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Abstract

Thiopurine drug monitoring has become an important issue in treating c
a genetic polymorphism causes wide differences in the activity of thiop
thiopurine degradation metabolism — leading to the necessity of drug dose a
5’-monophosphate dehydrogenase (IMPDH; EC 1.1.1.205), thdimate
and validated a high-performance liquid chromatographic (HP
remarkable features of this assay are its simple erythrocyte separa
monophosphate (XMP) from the clear supernatant afterprecipi

ferase (TPMT) — the rate-limiting enzyme of the
yet known if similar differences exist in the inosine
e thiopurine synthesis. To test this, we established

those of 35 healthy adult controls. The meas
observed in children with ALL might led i

enzyme inosine 5’-monophosphate dehydrogenase (IMPDH;
EC 1.1.1.205) [1,4,5]. The cytotoxic and immunosuppressive
properties of these thiopurines are mediated by inhibition of the
synthesis of proteins, DNA and RNA, owing to their reactive
thiol group [6,7].

The thiopurine 6-MP is the standard drug used in mainte-

A) and mercaptopurine
mmunosuppressive therapy
tis, or inflammatory bowel dis-
laxis after organ transplantation
[1-3]. AftS

al intake, these pro-drugs have to first be con-
verted into th tive metabolites [ 1,4]. Thiopurine metabolism
is characterized Sgpthree competitive metabolic pathways, two
catabolic routes by the xanthine oxidase and the thiopurine
S-methyletransferase and one anabolic route, which results in
three different 6-thioguanine nucleotides (TGN) via the key
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nance therapy for children with acute lymphoblastic leukaemia
(ALL) [8-10]. In recent years, different authors have focused
on thiopurine degradation metabolism by measuring the TPMT
enzyme activity. This interest can be attributed to the known
genetic allelic polymorphism in the TPMT gene, which causes
wide differences in individual enzyme activity to ensure opti-
mal thiopurine therapy [4,11]. This explains why (in children
with ALL) the standard thiopurine regimen results in a severe
bone marrow depression with lethal outcome if TPMT enzyme
activity is low or absent, whereas patients with high enzyme
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activities may be treated at a too low dose [12—16]. Whether or
not similar individual differences also exists in IMPDH enzyme
activity in children with ALL is not entirely resolved. The reason
for this could be that few authors have focussed on the conver-
sion of thiopurines into their active metabolites mediated by the
rate-limiting enzyme IMPDH in ALL patients. To our knowl-
edge, only two previous reports have addressed this issue. Price
and colleagues applied a radioactive-based chromatographic
separation using DE81 cellulose paper and liquid scintillation
to bone marrow and peripheral blood lymphocytes in a small
series of patients. They observed both a wide range and a higher
mean of IMPDH activities in children with leukaemia compared
to healthy controls [17]. By contrast, Montero used a non-
radioactive high-performance liquid chromatographic (HPLC)-
based assay to determine the IMPDH enzyme activity in erythro-
cytes of patients with leukaemia and lymphomas and detected no
enzyme activity differences compared to healthy controls [18].

In our efforts to monitor the thiopurine therapy in chil-
dren with ALL to ensure an optimal dosage regimen and to
reduce adverse side effects, we previously focused on patient’s
compliance, the thiopurine pharmacokinetics and the degrada-
tion metabolism of thiopurines [9,10,19-21]. We consistently
focused on the conversion of thiopurine into its active metabo-
lites by measuring its rate-limiting enzyme IMPDH to investi-
gate whether individual differences occur in enzyme activity,
similar to that of TPMT. We therefore, established a hi
sensitive HPLC-based assay (using separated erythrocytes
banked donor blood) in order to introduce a simple but also s
sitive method to prove the interference of various 2

literature [18].

In our hands, the amo
activity was dependent
threitol (DTT) for th
the incubation medium?

After validatg

2.1. Chemicals

All used reagents were of analytic grade if not otherwise
indicated and obtained from Merck (Darmstadt, Germany). Ino-
sine 5’-monophosphate (IMP, F57510, disodium salt x 8H,0,
Lot 381988/114899), B-nicotinamide adenine dinucleotide
(B-NAD*, N6522, H,0 x acetone, Lot 67H7850), tetra-
butylamoniumhydrogensulfate (TBAHS, T-9668, purity of
approximately 99%), dithiothreitol (DTT, D-5545) and xan-
thosine 5’-monophosphate (XMP, X 10030, Lot 63H0019)

were obtained from Sigma—Aldrich/Fluka (Taufkirchen, Ger-
many). Purified water was produced with Purelab Plus (USF
Seral, Ransbach, Germany). Stock solutions (10.0 mM) of
IMP and B-NAD* and XMP (2.272 mM) were prepared by
dissolving in 0.067M phosphate buffer pH 7.4 (Sorensen:
NaH;PO4, KH;PO4; 81.8:18.2). Stock solutions of DTT
(40 mM) and KCl (4 M) were prepared by dissolving in purified
water.

