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Abstract

Measurement of adenosine deaminase (ADA) activity using spectrophotometric method presents problem, regarding the quantitativ
estimation of the substrate degradation and product formation, due to the closely appaeéthe substrates, product and the inhibitor. The
feasibility of applying reverse-phase HPLC technique, for studying adenosine deaminase-catalyzed reaction product and inhibition study wa
examined. We have drawn a comparison between the HPLC-based method over the corresponding spectrophotometric method. A gradie
elution pattern was used to separate substrate (adenosine and deoxyadenosine), product (inosine and deoxyinosine) and standard adenc
deaminase inhibitor (erythro-9-(3-nongtaminobenzyl)-adenine) in the HPLC method. The product formation was quantitated by monitoring
the absorbance at 260 nm with the progress of time. The limit of detection as well as the limit of quantification of the respective enzymatic
product were found to be in nano molar (nM) range in the HPLC method. This study was also extended to monitor adenosine deaminas
activity in different cancer cells of hematological origin. The HPLC-based method is found to be suitable for the quantitative estimation of
adenosine deaminase-catalyzed reaction product and for studying inhibition mechanism of different inhibitors. The HPLC-based method ha
specific advantages over the spectrophotometric method. Moreover, the concentration of different nucleotides in cell lysate and body fluic
can be measured using this HPLC method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction oftissueg4]. High level of ADA is presentin different tissues
such as thymus, lymphoid tissues and peripheral lymphocytes
Enzymes like adenosine deaminase (ADA) and hypoxan- [5].
thine guanine phosphoribosyl transferase (HGPRT), respon-  On the other hand, severe combined immunodeficiency
sible for the purine metabolism (catabolism or anabolism) disease (SCID) is characterized by chronic ADA deficiency,
are important targets for cancer chemotherfgy Adeno- leading to the accumulation of ADA substrates that exert
sine deaminase (adenosine aminohydrolase, EC 3.5.4.4) idymphotoxic effect either directly or after conversion to
an important zinc containing metallo-enzyme of considerable phosphorylated derivatives like dATP, dADP and dAMP
physiological importance and is essential for the proliferation [6]. Hence inhibition of ADA may be quite effective in
and differentiation of lymphoid cellR]. ADA catalyzes the inducing cell death in human lymphoid malignancies, as
irreversible deamination of adenosine and deoxyadenosine tdymphocytes lack Bnucleotidase, which provide protection
produce inosine and deoxyinosine, respectivElgheme 1 to other non-lymphocytic cells by metabolizing ADA
[3]. The physiological function of ADA is critical in control-  substrate$7]. Standard ADA inhibitors like ‘2leoxycofor-
ling the effect of adenosine and deoxyadenosine in a varietymycin (DCF) and erythro-9-(3-nonyl-aminobenzyl-
adenine (EHNA) are already in the clinical trials against
* Corresponding author. Tel.: +91 172 214682; fax: +91 172 214692. lymphoid mallgnanc_:leES,Q]. ADA |nh|b_|tors hav_e also been_
E-mail addressesanupniper@yahoo.co.in, used as co-drugs in combination with adenine nucleoside
akmukhopadhyay@niper.ac.in (A.K. Mukhopadhyay). [10].
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Scheme 1. Adenosine deaminase-catalyzed reaction scheme.

Moreover, ADA inhibition has been reported to prevent HPLC method has been used to separate and quantify purine
free radical generation and contractyle dysfunction in the nucleotides in body fluid$18,19], but to the best of our
postischemic heaf11]. Elevated ADA activity has also been knowledge, it has not been reported to study enzyme kinetics
reported in pleural effusion from patients with pleural tuber- and inhibition studies of ADA earlier. Keeping in view the
culosis and is considered to be an useful diagnostic markerdiscrepancies of the spectrophotometric method the purpose
in the evaluation of mycobacterial infecti¢h?]. of this work was to develop a simple, efficient, single step

Unfortunately, the kinetic assays and inhibition charac- HPLC-based method to study the inhibition and activity of
terization of ADA are difficult to evaluate using spectropho- ADA with pure enzyme system, as well as in cell culture and
tometric method, as the substrates, products and even thén body fluids. In light of the fact, that adenosine deaminase
inhibitors share almost identicahax. Therefore propermon-  is atarget enzyme, for the different types of lymphocytic dis-
itoring of substrate degradation with concomitant product order, development of such kind of HPLC-based method was
formation are difficult to measure quantitatively. Generally, urgently required.
the adenosine deaminase reaction is assayed spectropho-
tometrically by measuring the decrease in absorbance at
265nm (decrease in adenosine concentration) or increase2. Experimental
in absorbance at 235nm (increased formation of inosine)

