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The  enzyme  purine  nucleoside  phosphorylase  (PNP)  is  a target  for  the  discovery  of new  lead  compounds
employed  on  the  treatment  severe  T-cell  mediated  disorders.  Within  this  context,  the  development  of
new, direct,  and  reliable  methods  for  ligands  screening  is  an  important  task.  This  paper  describes  the
preparation  of  fused  silica  capillaries  human  PNP  (HsPNP)  immobilized  enzyme  reactor  (IMER).  The
activity  of  the  obtained  IMER  is  monitored  on  line  in  a  multidimensional  liquid  chromatography  sys-
tem, by  the  quantification  of  the  product  formed  throughout  the  enzymatic  reaction.  The  KM value
for  the  immobilized  enzyme  was  about  twofold  higher  than  that  measured  for  the  enzyme  in  solution

(255  ± 29.2  �M  and  133  ±  14.9  �M,  respectively).  A new  fourth-generation  immucillin  derivative  (DI4G;
IC50 =  40.6  ±  0.36  nM),  previously  identified  and  characterized  in  HsPNP  free  enzyme  assays,  was  used
to  validate  the  IMER  as  a  screening  method  for  HsPNP  ligands.  The  validated  method  was  also  used for
mechanistic  studies  with  this  inhibitor.  This  new  approach  is a  valuable  tool to  PNP  ligand  screening,
since  it  directly  measures  the  hypoxanthine  released  by  inosine  phosphorolysis,  thus  furnishing  more

e  one
reliable  results  than  thos

. Introduction

Purine nucleoside phosphorylase (PNP) is a key enzyme
f the purine salvage pathway and catalyzes the cleavage of
deoxy)ribonucleosides, in the presence of inorganic phosphate
Pi), to the corresponding purine bases and ribose(deoxyribose)-
-phosphate. The description of a unique and rare form of immune
eficiency found in children lacking the PNP enzyme has demon-
trated its importance for immune system integrity. PNP-deficiency
esults in gradual specific T-cell loss function after birth, suggest-
ng that PNP activity may  be required for normal human T-cell
roliferation [1–3].

The biochemical link between PNP and T-cell deficiency relies
n the failure to degrade deoxyguanosine (dGuo) and its conver-
ion to deoxyguanosine triphosphate (dGTP). PNP catalyzes dGuo
hosphorolysis to guanine and deoxyribose 1-phosphate. How-

ver, dGuo is also a substrate for deoxycytidine kinase (dCK),
hich catalyzes dGuo conversion to deoxyguanosine monophos-
hate (dGMP). Nevertheless, dGuo has higher affinity for PNP than

∗ Corresponding author. Tel.: +55 16 33518087; fax: +55 16 33518350.
E-mail address: quezia@pq.cnpq.br (Q.B. Cass).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.10.056
 used  in a coupled  enzymatic  spectrophotometric  assay.
© 2011 Elsevier B.V. All rights reserved.

for dCK. Therefore, dGuo mainly undergoes phosphorolysis by PNP
catalysis. When the PNP enzyme is inhibited within cells, the dGuo
concentration increases and it is transformed into dGMP  by dCK
action. The dGMP formed within these conditions is further con-
verted to deoxyguanosine triphosphate (dGTP) by cellular kinases.
Accumulated dGTP inhibits the activity of ribonucleotide reductase,
thus preventing the conversion of ribonucleoside diphosphates
to the corresponding deoxyribonucleoside diphosphates. Deoxyri-
bonucleotides depletion ultimately results in the inhibition of DNA
synthesis and cell replication, thereby leading to suppressed imma-
ture T-cell proliferation [4–6]. Such T-cells require DNA synthesis
for cell division, and the excess of dGTP inhibits ribonucleotide-
diphosphate reductase, causing imbalance in deoxynucleotide
pools and T-cell death via a characteristic mechanism of apopto-
sis induction [5,7,8].  Consequently, PNP inhibitors represent a new
class of selective immunosuppressive agents that might be use-
ful in the treatment of a wide variety of T-cell-mediated disorders,
such as psoriasis, rheumatoid arthritis, and T-cell proliferative dis-
orders, such as organ transplant rejection and adult T-cell leukemia

[5,9–11].