These stock solutions were aliquot in 2.0 ml save lock tubes
(Eppendorf, Hamburg, Germany) and kepismmsen (—21 °C) until
usage. The stock solutions were te during the
present investigation and found to at —21°C
for several months.

ranged from 1 to 17 years (x = 7 years) for
L and for the healthy volunteers from 18
years), respectively. For morphological and
gnosis and subtyping blood and bone mar-
the central study laboratory located at the Clinic
iatric Haematology and Oncology, University Medical
entre [famburg. All enrolled patients were untreated and none
of them received banked donor blood, previously. The investi-
ation was performed in direct accordance with the local ethics
committee. A written informed consent was obtained for every
patient by their parents.

All samples were collected in EDTA tubes (Sarstedt,
Niirnbrecht, Germany) and processed within 24 h. The red cell
lysates were processed standardized to measure the IMPDH
enzyme activity. The erythrocytes were separated from EDTA
blood by Ficoll separation or centrifugation at 1000 x g (Biofuge
pico, Hereus Instruments, Osterode, Germany) at room tem-
perature for 4 min. Plasma and buffy coat were discarded. The
red blood cells (RBC) were washed and centrifuged (1000 x g)
twice with isotonic saline (same volume as discarded). The
washed and packed RBC were diluted with water (1:2.5),
frozen for complete haemolysis and stored at —21 °C in 2.0 ml
tubes (Eppendorf, Hamburg, Germany) until further processing.
After complete thawing the RBC lysates were centrifuged
for 4.0min at 16,000 x g to remove cell debris. The super-
natants were used to measure the IMPDH enzyme activity and
haemoglobin content (Hb) (Celldyn 1600, Abbott, Wiesbaden,
Germany).

2.3. IMPDH enzyme activity assay

The enzyme activity assay bases on the conversion of IMP to
XMP catalysed by IMPDH and B-NAD* as hydrogen acceptor.
Quadruplicate measurements at a final volume of 500 pl
were processed after incubation for 2h at 37°C using a dry
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heating block (Type 50006101, Liebisch, Bielefeld, Germany).
12.5 pl KCI- and 12.5 1l DTT-stock solution were diluted with
275 ul 0.067M phosphate buffer (pH 7.4) (resulting in a final
concentration of 100mM KCI and 1 mM DTT). Thereafter,
25wl IMP- and 25l B-NAD™-stock solution were added
(resulting in final concentration of 0.5 mM IMP and 0.5 mM
B-NAD"). The enzymatic reaction was started by adding 150 p.l
of the prepared RBC lysate. Following incubation the reaction
was terminated and protein precipitation induced by 25 ul
cold 60% HCIlO4 for 3.0 min followed by centrifugation for
4.0min at 16,000 x g. A salt precipitation (perchlorate) was
inducted by 55 wl KoHPO4 (5 M) for 5.0 min and thereby the pH
adjusted to 5.4 followed by repeated centrifugation for 4.0 min
at 16,000 x g. Finally the clear supernatant was analysed by
RP-HPLC.

2.4. Chromatography

The RP-HPLC system (Thermo Electron, Engelsbach, Ger-
many) consisted of a pump (P 200), an autosampler (AS 300)
with Microvials (Applica, Bremen, Germany, 100 ul) and a
variable UV-vis detector (UV 2000) supported by a degasser
system (DG 1310 Uniflows Degasys, Tokyo, Japan). The sep-
aration was performed at 35°C on a reversed-phase column
using a Hypersil 125 x 3 mm ODS, particle size 5 um (System
Chromcard®, Machery-Nagel, Diiren, Germany). The ang
cal column was protected by a guard column (80 mm x
Machery-Nagel, Diiren, Germany), which contamed the S
phase. The ﬂow rate was 0 6 ml/min, the inje

time 17.1-26.0). XMP
at a retention time of
raced onto an integrator printer
tron, Engelsbach, Ger-

Cl0y4, and K,;HPO4 but with-

e final concentration was 0.01 mM.

. graph used 1:100 (0.02 mM), 1:200 (0.01 mM),

and 1:800 (0.0025 mM) dilutions from XMP
cribed above.

