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a  b  s  t  r  a  c  t

Purine  nucleoside  phosphorylase  (PNP)  activity  is involved  in  cell  survival  and  function,  since  PNP  is a
key  enzyme  in the  purine  metabolic  pathway  where  it catalyzes  the  phosphorolysis  of  the  nucleosides
to  the corresponding  nucleobases.  Its  dysfunction  has been  found  in relevant  pathological  conditions
(such  as inflammation  and  cancer),  so the detection  of  PNP  activity  in  plasma  could  represent  an  attrac-
tive  marker  for  early  diagnosis  or assessment  of  disease  progression.  Thus  the  aim  of  this  study  was
to  develop  a  simple,  fast and  sensitive  HPLC  method  for  the  determination  of PNP  activity  in  plasma.
The  separation  was  achieved  on  a Phenomenex  Kinetex  PFP  column  using  0.1% formic  acid  in water  and
methanol  as mobile  phases  in gradient  elution  mode  at a  flow  rate  of 1 ml/min  and  purine  compounds
were  detected  using  UV absorption  and  fluorescence.  The  analysis  was  fast  since  the  run  was  achieved
within  13  min.  This  method  improved  the  separation  of the  different  purines,  allowing  the  UV-based
quantification  of  the natural  PNP  substrates  (inosine  and  guanosine)  or products  (hypoxanthine  and gua-
nine) and  its  subsequent  metabolic  products  (xanthine  and  uric acid)  with  a  good  precision  and  accuracy.
The most  interesting  innovation  is  the simultaneous  use of a fluorescence  detector  (excitation/emission
wavelength  of  260/375  nm)  that  allowed  the  quantification  of  guanosine  and  guanine without  derivati-
zation.  Compared  with  UV,  the  fluorescence  detection  improved  the sensitivity  for  guanine  detection  by
about  10-fold  and  abolished  almost  completely  the  baseline  noise  due  to the  presence  of  plasma  in the
enzymatic  reaction  mixture.  Thus,  the validated  method  allowed  an  excellent  evaluation  of  PNP  activity
in  plasma  which  could  be  useful  as  an  indicator  of  several  pathological  conditions.

©  2015  Published  by  Elsevier  B.V.
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1. Introduction

Purine nucleoside phosphorylase (PNP- EC 2.4.2.1) is a ubiqui-
tous enzyme that plays a key role in the metabolism of purines.
PNP catalyzes the phosphorolytic cleavage of the glycosidic bond of
purine nucleosides to generate the corresponding nucleobases and
ribose-1-phosphates [1] (Fig. 1). Structurally, PNP can be divided
in two main classes: trimeric and hexameric. The homotrimeric
forms are specific for 6-oxopurine nucleosides namely inosine
(INO) and guanosine (GUO) and are present in mammalian cells and
in some microorganisms. The homohexameric forms are mainly
present in prokaryotes, and are able to cleave both 6-oxopurine
and 6-aminopurine nucleosides (such as adenosine) but with some
differences [1–6].
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Fig. 1. Schematic presentation of the enzymatic pathways involved in degradation
of purine nucleosides.

PNP activity is crucial in the purine salvage pathway, since it
allows the cells to utilize purine bases to produce nucleotides thus
avoiding the ex-novo synthesis, which is energetically expensive.
Thereby, PNP activity is essential for cell survival and function
while its abnormal activity is involved in different diseases. Indeed,
PNP defect in humans leads to a selective T cell immunodeficiency
associated with neurological abnormalities and/or autoimmune
diseases [7,8]. On the contrary, PNP mRNA expression levels are sig-
nificantly upregulated in several tumor cells [9–11]. Furthermore,
Sanfilippo et al. [12] have found a relationship between tissue PNP
and biological aggressiveness in human colon carcinoma.

Therefore, altered PNP activity in biological fluids could be con-
sidered an attractive indicator of various pathological conditions
either to facilitate an early diagnosis or to follow the disease pro-
gression. Among the biological matrices, plasma and serum are
commonly used for clinical studies. Roberts et al. [13] showed
that plasma PNP activity was higher in patients with different
types of tumors. Vareed et al. [14] found elevated levels of PNP
in pancreatic ductal adenocarcinoma and altered serum levels of
some purines, such as GUO, that could be used as markers to
monitor the progression from inflammation to pancreatic adeno-
carcinoma. Furthermore,PNP activity may  add information to the
current assessment of liver toxicity in studies of compounds in
development [15].