PNP inhibitors can also be used in order to avoid anticancer and
antiviral drug cleavage. Since this enzyme is highly active in the
human blood and tissues, some nucleoside analogues, employed

dx.doi.org/10.1016/j.chroma.2011.10.056
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:quezia@pq.cnpq.br
dx.doi.org/10.1016/j.chroma.2011.10.056
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s potential chemotherapeutic agents, may  be degraded before
ignificant doses reach the target cells [4,12,13].

Because their potential in clinical applications, many base,
ucleoside, and nucleotide analogues have been synthesized and
ested as PNP inhibitors. A variety of methods has been applied
o evaluate the activity of different compounds against the PNP
nzyme, including capillary electrophoresis with UV detection [14],
iquid chromatography (LC) with and without radiolabeled sub-
trates [15], and spectrophotometric coupled assays [13]. The most
idely employed assay was developed by Kalckar [16], and consists

f a coupled assay in which the hypoxanthine (Hypo) released by
nosine (Ino) phosphorolysis is oxidized by xanthine oxidase (XOx)
o generate uric acid, which is spectrophotometrically monitored at
93 nm.  However, in a screening process, it is important to evaluate
he selectivity of the active compounds towards XOx [13].

Within this context, the development of a direct enzymatic
ssay for PNP ligands screening is an important task. It can lead
o reduced costs, as only one enzyme is employed. In addition,

 selective response regarding ligand potency can be obtained
n a single assay, demanding low sample consumption. Further-

ore, it is important to keep in mind that, in coupled assays, any
nterference in the activity of the second enzyme, by inhibition or
nspecific inactivation, can generate false-positive results. All these
rawbacks can be avoided by the use of a direct method. Attained
o this purpose, here we describe a direct, specific, and effective

ethod that employs immobilized PNP enzyme for the direct on-
ine quantification of Hypo formed by Ino phosphorolysis. This PNP
irect assay also allows the use of the same amount of enzyme
or several analysis, which increases method reproducibility and

inimizes costs [17].
A number of works have been reported on the application of

mmobilized PNP from microbial origin, as biosensors [18–21] and
n biocatalysis [22]. Structural studies on PNP from pig brain have
lso been reported [23]. Thereby, to the best of our knowledge,
his is the first report describing the immobilization of human PNP
HsPNP) for screening purposes and characterization of a new lig-
nd.

Different procedures may  be employed to covalently bind an
nzyme to a variety of diverse matrices. The selected procedure and
atrix should maintain enzyme activity with increased stability

17,24]. When the produced immobilized enzyme reactor (IMER)
s employed as a LC column, rapid evaluation of thermodynamic
nd kinetic constants can be achieved, as well as screening and
etermination of mechanisms of action of new inhibitors [17,24].

Our group has previously described the covalent immobiliza-
ion of human and Trypanosoma cruzi glyceraldehyde-3-phosphate
ehydrogenase (GAPDH) enzymes [25–27] onto fused silica cap-

llaries. This support offers some benefits, such as a large surface
rea to volume ratio within the capillary, low back pressure, and
igh enzymatic reaction rate. The obtained IMERs demonstrated
ptimum activity, catalytic efficiency, and stability. Moreover, it
revented interactions with ligands in identification screenings.
ased on these results, silica capillaries of HsPNP IMER was  selected
s a screening inhibitor device.

This work also reports the synthesis of a fourth-generation
mmucillin derivative (DI4G) and its characterization as a potent
ynthetic inhibitor of HsPNP. It was firstly evaluated in a free
nzyme assay in order to be used to validate the IMER as a screening
ethod for HsPNP ligands.

. Materials and methods
.1. Reagents and chemicals

All chemicals were analytical or reagent grade and were used
ithout further purification. Ino and Hypo were purchased from
Fig. 1. Schematic diagram of the column switching system. Position 1: uncoupled
columns. Position 2: coupled columns. Conditions as described in Table 1.

