approach. Theophylline at low doses under long-term condi-
tions increases the ADA activity.29) Also, there is reference
reporting inhibition of ADA by theophylline at high doses.30)

Experimental
Materials Adenosine deaminase (ADA; type IV) from calf intestinal

mucosa and theophylline were obtained from Sigma. All other materials and
reagents were of analytical grades, and solutions were made in double-dis-
tilled water. Phosphate solution at 50 mM concentration, pH�7.5, was used
as a buffer.

Methods The isothermal titration microcalorimetric experiments were
performed with the 4-channel commercial microcalorimetric system, Ther-
mal Activity Monitor 2277, Thermometric, Sweden. Each channel is a twin
heat-conduction calorimeter where the heat-flow sensor is a semiconducting
thermopile (multi-junction thermocouple plates) positioned between the ves-
sel holders and the surrounding heat sink. The insertion vessel was made of
stainless steel. Theophylline solution (2 mM) was injected by use of a
Hamilton syringe into the calorimetric stirred titration vessel, which con-
tained 1.8 ml ADA, 2.0 or 5.0 mM, in phosphate buffer (50 mM), pH�7.5.
Thin (0.15 mm inner diameter) stainless steel hypodermic needles, perma-
nently fixed to the syringe, reached directly into the calorimetric vessel. 
Injection of drug solution into the perfusion vessel was repeated 20 times,
and each injection included 10 m l reagent. It has been spent a time of 15 min
for recording the heat of each injection, although the equilibrium reached
much sooner than that time. The calorimetric signal was measured by a digi-
tal voltmeter that was part of a computerized recording system. The heat of
each injection was calculated by the “Thermometric Digitam 3” software
program. The heat of dilution of the theophylline solution was measured as
described above except that ADA was excluded. Also, the heat of dilution of
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the protein solution was measured as described above except that the buffer
solution was injected to the protein solution in the sample cell. The 
enthalpies of drug and protein solutions dilution were subtracted from the
enthalpy of ADA–theophylline interaction. The microcalorimeter was fre-
quently calibrated electrically during the course of the study.

The molecular weight of ADA was taken to be 34500.31)

Theoretical
In general, there will be “g” sites for binding of ligand

molecules per protein macromolecule and n is defined as the
average moles of bound ligand per mole of total protein. At
any constant heat value due to the binding of ligand mole-
cules per mole of protein (DH), the free concentration of lig-
and (Lfree) and n are also constant at equilibrium on both two
curves of DH against total concentration of either ligand or
protein obtained in two titration experiments at two different
concentrations of a protein (such as Fig. 2). Ligand mole-
cules exist in two forms of free and bound. Hence,
Lfree�L�Lbound, where L and Lbound are the total and bound
concentration of ligand, respectively. The titration calorimet-
ric experiment has been carried out in two concentrations of
the protein, shown by 1 and 2. Equality of Lfree at any con-
stant value of DH on both titration curves (such as Fig. 2) re-
sults the equation:

L1�L1
bound�L2�L2

bound (1)

By applying n�Lbound/M, where M is the total concentration
of the protein, and equality of n at any constant value of DH
on both titration curves, it can be deduced Eq. 2 from Eq. 1.

L1�nM1�L2�nM2 (2)

This equation can be rearranged to give Eq. 3.

(3)

Then Lfree can be calculated by Eq. 4, which obtains from
substitution of n from Eq. 3 into the equation Lfree�L1�nM1.

(4)

One can then calculate n and Lfree from Eqs. 3 and 4, re-
spectively. This procedure is repeated over the range of DH
values that span the titration curves, thus yielding a full
range of values of n and Lfree. In this way, one can obtain a
binding isotherm for protein ligand interaction by two calori-
metric titration curves at two different concentration of a pro-
tein. This analytical approach has some similarities in the
concept with the Halfman and Nishida spectroscopy
method.32)

Results and Discussion
The raw data obtained from isothermal titration calorime-

try of ADA interaction with theophylline (as a ligand) in two
different concentrations of the protein are shown in Fig. 1.
Figure 1a shows the heat of each injection and Fig. 1b shows
the heat of related to each total concentration of theophylline,
[Theo]t. These raw calorimetric data can be used to show the
heat of binding of theophylline molecules per mole of ADA
(DH) versus total concentration of theophylline, Fig. 2a, or
versus total concentration of the protein, Fig. 2b. Using Eqs.
3 and 4, one can obtain a binding isotherm as shown in Fig.

3a or the Scatchard plot,33) n[Theo]f versus n , as shown in
Fig. 3b, where [Theo]f is the free concentration of theo-
phylline.

The shapes of the Scatchard plots are clearly characteristic
of different types of cooperativity.34,35) A concave downward
curve, as shown in Fig. 3b, describes a system with positive
cooperativity. For obtaining approximated values of binding
parameters, it might be possible to fit the binding data to the
Hill equation,36)

(5)

where K and n are the binding constant and Hill coefficient,
respectively. The binding data for the binding of theophylline
to ADA have been fitted to the Hill equation using a com-
puter program for nonlinear least-square fitting.37) The results
are: g�2, K�17.6 mM

�1 and n�1.47. The best-fit curve of
the experimental binding data was then transformed to a
Scatchard plot as shown in Fig. 3b. A simple method for cal-
culating intrinsic association equilibrium constants for sys-
tem with two cooperative sites (K1 and K2) has been intro-
duced from the Scatchard plot.38) It has been shown that, in
the limit as n approaches 0, n /[Theo]f�2K1 and when n�1,
or at half-saturation, n /[Theo]f�(K1K2)

1/2. Thus, K1 can be
obtained from the ordinate intercept of a Scatchard plot and
K2 is derived from the value of n /[Theo]f at half-saturation.
The results obtained from Fig. 3b are K1�6 mM

�1 and
K2�52 mM

�1. A check for the validity of the binding con-
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Fig. 1. (a) The Heat of Theophylline Binding on ADA for 20 Automatic
Cumulative Injections, Each of 10 m l, of Theophyline, 2 mM, into the Sample
Cell Containing 1.8 ml ADA Solution at Two Initial Concentrations of 2 mM

(�) and 5 mM (�) and (b) the Heat of Binding versus Total Concentration of
Theophylline, Calculated from Fig. 1a



stants can also be done by a nonlinear least squares of data
fitting to the Adair equation for system with two binding
sites (including n , K1, K2 and [Theo]f),

39) which the results
for K1 and K2 values are as the same as above. So, occupation
of the first site has produced an appreciable enhancement 8.7
of the binding affinity of the second site. Moreover, values of
DH in different values of n (obtained from Fig. 2) give the
molar enthalpies of binding �12.2 and �14.9 kJ/mol in the
first and second binding sites, respectively.

The new calorimetric method described in this paper al-
lows obtaining the binding isotherm for measurement of the
complete set of thermodynamic parameters in protein drug
binding studies. The binding isotherm for drug–protein inter-
action can be easily obtained by carrying out titration calori-
metric experiment in two different concentrations of protein.
An enhancement by 8.7 of the binding affinity of the second
site due to the binding of theophylline on the first binding
site may be followed by a fine conformational change in
ADA leading to the activation of the protein at low doses of
the drug, as reported before.29) Hence, the second site may be
related to the inhibition of ADA that is filled at higher doses
of the drug, according to the observation reported before.30)
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