The cahbr
1:400 (0.005
stock solution as

2.5. Validation of the IMPDH activity assay

The described activity assay was validated by varying the
single assay conditions. In particular the optimal incubation
process was ascertained by varying the buffer concentration
(0.017-0.067 M), the pH adjustment (7.2-7.8), and the used
DTT and KCI concentration (0—-5 mM and 0-500 mM, respec-
tively). The influence of the HC1O4 additive on the concentration
of the reaction product was proved by an additional sample using

adefined XMP concentration. Different KoHPO4 concentrations
(0.435-0.551 M) were tested to ensure an optimal perchorate
precipitation and pH adjustment for the chromatographic
separation. Different commercially available IMP reagents
were tested for their product formation concentration (Sigma
I 4500 disodium salt, Lot 14H7813; Sigma—Aldriche/Fluka
F57510 disodium salt x 8H,O, Lot 381988/114899; Sigma S
4625 disodium salt, Lot M3932). Therefore, stock solutions
(10.0mM) of the different IMP Lots were prepared by dis-
solving in phosphate buffer (pH 7.4)damanroduct formation

d proportionality
incubation on time

impurity grade of u

ionality of the conversion of IMP to
rate was measured by adding XMP

ent IMPDH enzyme activities 10 times (intraday
tability) during 1 day and one of these erythrocyte
samplts 12 times (interday assay stability) during a period
of three months, respectively. Finally different commercially
available substrate and co-substrate compounds were analysed
for purity, enzymatic activity and solubility under optimal assay
conditions.

2.6. Michaelis constants, non-specific XMP formation,
kinetic and statistical analysis

Seven different concentrations were used for both, sub-
strate (IMP: 0-1200 pM at a fixed B-NAD™* concentration of
1200 wM) and co-substrate (B-NAD*: 0-1200 uM at a fixed
IMP concentration of 1200 uM) to determine the saturation
curves. For this purpose the usual incubation period of 2 h was
extended to 24 h to detect XMP above the baseline noise and
eventually non-specific XMP formation in the corresponding
blank controls. The saturation curves were the result of the
measured enzyme activity minus blank control. The enzyme
kinetics analysis of K and Vinax values were estimated by fitting
double reciprocal regression (Lineweaver-Burk Method) using
Statview, (Statview, version 5.0.1, SAS Institute Inc., Cary, NC,
USA). All other figures used Software for Scientific Graphing
(Origin, version 6.1, Origin Lab, Northampton, MA, USA). Qua-
druplicate measurements were done throughout, with exception
of the patient/control samples that were analysed in duplicate.
Allresults were expressed as mean =+ standard deviation. X refers
to the mean. For comparison between groups Mann—Whitney
U-test was used and a P<0.05 considered statistically
significant.
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3. Results 800 -
| % blank control (y=0)

700 ™ 1004IRBC (y=16.081x + 11.108, r* =0.998)

3.1. Substrate and co-substrate saturation concentration = | © 150 pIRBC (y=21.085x + 17.579, rz =0.997)

and non-enzyme involved XMP formation Lg gog, T FTHRRGARAISN SIRRAF S8
E |
The final saturation concentration of IMP and B-NAD™" was 5 500?
0.5mM for both, substrate and co-substrate (Fig. la and c). E 400
The calculation of Ky and Vi resulted in 0.089 mmol/l and S 1
328.8 nmol/gHb/h, for the substrate (IMP) and 0.93 mmol/l g 3004
and 341.2 nmol/gHb/h, for the co-substrate (B-NAD*), (Fig. 1b s

and d). There was no non-enzyme involved XMP formation J
detectable using the described assay conditions in blank con- 100+
trols (Figs. 2 and 3c). 1

0

3.2. Enzymatic reaction

The enzymatic reaction was linear up to 24 h and depended ~ Fig. 2. Linearity and i reaction from IMP to
on the used RBC lysate volume. The rate of XMP formation ~ XMP Projection of : i
remained constant within the incubation period of 24h and a
RBC lysate volume of 0-200 w1 (Hb: 8.0 g/dl) and the XMP
formation linear and proportional during the incubation period
of 0-6h (#: 0, 2, 4 and 6h) using RBC lysates up to a Hb 33%
of 12.3g/dl (0, 5.5, 7.4, 10.0 and 12.3 g/dl). Blank controls 1.
showed no XMP formation (Fig. 2). The optimal assay pH was tr
7.4 and only minor activity differences were seen between a
pH of 7.2-7.8 (C.V. <3%). In contrast to that a deviation f;
the optimal phosphate buffer concentration (0.067 M) resu
in a reduced XMP formation of up to 10%. The optimal D
concentration for redox protection was 1 mM, loy

b/h, C.V. 37%) if the optimal KCI concen-
as not used. The probes were stable for 36 h
ol XMP/gHb/h, C.V. 1.6%) after acid pre-