Sigma (St. Louis, USA). The DI4G was synthesized based on a
previously described procedure [28], and solubilized in dimethyl
sulfoxide (DMSO). HsPNP expression and purification were con-
ducted as reported elsewhere [29].

Buffer component and all the chemical materials used during
the immobilization procedure were of analytical grade and were
supplied by Sigma, Merck (Darmstadt, Germany), Synth (São Paulo,
Brazil), or Acros (Geel, Belgium). Water purified in a Milli-Q system
(Millipore, São Paulo, Brazil) was employed in all experiments. The
silica-fused capillary (0.375 mm  × 100 �m I.D.) used for enzyme
immobilization and IMERs preparation was acquired from Polymi-
cro Technologies (Phoenix, USA). Before being used on LC analysis,
the buffer solutions were filtered on cellulose nitrate membranes
(0.45 �m)  provided by Phenomenex. Stock solutions of the evalu-
ated inhibitors were prepared in water/methanol (1 mM)  or DMSO
(10 mM)  and diluted in water to give a concentration lying in the
0.01–100 �M range.

2.2. Apparatus

The solution assays were carried out in an UV-2550 UV–vis spec-
trophotometer (Shimadzu, Kyoto, Japan).

Enzyme immobilization was  accomplished using a syringe-
pump 341B (Sage Instruments, Boston, USA).

The chromatographic experiments were performed using a Shi-
madzu LC system (Shimadzu, Kyoto, Japan), consisting of two LC
10 AD VP pumps, one of which had a FCV-10AL valve for solvent
selection, an UV–vis detector (SPD-M10AV VP), and an autosampler
equipment with a 500 �L loop (SIL 10 AD VP). The column contain-
ing the immobilized HsPNP enzyme (HsPNP-IMER) was  coupled on
line to an octyl silica column (Luna Phenomenex®, 10 nm, 10 �m,
10 cm × 0.46 mm  I.D.). A three-way switching sample-valve Valco
Nitronic 7000 EA (Supelco, St. Louis, USA) was employed to con-
nect the two  columns as depicted in Fig. 1. Data acquisition was
accomplished on a Shimadzu SCL 10 AVP system interfaced with a
computer equipped with a LC Solutions (v. 2.1) software (Shimadzu,
Kyoto, Japan).

2.3. Enzyme immobilization
Enzyme immobilization adopted procedure was  the same pre-
viously described for GAPDH enzyme [26]. Briefly, by means of a
syringe pump working at a 130 �L min−1 flow rate, the fused silica
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Table 1
The LC conditions used in the separation between Hypo and Ino.

Pump (eluent) Time (min) Event Valve position

1 (A) 0.0–1.2 Analytes elution 1
2  (B) 0.0–1.2 Conditioning of the analytical column 1
1  (A) 1.2–8.5 Transference of the analytes from the IMER to the analytical column 2
1  (A) 8.5–20 HsPNP-IMER conditioning 1
2  (B) 8.5–20 Separation of Hypo and Ino by the analytical column 1

P −1 te 0.5 −1

a

c
2
r
T
w
p
o

p
c
fl
p
(
s
H
t
i

2

m
p
d
d
h
o
i
0

fl
o
m
t
H
d
H

m
H
s
P
s
a

2

s
t
1
o
o
1

ump 1: flow rate 0.05 mL  min , eluent A Tris–HCl 100 mM pH 7.0; pump 2: flow ra
cid):  MeOH (95:5, v/v)]. Detection at 260 nm.

apillary tube (30 cm × 100 �m I.D.) was cleaned by washing with
.0 mL  2.0 M HCl solution, followed by 1.0 mL  distilled water. After
insing, the capillary was dried in an oven at 95 ◦C for at least 1 h.
hen, 1.0 mL  3-aminopropyltriethoxysilane (10%, v/v) solution in
ater was passed through the capillary, which was  subsequently
laced in an oven at 95 ◦C for 30 min. The capillary was  stored
vernight at room temperature.