However, in spite of these good premises, studies evaluating
PNP activity from blood are still few. The most frequent analyti-
cal methods used include radiochemical [16,17], colorimetric and
spectrophotometric methods [18,19], HPLC [20], and capillary elec-
trophoresis [21]. There are several limitations on the use of these
methods, especially for their sensitivity. Indeed, Lopez-Cruz et al.
[22], using a colorimetric assay, found that PNP activity in human
plasma samples was below the detection limits. One of the most
frequently used method is the spectrophotometric one. There are
two main variants of this assay. The first is a coupled assay in which,
xanthine (XAN) oxidase is added to the reaction mixture to convert
the HYPO formed by the PNP reaction to uric acid (UA) (Fig. 1),
that is easily detected at 293 nm,  bypassing the small differences
in spectral properties between INO and HYPO [19]. However, this
assay can generate several problems as discussed by Yamamoto

et al. [20] who considered it insufficient to measure the low PNP
activity in plasma, especially turbid plasma.Moreover, due to its
low solubility, the formation of high amounts of UA  in the reac-
tion mixture can modify the limpidity of the medium interfering
with the spectrophotometric measurement. The second method is
a direct assay in which GUO is used as substrate and the forma-
tion of guanine (GUA) is directly monitored by the absorption at
252 nm [19], but also in this case spectral properties of these two
compounds are very similar. To overcome these problems, HPLC
assays have been developed to directly assess the amount of newly
formed products (HYPO or GUA). UV detection is a very commonly
used detector for HPLC analysis, but it is not very sensitive, espe-
cially when purine nucleosides and nucleobases are determined
in biological samples [23]. Hence, to improve the sensibility and
to reduce interferences, a fluorescence detector can be used. Until
now, the fluorescence-based method for detecting purine com-
pounds requires their conversion into fluorescent derivatives. The
most widely used fluorogenic reagent is chloroacetaldehyde which
forms fluorescent 1,N6-ethenoderivatives of the adenylate com-
pounds [24,25], but is unable to react with INO [26] thus resulting
unsuitable to monitor the activity of PNP. Since GUA, GUO and
their nucleotides can be converted into fluorescent derivatives by
reaction with phenylglyoxal, PNP activity can be evaluate by an
HPLC-based fluorometric assay using GUO as substrate. However,
the disadvantage of many derivatization reactions is that the fluo-
rescent products are often unstable. Indeed, Maes et al. [27] prefer
to use the native fluorescence of acyclovir and ganciclovir, two
nucleoside analogues derived from GUA, rather than to take advan-
tage of their derivatization with phenylglyoxal, which did not yield
linear calibration curves. Many years ago, Udenfriend and Zaltz-
man  [28] demonstrated that numerous purine compounds do emit
appreciable natural fluorescence but with some differences: the flu-
orescence of adenine and its derivatives is relatively weak, while
GUA, its nucleoside and nucleotides and some of its methylated
derivatives represent the most intensely fluorescing compounds
among purines.

Thus, this fluorescence could be used to develop new methods
for the assay of guanine-based purines, as here described. In par-
ticular, we have developed a fast, simple and sensitive method to
evaluate PNP activity, combining the advantage of HPLC with that
of the fluorescence-based detection of GUO and GUA, the natural
substrate and product of PNP reaction, respectively. To demonstrate
its suitability for biological samples, we  used human plasma from
a pool of healty donors to avoid any interference from diseases and
to assess the magnitude of the plasma PNP activity in healthy sub-
jects. This new technique should enable an easy determination of
PNP activity in plasma that, in turn, could be used as an indicator
of several pathological conditions.