XMP/gHb/h C.V. 5%). An exact pH adjustment
d perchlorate precipitation with 55 ul 5 M KoHPO4
warrant to avoid a poor HPLC separation with overlapping
peaks.
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[nmol XMP/gHb/h]
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~
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+ T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10

(b) 1/c IMP [uM] (d) 1/c B-NAD™ [uM]

Fig. 1. IMPDH assay kinetics. Substrate (a) and co-substrate (c) saturation curves using (a) 0—1200 uM IMP and a constant co-substrate concentration of 1200 uM
B-NAD* and (c) 0-1200 uM B-NAD™ and a constant substrate concentration of 1200 uM IMP, respectively. The saturation concentration was reached at a substrate
concentration of 500 wM IMP (a) and a co-substrate concentration of 500 -NAD* wM (c). Double reciprocal plots of the substrate (b) and co-substrate (d) saturation
curves for determination of Ky and Vi« resulting in 0.089 mmol/l and 328.8 nmol/gHb/h, for the substrate (IMP) and 0.093 mmol/l and 341.2 nmol/gHb/h, for the
co-substrate (3-NADY). The usual incubation period of 2 h was extended to 24 h to detect XMP above the baseline noise and eventually non-specific XMP formation
in the corresponding blank controls.
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XMP

i 1\

0 2 4 6 8 10 12 14
(a) Retention time [min]

B

) c of XMP from erythrocyte lysates. Chro-
1ons: Hypersil 125 mm x 3 mm, ODS, particle size 5 pm
with guard cartr The injection volume was 25 ul and the flow rate adjusted
to 0.6 ml/min. The §@le phase consisted of 0.025 M sodium phosphate buffer
adjusted to pH 5.6 cfitaining 0.025M TBAHS and ACN. The elution pro-
cess used a step-gradient [A/B/A] for separation: [A] with 1% ACN (v/v),
0.0-10.0 min; [B] with 20% ACN (v/v), 10.1-17.0 min; [A] with 1% ACN
(v/v), 17.1-26.0 min. XMP was measured at a wavelength of 254 nm. Calibration
standard (a): XMP stock solution diluted 1:200 with/in incubation-solution con-
taining phosphate buffer pH 7.4 (0.067 M), KC1 (100 mM) and DTT (1 mM), and
60% HCIO4 (25 wl) and 5M KoHPO4 (55 pl) treatment prepared as describe
in material and method. The XMP retention was 12.0 min, the total run time
26 min. Sample (b): Representative sample of an erythrocyte lysate, incubated
with IMP and B-NAD™ as previously described in material and method and
reconditioned treatment with HC1O04 and KoHPOj4. Control (c): Control sample
of b, prepared and incubated without IMP and B-NAD?*, reconditioned after
incubation as described.

Table 1
Assay recovery of XMP using different XMP concentrations up to 0.0546 pM
Used XMP Recovery SD (%) Recovery
concentration (WM) X (LM) rate (%)
0.0 0.0 0 100
0.0018 0.0018 2.77 100
0.0091 0.0090 3.37 98.9
0.0182 0.0181 2.50 98.6
0.0364 0.0359 0.80 98.9
0.0546 0.0542 1.45 99.3
3.3. Chromatography

was 26.0 min

separation of

as approximately three-fold higher,
ification (LOQ) therefore sufficient to identify
a very low IMPDH enzyme activity.

assay recover of XMP was approximately 100% as
detailed in Table 1 and demonstrated a high intra- and inter-
day stability (X; = 3.04 £4%, x> =5.11 £3%, X3 = 11.29 &+
3.5nmol XMP/gHb/h and X = 3.08 & 4% nmol XMP/gHb/h),
respectively.

3.5. Determination of the IMPDH enzyme activity in ALL

The IMPDH enzyme activity in erythrocytes ranged
wide within both, children with ALL (n=75) and healthy
adult controls (n=35) as evident from the histograms
(Fig. 4). Children with ALL had a mean enzyme activ-
ity of 10.42 +9.49 nmol/gHb/h (range: 0.8—42) whereas the
mean enzyme activity was found to be significant lower
(6.30 £3.51 nmol/gHb/h (range: 1.6-14.6)), P <0.03.