A glutaraldehyde solution 1% (v/v) in 50 mM phosphate buffer,
H 7.0 (2.0 mL)  was passed through the aminopropylsilica (APS)
apillary with the aid of a syringe pump operating at a 130 �L min−1

ow rate. Then, the capillary tubing was rinsed with the same phos-
hate buffer (0.5 mL  at 130 �L min−1) and then, HsPNP enzyme
0.2 mL  at 1.6 mg  mL−1) in the storage solution (85% ammonium
ulfate solution) was passed twice through the capillary. The
sPNP-IMERs were kept at 4 ◦C with the two ends of the capillary

ubing immersed in 50 mM phosphate buffer, pH 7.0, whenever not
n use.

.4. Chromatographic conditions

The analytical columns were packed by the ascending slurry
ethod, using methanol for slurry preparation (50 mL)  and for

acking. Packing was carried out at a pressure of 7500 p.s.i. as
escribed elsewhere [30,31]. Afterwards, the columns were con-
itioned with methanol at a 1.0 mL  min−1 flow rate for 12 h. The
ighest selectivity between Ino and Hypo was obtained using the
ctyl column and a 1% (v/v) solution of triethylamine, pH 6.0 (acid-
fied with acetic acid)/MeOH (95:5, v/v) as mobile phase, at a
.5 mL  min−1 flow rate.

The flow rate used for the HsPNP-IMER was 0.05 mL  min−1. This
ow rate was selected on the basis of efficient catalytic activity
f others IMERS prepared by our group [25–27].  The buffer used as
obile phase in the HsPNP-IMER was 100 mM Tris–HCl, pH 7.0. The

ime-width for transferring the enzyme reaction products from the
sPNP-IMER to the analytical columns was evaluated by injecting
uplicate aliquots of a 20 �L solution containing Ino (500 �M)  and
ypo (500 �M).

Hypo and Ino were chromatographically separated using a
ultidimensional chromatography system [32], in which the
sPNP-IMER was placed, at room temperature, at the first dimen-

ion and coupled to the analytical octyl silica column (Luna
henomenex®, 100 Å, 10 �m,  10 cm × 0.46 mm I.D.) by a three-way
witching sample-valve (Fig. 1). The chromatographic conditions
re listed in Table 1.

.5. Method validation

The Hypo calibration curve was obtained using appropriate
tandard Hypo solutions. Sample solutions were prepared in
riplicates at the following concentrations: 2.5, 5.0, 10, 20, 40, 80,

00, 200, and 400 �M.  To prepare these solutions, 50 �L aliquots
f the appropriate standard Hypo solution were added to 50 �L
f 100 mM Tris–HCl, pH 7.0. The solutions were vortex mixed for
0 s for homogenization and 90 �L aliquots were transferred to an
 mL  min , eluent B: 1% (v/v) solution of triethylamine, pH 6.0 (acidified with acetic

autoinjector vial. 20 �L samples were injected into the LC system
having an empty fused silica capillary at the first dimension. Hypo
calibration curves were constructed by plotting the peak area
against the injected Hypo concentration.

The intra- and inter-day precision and accuracy of the method
were evaluated by analyzing quality control samples at three dif-
ferent concentrations, namely 3.0, 160, and 300 �M.  To this end,
five samples of each concentration were prepared and analyzed on
three non-consecutive days. The acceptance criteria for the limit of
quantification were that the precision of three samples should be
under 20% variability, while the limit of detection was  calculated
taking a signal-to-noise ratio of 3. The selectivity of the method was
assessed by blank (Tris–HCl buffer) injection [33].

2.6. Kinetic studies

2.6.1. Free enzyme solution assays
All enzyme activity assays in solution were carried out under

initial rate conditions at 25 ◦C in 50 mM Tris–HCl, pH 7.6 (500 �L
total reaction volumes), and each individual datum is the average
of duplicate or triplicate measurements.

Apparent steady-state kinetic parameters determination for Ino
phosphorolysis to Hypo (ε = 1000 M cm−1 at 280 nm), in the pres-
ence of Pi and HsPNP, was spectrophotometrically monitored by a
time-dependent decrease in absorbance [34–37].  The experiment
was  conducted by varying Ino concentration (10–800 �M)  at fixed
saturating Pi concentration (20 mM).