2. Materials and methods

2.1. Materials

Chemical standards of GUO, GUA, INO, HYPO, xanthine (XAN
and UA were all of analytical grade and purchased from
Sigma–Aldrich (Milan, Italy). HPLC-grade (>99.8%) methanol, water
with 0.1% formic acid (LC–MS CHROMASOLV), 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid (HEPES), sodium hydroxide
(NaOH), dipotassium phosphate (K2HPO4) and monopotassium
phosphate (KH2PO4) were from Sigma–Aldrich. Ultrapure water
was obtained by means of a MilliQ apparatus by Millipore (Mol-
sheim, France) and was  used in the preparation of the samples
and buffer solutions. Human plasma was  purchased from Biopredic
International (Rennes, France).
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2.2. HPLC equipment and conditions

The chromatographic apparatus was an Agilent 1100 series (Agi-
lent Technologies, Waldbronn, Germany) equipped with a degasser
(G1379A), a quaternary pump (G1311A), an autosampler (G1313A),
a thermostated column compartment (G1316A), a Diode Array
Detector (DAD) (G1315B) and a fluorescence detector (G1321A).
Instrumental control and data processing were performed using
EZChrom Elite software (Agilent Technologies). Chromatographic
separation was achieved using a Phenomenex Kinetex Pentafluo-
rophenyl (PFP) (5 �m pore size, 100 Å particle size, 250 × 4.6 mm)
analytical column fitted with a Phenomenex Security Guard Sys-
tem containing a PFP (for 4.6 mm ID) pre-column (Phenomenex
INC, Castelmaggiore, Bologna, Italy), kept at 35 ◦C.

The analyte separation was obtained using 0.1% (v/v) formic acid
in water (mobile phase A) and methanol (mobile phase B) under the
following gradient elution: from 0 to 9 min  an isocratic step at 100%
A, from 9 to 10 min  a linear increase from 0 to 50% of B, from 10
to 14 min  an isocratic step at 50% of B, and subsequently a flushing
step with an increase to 100% B from 14 to 15 min  followed with
a return to 0% of B within 3 min. The column was reconditioned
at 100% A (initial condition) in order to equilibrate the analytical
column before the next run. The flow rate of the mobile phase was
set at 1 ml/min while the injection volume was 10 �l. GUO and GUA
have been detected using either fluorescence and UV detector while
INO, HYPO, XAN and UA with UV detector. The fluorescent com-
pounds were monitored at an excitation wavelength of 260 nm and
an emission wavelength of 375 nm whereas the UV based detection
was performed at 254 nm for all the analytes except UA at 290 nm.
Purine compounds were identified and quantified by comparison
with pure external standards.

2.3. Preparation of calibration standards, quality control and
calibration curves

Separate stock standard solutions of each purine compound
were prepared in ultrapure water at the concentration of 10 mM
adding appropriate amounts of NaOH to improve their own  solu-
bility. Aliquots of each stock solution were stored at −20 ◦C.

To establish HPLC retention time of GUO, GUA, INO, HYPO, XAN,
UA, a working standard solution of each compound was prepared
by diluting each stock solution in the assay buffer (HEPES 50 mM,
pH 7.0). Moreover, equal volumes of the different stock solutions
were mixed and diluted with the assay buffer to obtain 1 mM final
mixture of each standard. Further serial dilutions of this standard
mixture were carried out to achieve the appropriate standard con-
centrations used to construct calibration curves. Quality control
(QC) samples were prepared from the standard mixture at three
concentration levels named low, middle and high corresponding
to 5, 75 and 150 �M respectively, and were used to evaluate intra-
and inter-day precision and accuracy. The calibration standards and
QC were made freshly and injected at least in duplicate. A cali-
bration curve consisted of a sample containing only the enzymatic
assay buffer (HEPES 50 mM,  pH 7.0) and a series of standard sam-
ples containing the assay buffer with the investigated analytes. A
minimum of ten different concentrations of the standard mixture
were analyzed in duplicate in each run.

2.4. Method validation

The developed analytical method was validated for linearity,
range, limit of detection and quantification (LOD and LOQ respec-
tively), specificity,  intra and inter-day precision and accuracy in
agreement with ICH Harmonised Tripartite Guideline [29].