[13,14] Moreover, in cell lysates or in body fluids the 2.1. Materials

increase in inosine formation cannot be properly studied

due to non-specific contributions. In our spectrophotometric ~ Standard adenosine, inosine, and the standard ADA
experiments we have found that adenosine and inosine havenhibitor, EHNA were purchased from Sigma (St. Louis, MO,
very closely apposetinax. Hence spectrophotometrically, it  USA). 23’ deoxyadenosine was purchased from Calbiochem
is very difficult to quantitatively evaluate the product forma- (La Jolla, CA, USA). ADA (high purity grade) from calf
tion at their respective absorbance maxima or at the usuallyintestine (approximately 200 U/mg protein) (in 50% glyc-
selected wavelengths of (265 or 235 nm) as both adenosineerol and 5 mM potassium phosphate, pH 6.0) was purchased
and inosine contribute at these respective wavelengths. ADAfrom Sigma chemicals. The purity of the enzyme was fur-
activity is also followed through the formation HfC inosine ther studied by SDS-PAGE, which demonstrated a single
from 14C adenosingl 5]. Although the radioactive methodis  band ofM, = 50,000. Mobile phase components, methanol,
effective but it is inconvenient to use and are environmentally dipotassium hydrogen phosphate and potassium dihydrogen
toxic. ADA activity is also followed spectrophotometrically phosphate for HPLC were purchased from Merck Inc. Ltd
by measuring the Nklliberated using the Berthelot method. (Germany).

This method suffers from non-specific contribution and lack ~ Hut78, a T cell lymphoma cell line was purchased from
ofaccuracy due to bleaching of the chromoffi]. Recently, National Centre for Cell Science (NCCS) (Pune, India) and
capillary zone electrophoresis has been used to study ADAwas maintained in RPMI-1640 as per the suggested growth
activity, but capillary zone electrophoresis itself has many conditions.

limitations[17]. Hence, ADA activity determination, for the

purpose of studying kinetic, mechanism of action and inhi- 2.2, Instrumentation

bition studies possesses significant challenge, demanding an

effective and improved assay method. A Shimadzu Inc (Japan) HPLC system was used for

We hypothesized that the polarity difference of the sub- our experiments, attached with UV detector. The chromato-
strate, product and inhibitors may be exploited in order to graphic separations were carried out on ah®Supelco C18
study adenosine deaminase kinetics and inhibition. ThoughRP (250 mmx 4.6 mmi.d.) equipped with security guard col-
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umn. The spectrophotometric assays were performed using @.3 M. Denatured proteins were precipitated by centrifuga-
temperature controlled, double beam Perkin-Elmer Lambdation at 3000x g for 5 min and the final pH of the supernatant

25 spectrophotometer. was adjusted to pH 7.4 with the addition 0f®O;3 (final
_ concentration 2.5 mM). Clear supernatants were processed
2.3. Sample preparation for HPLC experiments.

The mobile phase solvents (methanol and potassium
phosphate) were filtered through 022 nylon membrane
and further degassed before use. The injection volume was
20l and the mobile phase flow rate was kept constant at

1 mlmin1.

Purified enzyme purchased from Sigma was diluted
accordingly for the in vitro assays. For the studies regard-
ing cell lines, approximately £oHut 78 cells were lysed by
homogenization (20 cycles 2) in a Polytron homogenizer at
2000 rpmin homogenization buffer (250 mM sucrose, 20 mM
K+HEPES, 10mMKCI, 1.5mMMgGL0.1mMEDTAand 5 6 Method validation for HPLC-based method
1 mM EGTA). The cell lysates were then subjected to cen-
trifugation at 2500« g for 5 min to pellet down the celldebris  2.6.1. Linearity and range

and the supernatant was used for both the spectrophotometric - Stock solution of inosine (3 mM) was prepared. The stock
as well as the HPLC assays. solution was diluted accordingly, to prepare solutions of con-
centrations ranging from 5 to 5¢M and the solutions were