2.6.2. HsPNP-IMER kinetic assays
The HsPNP-IMER activity was directly evaluated by quantifica-

tion of Hypo produced using the calibration curve. 20 �L solutions
containing Ino at concentrations ranging from 1 to 2800 �M were
injected, in duplicate. Two  different phosphate concentrations
(5 mM or 400 �M)  were used to assess the effect of Pi concentration
on enzyme activity.

2.7. HsPNP-IMER stability and repeatability studies

The HsPNP-IMER stability was determined by quantifying the
produced Hypo via daily injections of 20 �L of a solution containing
Ino 382.5 �M and 5 mM phosphate buffer, pH 7.0, which was later
accomplished on a weekly basis. The analyses were carried out in
triplicate. The same conditions were used to evaluate the repeata-
bility of the enzyme immobilization procedure. In this way, the
activity of six freshly prepared IMERs was  assessed by quantifying
Hypo in duplicate analyses.

2.8. Inhibitory potency (IC50) determination
2.8.1. Inhibition assays in solution
The DI4G concentration that reduces HsPNP enzyme activity

by half (IC50) was determined by measuring initial rates at Ino
and Pi concentrations close to their KM values [34–36] in either
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he absence or presence of DI4G (10–50 nM). The inhibition pat-
ern was determined by measuring initial velocity rates at varying
no concentrations, a fixed non-saturating Pi concentration, and
xed-varying inhibitor levels. The concentrations employed in the

nhibition studies were as follow: varying Ino (20–1100 �M)  at
xed Pi concentration (260 �M)  and fixed-varying DI4G concen-
ration (0–50 nM), and each datum is the average of duplicate. It
hould be pointed out that DI4G was solubilized in DMSO for all the
xperiments, and the effect of the latter on HsPNP enzyme activity
as always taken into account.

.8.2. HsPNP-IMER inhibition assays
The DI4G compound, firstly identified as a potent HsPNP

nhibitor by the solution assays, was employed to validate the use
f the HsPNP-IMER in screening and characterization of unknown
igands. The DI4G 10 mM stock solution was prepared in DMSO.
he assay solutions were obtained by addition of 50 �L of a solu-
ion containing the substrates (10 mM phosphate buffer, pH 7.0 and
65 �M Ino) and different volumes of the DI4G solutions (0.05,
0, and 500 �M)  in H2O/DMSO (9:1, v/v). The final volume was
ompleted to 100 �L with H2O/DMSO (9:1, v/v) solution, main-
aining DMSO concentration fixed in all samples. 20 �L aliquots
f these samples were injected in duplicate into the HsPNP-
MER, placed at the multidimensional chromatographic system.
he percentage inhibition for this compound was  calculated by
omparing the obtained Hypo concentration to those obtained in
he absence of the inhibitor. Thus, the following expression was
mployed: %I = 100 − (Ci/C0 × 100), where Ci is the Hypo concen-
ration obtained in the presence of the compounds, and C0 is the
ypo concentration calculated in the absence of the evaluated com-
ounds. An inhibition curve was constructed for this compound by
lotting the percentage inhibition versus the inhibitor concentra-
ion utilized in the assay. The linear regression parameters were
alculated, and the IC50 was extrapolated. The type of inhibition
nd Ki value for DI4G were determined under the same experimen-
al conditions for three different inhibitor concentrations (30, 120,
nd 180 nM)  with four different Ino concentrations (80, 200, 400,
nd 1600 �M).  The phosphate concentration selected was 5 mM.

.9. Data analysis

The kinetic parameter values and their respective standard
rrors were calculated by fitting the data to the appropriate equa-
ions, using the Sigma-Plot nonlinear regression function (SPSS
nc.). Hyperbolic saturation curves [38] were fitted to Eq. (1) at vary-
ng concentrations of a given substrate and a single fixed-saturating
oncentration of the other:

 = VA

Ka + A
(1)

n Eq. (1),  v is the measured reaction velocity, V is the maximal
elocity, A is the substrate concentration (either Ino or Pi), and Ka

s the substrate’s Michaelis constant.
Data obtained in the inhibition studies were properly fitted to

q. (2),  which describes a competitive inhibition, where I is the
nhibitor concentration and Kis is the slope inhibition constant.