Calibration curves were constructed by plotting the peak areas
of each analyte versus their concentrations. To determine the

linearity of the method, the regression parameters, including corre-
lation coefficient (r), slope and intercept were evaluated. Minimally
acceptable r for the calibration curves was  at least 0.99. For each
analyte, the value of LOD and LOQ were calculated as the lowest
concentration which give rise to a signal-to-noise ratio of 3 and 10,
respectively.

The specificity is the ability to differentiate and quantify the
analyte of interest in presence of other components, which could be
present in the sample. Thus, the degree of separation of the different
analytes of interest from potentially interfering substances (other
than the possible endogenous purine nucleosides and nucleobases
found in plasma) was evaluated in the enzymatic assay buffer con-
taining only small aliquots of human plasma without substrate (see
below in Section 2.5).

The intra- and inter-day precision and accuracy of the method
was calculated by analyzing the QC samples at the three different
concentrations reported above. ICH Harmonised Tripartite Guide-
line [29] defines the intra-day precision (also termed repeatability)
as the precision under the same operating conditions over a short
interval of time (same day). For inter-day precision (also named
intermediate precision), the QC samples were assayed over at least
three different days. The precision was expressed as percent coef-
ficient of variation (% CV). The accuracy of an analytical method
is defined as the closeness of agreement between the nominal
concentration and the concentration found and is expressed as a
percentage value.

2.5. Purine nucleoside phosphorylase activity

The activity of PNP present in the human plasma was evaluated
measuring the conversion of the substrate, GUO, into its prod-
uct GUA. In the enzymatic reaction, Pi, formed from a mixture of
K2HPO4 plus KH2PO4 to obtain pH 7.0, was used as co-substrate. The
reaction mixture, composed of 50 mM HEPES pH 7.0 plus 50 mM Pi,
was incubated at 37 ◦C for 2 min  before the initiation of the enzyme
reaction. Various volume of plasma, as source of PNP, were added
to the reaction mixture and the enzyme activity was  started by the
addition of different GUO concentrations. The final reaction volume
was 200 �l. The mixture was then incubated by shaking at 37 ◦C for
different incubation times (from 7.5 to 30 min). For kinetic stud-
ies, eight different concentrations of substrate were used: 1, 5, 10,
25, 50, 100, 250 and 500 �M.  The reaction was  stopped by heat-
ing the mixture at 70 ◦C for 5 min  and the precipitated proteins
were removed by centrifugation. The supernatant was  filtrated
with 0.2 �m filters (Millipore, Vimodrome, Italy) before injection
in the HPLC system. Reaction mixtures, to which only substrate or
plasma were added, were run and served as blanks. Each sample
was run in duplicate in at least three independent experiments.

2.6. Statistical analysis

Data were expressed as the mean ± SEM and results were ana-
lyzed with GraphPad Prism 6 (La Jolla, California, USA) or Microsoft
Excel.

3. Results and discussion

3.1. HPLC separation and detection

Since we  were interested in evaluating PNP activity in blood and
it is known that PNP metabolizes INO and GUO into their respec-
tive nucleobases (HYPO and GUA, respectively) that, in turn, can
be transformed into XAN and then UA by enzymes present in blood
[30,31] (Fig. 1), the aim of this study was to develop an HPLC method
able to simultaneously assay purine nucleosides (i.e. INO and GUO),
and nucleobases (i.e. HYPO, GUA and XAN), as well as UA.
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Our method showed several features useful to ensure an ade-
quate separation of the different purine compounds, improving the
detection sensitivity towards the different analytes. Firstly, since
purines are heterocyclic aromatic organic compounds, we  chose
a Phenomenex Kinetex PFP column to separate purine nucleo-
sides and nucleobases given the high performance of this column
for aromatic and halogenated compounds. Thus, using RP-HPLC
technique, analytical chromatography was performed applying a
gradient elution (described in Section 2; subsection 2.2) and a flow
rate of 1 ml/min. As expected, the samples containing only the assay
buffer (HEPES 50 mM,  pH 7.0), without analytes, always showed
a flat baseline without any chromatographic peak when recorded
using both UV and fluorescence detectors. Because of their struc-
tural similarity, the separation of INO and GUO and mainly of HYPO
and GUA is still often a problem with RP-HPLC technique [32]. How-
ever, using this new method, the GUO and INO peaks, as well as
those for GUA and HYPO were well resolved and completely sepa-
rated (Fig. 2A). Also UA was separated from the other analytes while
the peak of XAN was close to that of HYPO but still adequately
separated. Overall, the retention time of the analytes, including
the last two ones, was sufficiently distinct, allowing the simulta-
neous detection of all the investigated compounds. Furthermore,
using the UV-DAD detector, all selected purines, except UA, were
detected at UV wavelength of 254 nm,  whereas, due to its absorp-
tion spectrum, UA peak was recorded at 290 nm thus improving the
sensitivity of the assay for this compound (Fig. 2A and B).