2.4. Spectrophotometric analysis of adenosine injected in triplicate for obtaining a representative result.

deaminase activity
Adenosine deaminase activity was assayed spectro hot0-2'6'2' Precision
metrically using saturatin subs),/trate condﬁionspThe gssa Injections of three different concentrations (25, 50 and
y 9 g ' leOpLM), each in triplicate were injected on the same day

mixture contained different concentrations of adenosine, : .
. : . : and the relative standard deviation was calculated to deter-
and 0.0055 units of adenosine deaminase in 20 mM potas- . . . . e
mine the precision of intra-day and inter-day variation of our

sium phosphate buffer (pH 7.4) a’g 26. The de_crease _experimental result.
in the absorbance at 265 nm and simultaneous increase in
absorbance at 235nm resulting from the deamination of
adenosine to inosine were continuously monitored in a tem-
perature regulated (Heto circulating water bath, HMT 200
CBN 8-30 model) UV-vis Perkin-Elmer Lambda 25 spec-
trophotometer. Different concentrations of standard inhibitor,
EHNA were used to study the effect of the inhibitor on the
enzymatic reaction. All the kinetic and inhibition experi-
ments represent the results obtained from three individual
experiments.

2.6.3. Accuracy

Percentage recovery was calculated from the difference
' between the calculated and expected concentration (calcu-
lated from the corresponding peak area). The recovery studies
were carried on with four concentrations of the product (25,
50, 100 and 20Q.M inosine) to find out the accuracy of the
method.

; , . Resul
2.5. HPLC-based method for the analysis of adenosine 3. Resuilts

deaminase activity Spectrophotometry-based kinetic study of few key tar-
get enzymes like adenosine deaminase and hypoxanthine-

A gradient elution profile was obtained by employing @ g,;anine phosphoribosyltransferase, raise the problem of
combination of 20 mM potassium phosphate buffer (bH 7.4) o erapping spectra of the substrates, products and the

and methanol, this gradient solution was used to separate th,hinitors. Moreover, other substrates of adenosine deami-
substrate and product of the enzyme reaction. The gradient, ;4 |ike deoxyadenosine and oxipurine also have almost
was as follows: isocratic phase at 7% methanol for 3 min, then identical Amax as that of adenosine. Even the correspond-

up to 30% methanol holding for 3min and then 7% methanol ing products also absorb in the same wavelength region and

for 6 min to restore |.n|t|al cond|t|ons. The injection volume overlap with that of the substrate. Due to this problem it was
was 20ul, total run time was 12min and the flow rate was ecessary to develop an alternative assay system for adeno-

adjusted to 1 ml/min. The HPLC procedure was performed gjne geaminase. Hence we have applied the HPLC technique
atroom temperature and the absorbance of both the substratg, |\ hich the molecules are separated based on the inherent

and the product were monitored at 260 nm (i.e. approximate ,|arjty difference as reflected in their retention tinf&)(
Amax Of adenosine). values.

Kinetic measurements for ADA were carried out using dif-
ferent concentrations of adenosine upto p®0in 20 MM of 3.1. Spectrophotometric analysis of adenosine
potassium phosphate buffer (oH 7.4) inafinal volume of 1 ml jeaminase activity
assay mixture. The reaction was started with the addition of
0.00275 units of adenosine deaminase and was terminated Representative scans of the substrate (adenosine
by adding perchlorate (HCK) to a final concentration of  Amax=259 nm), product (inosinémax=249nm) and the
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Fig. 1. (a) Overlapping spectra of 25, 50 anduM adenosine (300-200 nm) in potassium phosphate buffer, pH 7.4 showing,thet 258.97 nm. (b)
Overlapping spectra of 25, 50 and [ZB1 inosine (300-200 nm) in potassium phosphate buffer, pH 7.4 showinitheat 248.85 nm. (c) Mixed spectra of
adenosine and inosine showing overlapping contribution at 265 and 235 nm. At 265 nm the inset shows the concomitant decrease in absorbanee of adenosin
(substrate utilization) and increase in absorbance of inosine (product formation) as shown by arrows. The blue shaded area at 265 nm desgribessbd com

zone that cannot be detected. Similarly the inset at 235 nm shows the concomitant substrate utilization and product formation as indicate@®y/lznooms.

shaded area at 235 nm represents the compromised zone that is masked by the spectral overlapping. (For interpretation of the referencesigdigol@ur in th
legend, the reader is referred to the web version of the article.)