 = VA

Ka(1 + I/Kis) + A
(2)

. Results and discussion

.1. Multidimensional on-line HsPNP-IMER chromatographic

ystem

In 1947, Kalckar [16] published the most cited and used method
or PNP activity assay [13]. This coupled assay uses XOx to produce
Fig. 2. Hypo and Ino chromatographic separation. Conditions as depicted in Table 1.

uric acid from Hypo released by Ino phosphorolysis. The employ-
ment of a coupled assay has been justified on the proximity basis
of the absorbance maximum of Ino and Hypo (at 249 and 252 nm,
respectively). Uric acid absorbs at 293 nm and thus, can be spec-
trophotometrically monitored. The main drawback of this assay is
that one needs to evaluate selectivity between PNP and XOx on
searching for potential ligands/inhibitors of PNP [13]. A number of
different analytical procedures have been described for measuring
PNP activity [13,29].  However, a direct method for measuring quan-
titatively the production of Hypo is still necessary. In this work, a
multidimensional LC direct assay for assessing PNP activity was
developed using immobilized HsPNP enzyme as a target for drug
development in high-throughput drug screening.

Due to the lack of selectivity by the IMER, a multidimensional
chromatography system was assembled by coupling an octyl sil-
ica column to the HsPNP-IMER [32]. This was  necessary in order to
obtain the chromatographic separation of Ino and Hypo, the opti-
mized chromatographic conditions are summarized in Table 1. The
column switching system employed in this study is illustrated in
Fig. 1.

A representative chromatogram of the separation of Hypo and
Ino is shown in Fig. 2.

In the optimized conditions, the retention factor (k) for Hypo
and Ino were, respectively, 0.15 and 0.43, with a separation fac-
tor (˛) of 2.86 and resolution (Rs) of 2.67. A linear relationship
was  established for the injected concentration versus the peak area
(y = 1.18 × 103 + 7.25 × 103x, r = 0.999) using Hypo solutions with
concentrations ranging from 2.5 to 400 �M.

Inter- and intra-day variability were determined by relative
standard deviation (RSD) as ranging from 0.28 to 3.21%, with accu-
racy values between 86.4 and 103%. The limit of quantification
was  of 2.5 �M (RSD = 2.43% with 86.4% accuracy), while the limit
of detection was of 0.5 �M.

3.2. Kinetic studies with the free and immobilized enzymes

The Ino kinetic curves were obtained by varying Ino concen-
tration while keeping the phosphate concentration constant. For
the tested concentration range, the curves were best fitted to a
Michaelis–Menten hyperbolic function (data not shown).

For the free enzyme (in solution), the apparent steady-

state kinetic parameters for Ino were kcat = 43.2 ± 1.65 s−1

and KM = 133 ± 14.9 �M,  and the catalytic efficiency was
kcat/KM = 3.2 ± 0.4 × 105 M s−1. To pave the way for the HsPNP-IMER
assay, the kinetic studies with the free enzyme were monitored
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ences between the KM for the free and immobilized enzyme, should
be brought back to mind while confronting the differences in the
Ki values by the two  models.
14 M.C. de Moraes et al. / J. Chr

y the change in the UV spectrum at 280 nm [34–36].  Since the
cat value found by this approach is similar to the one reported for
uman erythrocyte PNP [39] using the traditional Ino phosphorol-
sis XOx coupled assay, we chose to use the first approach, as it
eems more appropriate here.

The dependence of phosphorolysis [13], as well as of ligand
ffinity [40] by PNPs on Pi has been previously exploited, and sup-
orted the evaluation of Pi concentration effect on HsPNP-IMER
ctivity. The kinetic studies for the Ino substrate were carried out
t two different phosphate concentrations: 5 mM and 400 �M.  The
btained KM values were 255 ± 29.2 �M and 610 ± 123 �M,  respec-
ively. Since the results evidenced that the catalytic efficiency of
he HsPNP-IMER is higher at high phosphate concentration, 5 mM
hosphate was used in all subsequent experiments. The compar-

son between the KM values obtained for free and immobilized
nzymes revealed that the KM for the HsPNP-IMER is about 1.9
arger than the one obtained from the free enzyme assay. However,
t must be noticed that in the IMER phosphorolysis occurs on flow,
nd that the contact time between the enzyme and the substrate
s shorter. In addition, the immobilization procedure might affect
he quaternary structure, flexibility of the dynamic domains, and
ccessibility to the substrate binding sites [27,41]. These results,
owever, represent a crucial step on the development of a model
ystem for rapid evaluation of thermodynamic and kinetic con-
tants.