As fluorimetry is often chosen for its high sensibility and
specificity and given that GUA and related derivatives are the
most fluorescent compounds among purines [28], we  were also
interested in developing an HPLC-fluorescence detection assay to
improve the sensitivity of the method. Since guanine-based purines
are more fluorescent under acidic conditions, a solution of 0.1%
(v/v) formic acid in water, with pH 2.6–2.8, was used as mobile
phase without damaging the analytical column which is stable at
pH from 1.5 to 8.5 under gradient conditions, as reported by the
manufacturer (Phenomenex Inc).

Using the spectral characteristics of each analyte, we tested dif-
ferent wavelengths of excitation and emission. In no case, INO and
HYPO emitted appreciable fluorescence, while the highest fluores-
cence detection for GUA and GUO was measured with emission and
excitation wavelength set at 375 and 260 nm,  respectively (Fig. 2C).
This is in agreement with other papers in which similar emission
and excitation wavelengths were used to assay antiviral drugs such
as penciclovir, acyclovir and ganciclovir, which are GUA nucleo-
side analogs [27,33]. In particular, using wavelengths of 260 nm
(excitation) and 380 nm (emission), Dao et al. [34] selected GMP
as internal standard due to its fluorescence spectrum. It is to note
that, using our selected emission and excitation wavelengths, XAN
and UA were detected only at concentrations higher than those
reported by UV detection.

3.2. Method validation

The linearity, regression, LOD, LOQ, precision and accuracy were
taken into account to evaluate the validation of the developed
method. Then, the results obtained using the UV detector were
compared to those found with the fluorescence detector.

3.2.1. Linearity, limits of quantitation and detection
The calibration curves were obtained running, in duplicate, dif-

ferent concentrations of working standard solutions containing all
analytes of interest over several days. The linearity of the analytical
method was evaluated by calculating r, y-intercept and slope of the
regression line for each analyte (Table 1).

The correlation coefficients were always higher than 0.998 using
either UV or fluorescence detector. These findings indicated a good

Fig. 2. Representative chromatograms of a standard mixture of six purine com-
pounds separated and analyzed by HPLC coupled to UV detector set at (A) 254 nm
and  (B) 290 nm or (C) coupled to fluorescence detector (� exc 260 nm/em 375 nm).
The concentration of each analyte was 5 �M.  Separation was  achieved using 0.1%
formic acid in water and methanol under gradient elution. Flow rate of the mobile
phase was  1 ml/min.
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Table  1
Regression equation, correlation coefficient and limit of detection (LOD) and quantification (LOQ) for the investigated purine compounds by HPLC coupled with fluorescenceQ4
or UV detector.

Analyte Detector Regression equation Correlation coefficient LOD �M (�g/ml) LOQ  �M (�g/ml)

Guanine Fluorescence y = 559196 x + 880122 0.9986 0.06 (0.009) 0.21 (0.032)
Guanosine Fluorescence y = 256520 x + 806709 0.9997 0.29 (0.082) 0.96 (0.272)
Guanine UV at 254 nm y = 21820 x + 75855 0.9995 0.68 (0.103) 2.27 (0.343)
Hypoxanthine UV at 254 nm y = 18993 x + 66419 0.9998 0.77 (0.105) 2.58 (0.351)
Xanthine UV at 254 nm y = 13638 x + 39558 0.9999 1.06 (0.161) 3.53 (0.537)
Inosine UV at 254 nm y = 21444 x + 70999 0.9998 1.12 (0.300) 3.73 (1.000)
Guanosine UV at 254 nm y = 24663 x + 67753 0.9999 1.03 (0.292) 3.43 (0.972)
Uric  acid UV at 290 nm y = 16646 x + 99501 0.9988 0.55 (0.092) 1.83 (0.308)