4. Discussion

Quantitative measurements of the enzyme activities in purine
metabolism have been recommended to ensure optimal thiop-
urine therapy for children with ALL [11,14,22,23]. In resent
years, almost all researchers have focused on degradation
metabolism by measuring TPMT enzyme activity because of
the known polymorphism occurring in the TPMT gene, which
is responsible for the tremendous differences of measurable
activities of the TPMT enzyme [11,13,14,21,22]. So, before
starting thiopurine therapy, children with ALL were classified
as having low, intermediate or high TPMT enzyme activity.
This designation was meant to avoid under treatment in patients



6 P.N. Khalil et al. / J. Chromatogr. B 842 (2006) 1-7

30 A

Number of individuals

0 10 20 30 40
(a) IMPDH activity [nmol/gHb/h]
12
10 A
8 -
[2]
®
= 3
2 6+
=
£
S 44
@
0
= o
2 2
0
0 2 4 6 8 10 12
(b) IMPDH activity [nmol/gHb/h]

measured in mo clear cells to monitor the immunosuppres-
sive efficiency of ophenolate mofetil (MMF, CellCept®),
a reversible inhibitor of the IMPDH enzyme, in transplant
recipients [25,26]. To our knowledge only four studies have
used erythrocytes, to determine the IMPDH enzyme activity
so far [18,26-28]. Pehlke et al. and Lommen et al. investi-
gated the IMPDH enzyme activity in patients deficient in the
hypoxanthine guanine phosphriboyltransferase (Lesch—Nyhan
syndrome) using a radioactive HPLC-based approach with con-
tradictory results [27,28]. The same HPLC-based approach was
used by Price et al. in 10 patients with ALL using bone marrow
or lymphocytes from peripheral blood [17]. A non-radioactive

assay using erythrocytes was first introduced by Montero who
measured the IMPDH enzyme activity in a small series of
patients with a mixed diagnoses of leukaemia and lymphomas
[18]. However, Price detected remarkable differences in the
IMPDH enzyme activity within a group of children with ALL, as
well as between the group and normal controls, while Montero
did not [17,18]. Whether these opposing findings are related to
the sample size, assay method or source used to determine the
IMPDH activity is unclear. The present investigation addresses
these issues.

Erythrocytes represent the stand,

method to determine the I
cytes from banked dono

the clear supernatant after
LC conditions. The erythrocyte sep-
rried out by centrifugation follow-
cles with 0.9% saline and a freeze-thawing
itional use of oxidation—reduction reagents
(DTE)/DTT and mercaptoethanol as well as
e haemolysis could be avoided. This contra-

concentrations are warranted, despite the requirement
of using saturated substrate and co-substrate concentrations to
obtain optimal assay conditions. Otherwise, a decrease of the
easurable enzyme activity occurs. By using the described assay
conditions, we have observed a proportional product building
velocity dependent on the amount of haemolysate used, up to
the maximal incubation time of 24 h. Montero, however, found a
proportional product building velocity limited to 2.5 h by using
an enzyme concentration twice the strength of ours by simul-
taneously lowering the determined substrate and co-substrate
concentration [17]. The exact pH adjustment (pH 5.4) of the
extracts seems to be most important in this context since a vary-
ing pH of 0.5 from the optimum results in overlapping peaks.
A high-quality HPLC-based separation of XMP can be realized
by simple HC1O4 precipitation followed by perchlorate precipi-
tation (K;HPO,) with simultaneously pH adjustment. Thus the
need for Montero’s lavish extraction procedure with diethylether
and a heating step, could be avoided [17,26].

Our IMPDH enzyme activity assay is impressive because of
its high sensitivity and reproducibility, a 100% recovery rate
and a good intra- and interday stability in comparison to previ-
ous reports [17,26]. The HPLC assay reported here was used to
determine the IMPDH enzyme activity (at diagnosis) in a total
of 75 untreated children with ALL and in 35 healthy adult volun-
teers. This is the first report, to our knowledge, investigating the
IMPDH enzyme activity in erythrocytes in a large number of
untreated patients with ALL. In direct comparison to Becher
and co-worker and Price et al. our enzyme activity analysis
demonstrated significantly higher values in patients with ALL
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compared to healthy controls by using different methods and
source to determine the IMPDH enzyme activity [17,29]. Further
analyses are needed to clarify the clinical impact of the wide-
ranging IMPDH enzyme activity found in children with ALL.
Thus, the IMPDH enzyme activity in children with ALL has to
be measured and correlated with the TPMT enzyme activity to
estimate its influence on an optimal therapy with thiopurines and
improve outcome in childhood ALL since the cause of treatment
failure in 20% is largely unknown [30].
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