.3. HsPNP-IMER stability and repeatability assays

In order to determine the HsPNP-IMER stability over time, Hypo
roduction was monitored as described in materials and meth-
ds. The immobilized enzyme retained its activity for nearly two
onths, making its use feasible for a number of different assays.
The repeatability of the immobilization procedure used was

ssessed by measuring, in duplicate, the initial activity of six dif-
erent freshly prepared IMERs. The relative standard deviation for
he initial activity of the six IMERs (average of the produced Hypo
5.9 ± 10.2 �M and RSD = 15.4%, n = 6) demonstrates the robustness
f the immobilization method.

.4. Inhibition studies

The determination of transition-state structures for PNP-
atalyzed phosphorolysis has contributed to the synthesis of
econd-generation immucillin derivatives, with dissociation con-
tants in the pico-molar range [42]. Subsequently, a series of acyclic
mmucillin analogues were synthesized, which displayed a dissoci-
tion constant similar to those of first-generation immucillins [28].
he latter derivatives had a simple synthetic pathway and were
amed third-generation PNP inhibitors [43]. More recently, a fourth
eneration transition-state analogues have been produced [3].

Inhibition studies carried out in solution with a fourth-
eneration immucillin derivative DI4G (Fig. 3) allowed the
dentification of a new and potent HsPNP ligand/inhibitor.

Data from DI4G inhibition studies conducted in solution were
tted to Lineweaver–Burk double reciprocal plots (Fig. 4A), and the
esults demonstrated that DI4G is a competitive inhibitor of HsPNP
ith respect to Ino substrate, yielding a Ki value of 11.8 ± 1.47 nM.
n IC50 value of 40.6 ± 0.36 nM was determined using substrate
oncentrations near to the KM values for HsPNP.

Thus, DI4G was used to validate the HsPNP-IMER as a screen-
ng method to HsPNP ligands. The IC50 obtained with the IMER

as 119 ± 11.5 nM,  as expected, an IC50 of higher value than the

ne of the free enzyme assay. Even though, it demonstrates the
se of the HsPNP-IMER for ligand recognition assay, as well as
he dose–response inhibition pattern. In agreement with the free
nzyme assay, results from the Lineweaver–Burk plots for the
Fig. 3. Structure of the synthesized fourth-generation immucillin derivative (DI4G).

HsPNP-IMER data (Fig. 4B) indicated that HsPNP inhibition by DI4G
is competitive with respect to Ino, giving a Ki = 64.3 ± 0.26 nM.  The
same considerations discussed at topic 3.2, regarding the differ-
Fig. 4. Double-reciprocal plots of competitive inhibition of human purine nucleo-
side phosphorylase by DI4G with respect to hypoxanthine formation. (A) Inhibition
pattern for the free enzyme assay (n = 2). (B) Inhibition pattern for the HsPNP-IMER
assay, which are in agreement with those achieved with the free enzyme assay
(n  = 2). The concentrations of the inhibitor DI4G are indicated in the figures.
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. Conclusions

The direct quantification of Hypo produced by the HsPNP-IMER
n a multidimensional chromatography system provides an easy
nd reliable tool for the identification and characterization of new
igands. In addition, this method allows the use of the same enzyme
n numerous assays, besides requiring only a tiny amount of the
valuated compound. The short analysis time and the specificity
nd robustness of the developed IMER assay, associated with the
se of an autosampler, enable screening of approximately one
undred compounds per day, by means of an automated system.
herefore, the method here reported can be described as a valuable
sset in the search of new ligands from synthetic and natural prod-
cts, it also represents a valuable tool for drug discovery research.
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