correlation between concentrations and peak areas for each com-
pound within the interval concentrations ranging from LOQ value
to 500 �M for all investigated analytes except GUA, whose linearity
range was from LOQ value to 250 �M with the fluorescence detec-
tor. Using the UV detector, LOD values ranged from 0.55 �M for
UA up to 1.12 �M for INO while LOQ values were from 1.83 �M
for UA to 3.73 �M for INO (Table 1). As expected, using the fluo-
rescence detector, the LOD and LOQ values for GUA and GUO were
lower than those found with UV detection. In particular, the LOD
and LOQ values for GUA were 10-fold lower than those reported
using UV-coupled HPLC (Table 1). These data clearly demonstrated
that fluorescence detection significantly increased the sensitivity
of the method.

3.2.2. Precision and accuracy
Precision and accuracy of the method were carried out using

QC samples containing low, medium, and high concentrations
(5, 75 and 150 �M,  respectively) of the standard mixture. Six
to nine determinations per concentration were made. The intra-
and inter-day precision was evaluated for the retention time and
peak area. As shown in Table 2, for retention time, the intra- and
inter-day precision ranged from + 0.09 up to + 1.27% and from + 0.26
to + 1.15%, respectively. The intra- and inter-day precision for peak
area ranged from + 0.40 up to + 3.85% and from + 2.16 to + 6.67%,
respectively. The accuracy of the method varied from 98.40% up to
107.86% (Table 2). All results were much lower than the ± 15% limit

indicated by ICH Harmonised Tripartite Guideline [29], indicating
that the developed method had a very good accuracy and a very
high precision regarding both retention time and peak area for each
investigated analyte.

3.2.3. Specificity
It is well known that plasma contains many substances that

might interfere with the assay preventing a successful analysis as
well as endogenous purines that must be taken into account in
evaluating plasma PNP activity. Thus, even if we used only small
amounts of plasma as source of PNP, the selectivity of the HPLC
method was tested by injecting 10 �l of blank samples consisting
of 200 �l of the assay buffer supplemented with plasma from a pool
of healthy donors (from 1 to 8 �l) but without addition of enzyme
substrate. When the fluorescence detector was  used, no interfer-
ence was present at the retention times corresponding to those of
GUA and GUO, and the baseline was  extremely clean as illustrated
in Fig. 3A which, shows a comparison of the representative chro-
matogram of a blank sample containing 4 �l of human plasma in
the reaction mixture (trace 1) and that of a standard mixture of
analytes in the absence of plasma (trace 2). On the contrary, using
UV detector, the same blank sample showed a peak of UA at 254 nm
which was even more evident at 290 nm (trace 1 of Fig. 3B and C).
The measured UA concentration was  in agreement with that phys-
iologically present in human plasma. Furthermore, the baseline of
the blank sample was  quite unstable (trace 1 of Fig. 3B and C), but

Table 2
Intra- and inter-day precisions were determined for retention time (tR) and peak area (AUC) and expressed as a coefficient of variation (CV%). Accuracy was expressed as a
percentage value between nominal versus measured concentration (%).

Analyte Detector QC level Intra-day precision (CV%) Inter-day precision (CV%) Accuracy (%)

for tR for AUC for tR for AUC

Guanine Fluorescence Low 0.99 2.60 0.92 4.00 105.69
Middle 0.72 3.26 1.06 4.52 98.40
High 0.78 2.45 1.15 4.87 100.36

Guanosine Fluorescence Low 1.27 2.05 1.05 5.35 105.04
Middle 0.82 3.85 1.03 5.86 98.64
High 0.60 3.77 1.11 5.82 100.32

Guanine UV at 254 nm Low 0.06 2.28 0.48 6.67 103.61
Middle 0.10 1.83 0.50 2.67 98.88
High 0.09 1.59 0.49 2.60 100.27