overlapping spectra of adenosine and inosine are shownhigher concentration. The problem, due to the overlapping
in Fig. la—c. The shaded area in the left insBtg( 1c) spectral characteristics of the substrates (adenosine and
represents the additional absorbance contribution due todeoxyadenosine) and their respective enzymatic products,
the overlapping spectra, while the right inset represents theformed with the progress of time is shownhig. 2a and b
decrease in the contribution due to the overlapping nature of (indicated by arrows), respectively. It is quite interesting to
the spectra for a time-based enzymatic reaction. Furthermorenote that at the wavelength maxima of inosine and adenosine
EHNA, the standard adenosine deaminase inhibitor (EHNA (249 and 259 nm), the decrease in the absorbance of the
Amax= 260 nm) absorbs in the same wavelength region (inset substrate and the corresponding increase in the absorbance
of Fig. 3)) and also contributes to the spectral overlapping at of the product with the course of time are not quantitatively
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version was inhibited with different concentrations of EHNA (1, 10, 100,

Fig.2. (a) Adenosine (28M) reaction with 0.0055 units of adenosine deam- 250 and 500 nM) in the presence of 0.0055 units of adenosine deaminase
inase in potassium phosphate buffer, pH 7.4, temperat@%°C absorbs in potassium phosphate buffer, pH 7.4, temperaturec25The spectra of
maximally at 258.97 nm and product maximally absorbs at 248.85 nm, with different concentration of EHNA are shown in the inset andithgx was

the formation of an isobastic point at 254 nm. (b)3.@ideoxyadenosine  found to be 260.00 nm.

(25uM) reaction with 0.0055 units of adenosine deaminase in potassium

phosphate buffer, pH 7.4, temperatu5°C absorbs maximally at 260nm  separatedR; values. TheR; values of the substrates (adeno-

and product maximally absorbs at 249 nm almost equal to that of adenosinegine, R, = 11.8 min), (deoxyadenosing = 8.00 min), prod-
and inosine, respectivelyg. 3. ucts (inosineR; = 7.8 min), (deoxyinosineRk =4.517 min.),

complementaryKig. 1c, inset). At a certain wavelength the (Fig. 4), and standard inhibitor (EHNAR;=11.3min)

substrate degradation (decrease in absorbance) is partiallﬁ':ig' 7 were found to be reasonably di_fferent and the cor-
nullified or amplified by the contribution of the product for- responding peaks were well separated in the chromatogram.

mation (increase in absorbance). Therefore a compromiseoF'g' 5shows the time dependent enzymatic reaction, where
net result is obtained. we observed a decrease in the area under the peak of adeno-

While monitoring inhibition of ADA reaction with adeno- sine and a gradual increase in the area under the peak of

sine as substrate and using different concentrations of EHNA MosIne. l)smg this HPLC-based method we further cglcu-
as inhibitor, we confronted the same spectral overlapping lated the initial rates of the adenosine deaminase reaction.

problem, where the realinhibition is partially maskEdy; 3). '!'he effect of the standard inhibitor, EHNA a“?‘ certain
Studies of the inhibition kinetics of ADA, using deoxyadeno- anticancer drugs (data not shown) were also studied and the
sine as the substrate and EHNA as inhibitor. suffer from adenosine deaminase reaction kinetics was followed using the

similar drawback as that of adenosine (data not shown). HPL(':-b.a.sgd method. EHN,A exh_ibitgd a clear dqse depen-
dentinhibition of the adenosine to inosine converskeig (6).
We found that as compared to the HPLC-based method, the

3.2. Development of HPLC based method for the kinetic
b results obtained from the spectrophotometric method did not

analysis of adenosine deaminase activity

In order to eliminate the spectroscopy related difficulty 21 dl ifdA A
we have used the HPLC based method as a simple and effi- ;. 14 L N\
cient alternative method for the purpose of assaying the same
reactions catalyzed by adenosine deaminase. This reverse- 3 T 0 s

phase HPLC-based assay system depends on the polarity Minutes

Qf the molecules yle_ldlng a difference in the migration Fig. 4. HPLC chromatogram showing the retention time of: adenosine
t|me.. A.cllear separation of peaks of the subst_rate, product(thlllg min) (A), inosineR, = 7.8 min) (1), deoxyadenosin&(= 8.0 min)
and inhibitor was observed and was reflected in their well- (dA) and deoxyinosineR = 4.5 min) (dl).
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Fig. 5. HPLC chromatogram showing the adenosine deaminase reaction at different time point, reaction stopped at: (a) 0 min; (b) 15s; (c) 30 s¢s)d) 1 min
2 min; (f) 5min by incubating at 30C. Peak 1-3 corresponds to inosine (1), buffer and adenosine (A), respectively.

provide us the quantitative interpretatidfd. 3) of the kinet- tration range between 5 and 5@M. The mean correlation

ics and inhibition because of the appearance of the time coefficient was calculated to be 0.9997.03).

dependent overlapping of the spectra. Hence data obtained

from HPLC-based method gives a true representation of the3.3.2. Accuracy

enzymatic rate and inhibition mechanism and can be easily  The recovery percentage was calculated for triplicate sets

extended to calculate the ggand the inhibition constant of  of 25, 50, 100 and 20@M concentrations of the product (ino-

an inhibitor or drug. sine) and were found to be 100.7, 107.1, 101.7 and 100.3%,
Though the inhibitor EHNA has a very clos& value respectively.