Hypoxanthine UV at 254 nm Low 0.11 3.12 0.45 4.49 107.86
Middle 0.18 1.80 0.46 2.83 98.41
High 0.16 1.64 0.43 2.91 100.38

Xanthine UV at 254 nm Low 0.13 3.18 0.33 5.10 103.49
Middle 0.19 2.48 0.34 3.05 98.65
High 0.15 1.96 0.30 2.59 100.33

Inosine UV at 254 nm Low 0.15 3.33 0.59 3.94 107.31
Middle 0.34 1.14 0.60 2.78 98.46
High 0.27 1.17 0.57 3.11 100.37

Guanosine UV at 254 nm Low 0.19 2.31 0.81 3.09 107.06
Middle 0.37 0.40 0.80 3.30 98.43
High 0.29 0.74 0.77 3.28 100.37

Uric  acid UV at 290 nm Low 0.07 2.22 0.26 2.72 106.21
Middle 0.16 2.83 0.30 3.03 98.75
High 0.12 1.32 0.26 2.16 100.29
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Fig. 3. Representative overlaid HPLC chromatograms for comparison of (trace 1)
the buffer assay containing 4 �l of human plasma without substrate and (trace 2) a
mixture of the six investigated purines (5 �M)  by (A) fluorescence detector (� exc
260  nm/em 375 nm)  or UV detector set at (B) 254 nm and (C) 290 nm.

apart from UA peak before mentioned, no other interfering sub-
stance was found at the retention time of the other investigated
purine compounds, as shown in Fig. 3B and C by the overlaid of the
blank sample (trace 1) with the standard mixture (trace 2).

3.3. Application of the HPLC/fluorescence detection assay to study
PNP kinetics

Having thus validated the method, we found that the fluores-
cence detection had a better sensitivity and specificity than the UV
one. Thus, GUO was used as substrate for the PNP and the amount
of formed product (i.e. GUA) was assayed by the fluorescence HPLC
method to evaluate the enzyme activity. It is noteworthy that,
regardless of the type of detector used, a further advantage of this
method in evaluating PNP activity is represented by the order of
appearance of GUO and GUA peaks and their excellent separation.
Indeed, the enzyme product peak (GUA) appears a long time prior to
that of the substrate (GUO), thus avoiding possible interference due
to the high concentrations of substrate used. Furthermore, we  never
observed any carryover effect even at the highest doses of sub-
strate used. When only the enzyme substrate (GUO) or only plasma
sample was added to the reaction mixture, no GUA formation was
observed even after the longest incubation period considered in
this study (i.e. 30 min). Similarly, no enzymatic reaction occurred
in the reaction mixture containing both plasma sample and GUO
and assessed at time zero min. Furthermore, when plasma samples
were first heated at 70 ◦C for 5 min  and then added to the reaction
mixture containing GUO and incubated at 37 ◦C, no metabolism of
the added substrate was observed, indicating that the heat treat-
ment is effective in inactivating the enzyme and thus in terminating
the reaction (data not shown).

Since it has been reported that both GUA deaminase and XAN
oxidase are present in plasma [30,31], the GUA formed in the
reaction mixture could be further deaminated into XAN and then
oxidized into UA by the consecutive action of the two enzymes
mentioned above (Fig. 1). So, it was  important to evaluate by HPLC
if, after the incubation period, a peak of XAN appeared in the assay
buffer or if the UA peak increased. Regardless of the incubation
period and the volume of plasma used, XAN levels were never
detectable in the reaction mixture as well as no increase of UA con-
centrations was  observed. Furthermore, the disappearance of the
substrate (i.e. GUO) was  always of the same order of magnitude of
the increase of the reaction product (i.e. GUA). These data indicated
that, in our experimental conditions, plasma PNP activity measured
through the formation of GUA was  not underestimated by further
metabolism of the neo-formed GUA.

To achieve the appropriate assay conditions for testing plasma
PNP activity, we first evaluate the optimal incubation time and
plasma volume to use. Under our experimental conditions, the for-
mation of GUA induced by plasma PNP increased linearly along with
increasing volumes of plasma (ranging from 1 to 8 �l) or increas-
ing reaction times (from 7.5 to 30 min) (Fig. 4A and B). Thus, to
evaluate the kinetics of the enzyme reaction we chose an incu-
bation period of 15 min  and a plasma volume of 4 �l. The kinetic
curve has been obtained using increasing concentrations of sub-
strate (GUO) in presence of fixed co-substrate concentration (Pi
50 mM)  and measuring the initial velocity. Within the range of
GUO concentrations used (from 1 to 500 �M)  to reach the satu-
ration, the curve was best fitted by non-linear regression analysis
to the Michaelis–Menten hyperbolic function (Fig. 5). Km and Vmax
values were estimated to be 69.24 ± 16.96 �M and 36.85 ± 2.94
nmol/min/ml plasma, respectively. The Km value obtained in this
work was  roughly in the same range of those reported in litera-
ture by other authors (from about 35–65 �M)  who used the same
substrate, GUO, but different methods and enzyme sources [35–37].
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Fig. 4. Dependence of PNP activity on plasma volume and reaction time. The amount of GUA produced in the reaction mixture was  evaluated (A) using different volumes
of  plasma incubated with 500 �M GUO plus 50 mM Pi for 15 min  at 37 ◦C or (B) after different periods of incubation at 37 ◦C using 500 �M GUO plus 50 mM Pi and 4 �l of
plasma as enzyme source. Data points represent the mean ± S.E.M. from at least three different experiments, each run in duplicate.

Fig. 5. Michaelis–Menten plot of the initial velocities of PNP reaction versus GUO
concentrations. Reactions were conducted at 37 ◦C for 15 min, and Pi concentra-
tion was  set to 50 mM.  Data points represent the mean ± S.E.M. from at least three
different experiments, each run in duplicate.

4. Conclusions

The aim of this study was to develop a simple, fast and sensi-
tive HPLC method to determine PNP activity in biological samples,
in particular human plasma since it is emerging that an abnormal
PNP activity in blood could be considered as a possible indicator of
various pathological conditions.

The HPLC assay developed in this study allowed the simulta-
neous quantification of purine nucleosides and nucleobases that,
in the PNP reaction, represent the natural enzyme substrates (INO
and GUO), products (HYPO and GUA), and the subsequent metabolic
products (XAN and UA). The method proposed herein has been
validated and exhibited an excellent selectivity, precision, accu-
racy and a short run time since the chromatographic separation of
all selected purines was achieved within 13 min. Compared with
other HPLC assays used so far, the main advantage of this method
was the use of a fluorescence detector that improved the sensi-
bility and selectivity of the analysis. This was possible since GUO
and its nucleobase GUA are both native fluorescent molecules and
their fluorescence is sufficiently intense to allow their simultane-
ous assay without the need for derivatization procedures which are
not always fast, simple and able to guarantee a good reproducibil-
ity and stable reaction products. Even using a complex matrix such
as plasma and unlike the UV detector, the fluorescence detection
allowed us to obtain an excellent baseline stability. To the best of
our knowledge, this is the first time that the naturally fluorescence
of these compounds is exploited to set up an HPLC method.

Thus, our data indicate that this method is suitable and reliable
for the evaluation of PNP activity in human plasma. Due to its high
sensitivity and selectivity, it might be useful not only to evaluate
an increased activity of the enzyme as an indicator of pathological
conditions such as cancers, but also to detect a reduced activity
occurring i.e. in patients with PNP deficiency. Furthermore, since
PNP inhibitors represent a new promising class of drugs that could
be used as selective immunosuppressive agents [38,39] or for the
treatment of hyperuricemia of gout [40], our assay, using the native
plasma PNP and its natural substrate, might be useful for selectively
screening new PNP inhibitors as novel drugs. This method could
be also adapted for monitoring the PNP activity in other biological
fluids, such as the gingival crevicular fluid. Indeed, high PNP activity
has been detected in that fluid, close to sites affected by periodontal
disease. Since this activity was reduced after periodontal treatment
[41], this indicates that PNP could potentially serve as a marker of
disease status.

Overall, this new method proved to be simple, straightfor-
ward and did not involve any complicated equipment or expensive
reagents, which makes it particularly suitable for routine laboratory
uses.
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