(12.3min.) as that of adenosine (11.8 min.) but its peak is

quite separated from that of adenosifeX11.8 min.) and  3.3.3. Precision

moreover, its molar absorptivity is so less that it could notbe  The reproducibility and precision of the data were evalu-

detected in the chromatogram under the experimental con-ated through intra-day and inter-day studies, for the prod-
dition. Fig. 7 depicts the adenosine peak and the scaled up

version of the EHNA peak, which is otherwise not detectable
under the experimental conditions.

3.3. HPLC method validation -F1.50
3.3.1. Linearity and range

With the methanol:potassium phosphate mobile phase, the T

response of the product (inosine) was linear in the concen-
+1.00
18+ Volts
15 5 : - 0.75
= . ;
= ] :
- 124 g :
= v «
= 94 : 0.50
::: ;| 11.8min.
3 6 | Adenosine .
g Y £ F - - 0.25
O 34 H
0 50 100 150 200 250 300 T 14 et 0.00
Seconds

Fig. 7. HPLC chromatogram showing retention time of adenosine
Fig. 6. Graphical representation of the inhibition studies by HPLC method (R, =11.8min.) and that of EHNAR; =11.3 min.). The figure shows no
using 0.0025 U ADA, 2.M adenosine and different concentrations: control  contribution from EHNA to the adenosine peak at the inhibitory concentra-
(4); 1nM (@); 10nM (a) and 100 NM ) of EHNA. tion.
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uct concentrations of 25, 50 and 1@M. Concentrations 4. Discussion

measured for the intra-day concentrationsS(D.) were

found to be 26.783 0.852uM, 49.286+0.195uM and Spectrophotometric method is popularly used for the esti-
99.007+ 0.348 whereas the inter-day concentrations were mation of adenosine deaminase activity but it suffers from
calculated as 27.5681.12pM, 51.693+2.105uM and the spectral overlapping problem of the substrate, product
105.236+ 5.053, respectively. As is evident from the res- and inhibitor. Moreover, higher concentration of enzyme is

olution of the peaks, it is well evident that this process also required in the spectrophotometric method to give a
is sufficiently specific for the separation of adenosine and noticeable change for quantitative estimation of the product
inosine. The reproducibility and precision of the spectropho- formation or substrate degradation and to check the effect
tometric method are also comparable under our experimentalof the inhibitor. The main drawback with the HPLC-based

condition. method lies in the time required for the preparation of sam-
ples, hence high throughput studies cannot be effectively
3.3.4. Limit of detection and quantification made possible. ADA inhibitors are used as drugs and hence

The HPLC-based method is much more sensitive (limit of an exactdose is needed to be prescribed, therefore any techni-
detection is in nano molar range, limit of quantitation is also cal problemin calculating the true dose is not at all desirable.

in nano molar range) as compared to the spectrophotometric hus the alternative HPLC-based method is suitable for the
method. quantitative measurement of the kinetics and inhibition of

mammalian adenosine deaminase. The method can also be
used for the screening of a large number of inhibitors of
adenosine deaminase. Keeping in mind the role of adeno-
qsine deaminase inhibitors in cancer, SCID, ROS mediated
. . . diovascular ischemia and other diseases, the proposed
the product using spectrophotometric method with cell &' ' prop

b g sp P HPLC-based method for the assay of adenosine deaminase

line or tissue lysate present more problems of non-specific o S .
contribution. Therefore we have analyzed the time dependentenzyme activity or inhibition was proved to be quantitative,
reliable, accurate and cheap.

product formation profile in the Hut-78 (T cell lymphoma)
cell line lysates using HPLC-based method and have
been able to monitor the substrate utilization kinetics

(Fig. 8).

3.4. Extension of the HPLC-based to cell line lysate

Assays for the presence of the enzyme, substrate an

5. Conclusion

We have developed a new HPLC method for quantitatively
studying the kinetics and inhibition of mammalian adenosine
deaminase using pure enzyme system or using cell extracts
and body fluids. The same method can also be extended for
screening a large number of compounds for the discovery of
adenosine deaminase inhibitors.

Adenosine
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