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Abstract

Steady-state and time-resolved emission spectroscopy was applied to a study of the binary and ternary complexes of pure
E. coli purine nucleoside phosphorylase (PNP) with phosphate (P;; a substrate) and a close non-substrate analogue (sulfate:
SA). The quenching of enzyme fluorescence by P, was bimodal, best described by two modified Stern—Volmer equations
fitted independently for ““low’’ (below 0.5 mM P,) and **high’’ (above 0.5 mM P,) ligand concentrations. At P, > 0.5 mM,
binding is characterized by a fortyfold higher dissociation constant ( Ky, = 1.12 + 0.10 mM), i.e. by a lower affinity for
phosphate, with a sevenfold lower quenching constant and 1.6-fold higher accessibility. By contrast, the binding of SA, and
the resultant fluorescence quenching, was unimodal, with K, = 1.36 + 0.07 mM, comparable to the K, for P, at “"high’” P,,
with a total binding capacity of one sulfate or phosphate group per enzyme subunit. SA proved to be a competitive inhibitor
of phosphorolysis with K; = 1.2 + 0.2 mM vs. P,, hence similar to its K,. SA at a concentration of 5 mM did not affect the
P, affinity at P; <0.5 mM, but led to a reduced affinity and twofold higher P, binding capacities at P, > 0.5 mM. The
resultant fluorescence quenching by P, decreased at 5 mM SA, with lower Stern—Volmer constant ( K, ) and fractional
accessibility (f,) values. Increasing concentrations of P, reduced the enzyme affinity for SA, characterized by a higher K.
The Hill model showed negative cooperative binding of P, in the absence and presence of 5 mM SA with Hill coefficients
fr=10.60 + 0.0l and h = 0.83 + 0.07, respectively. SA exhibited non-cooperative binding in the absence of P, (# = 1.08 +
(1.01) and negative cooperative binding in the presence of P, (7 < 1). PNP fluorescence decays were best fitted to a sum of
two exponentials, with an average lifetime of 2.40 &+ 0.14 ns, unchanged on interaction with quenching ligands, and pointing
to static quenching. The overall results are relevant to the properties of PNP from various sources, in particular to the design
of potent bisubstrate analogue inhibitors.
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Abbreviations: PNP, purine nucleoside phosphorylase; Ino, inosine; Guo. guanosine; m’Guo, 7-methylguanosine; P,, orthophosphate:
SA, sulfate ion; FPLC, fast protein liquid chromatography; SDS, sodium dodecyl sulfate; PAGE. polyacrylamide gel electrophoresis:
TCSPC. time-correlated single-photon counting

" Corresponding author. Fax.: (+4822)-220248; e-mail: borys@asp.biogeo.uw.edu.pl

0301-4622 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
PII S0301-4622(96)02239-9



108 B. Kierdaszuk et al. / Biophysical Chemistry 63 (1997) 107-118

1. Introduction

The ubiquitous purine nucleoside phosphorylase
(PNP; purine nucleoside:orthophosphate ribosyl
transferase, EC 2.4.2.1.), a key enzyme of the an-
abolic and catabolic pathways of purine nucleosides,
catalyzes the reversible cleavage of the glycosidic
bond of ribo- and 2’-deoxyribonucleosides of gua-
nine and hypoxanthine in higher organisms, as well
as of adenine in some prokaryotes, e.g. E. coli and
S. typhimurium, as follows:

B — nucleoside + P,

2 purinebase + oo — D — pentose — | — phosphate

Since the report of Giblett et al. [1], PNP is
recognized as a primary target for the chemothera-
peutic treatment of child lymphopenia associated
with a complete lack of PNP activity. Such symp-
toms suggest several chemotherapeutic applications
of PNP inhibitors. They are considered to be promis-
ing potential immunosuppressive agents [2,3] for
suppressing the host versus graft reaction in organ
transplantation, for the treatment of T-cell mediated
autoimmune diseases such as lupus or rheumatoid
arthritis {4,5], and in the therapy of T-cell leukemias,
without affecting humoral resistance. PNP inhibitors
are also promising drugs for the prevention of intra-
cellular phosphorolytic cleavage of therapeutically
active nucleoside analogues. It is therefore not sur-
prising that widespread attention is directed to stud-
ies on the mechanism of the action of this enzyme
from various sources and to searches for more potent
inhibitors [5-8].

The enzyme from a variety of eukaryotes is a
trimer [5], whereas that from prokaryotes is a hex-
amer [9,10). The native form of E. coli PNP is a
hexamer with an M, of 138 kDa [9] and a subunit
M, of 24 kDa [9,10], further confirmed by sequenc-
ing [11]. Although the E. coli enzyme was crystal-
lized long ago [12], its three-dimensional structure
has not been determined.

Crystal structures have been reported for the en-
zyme from human erythrocytes [13] and for a com-
plex of the calf spleen enzyme with an acyclonucleo-
side inhibitor [14] at resolutions of 2.75 A and 2.9 A,

respectively. However, the human erythrocyte en-
zyme was crystallized from ammonium sulfate, so
that all phosphate-binding sites are blocked by sul-
fate. By contrast, the calf spleen enzyme was crystal-
lized from polyethylene glycol, with the phosphate-
binding sites free. The resulting structure, when re-
solved, may be expected to reveal how sulfate ions
(SA) affect the structure of the human enzyme, the
more so in that the sequences of the two enzymes
display a high degree of homology [15]. The effects
of these two ions on the structures of various pro-
teins have been recently reviewed [16—18].

Particularly interesting is the influence of the
concentration of P, on the affinity of the enzyme for
inhibitors, especially bisubstrate analogue inhibitors
which simultaneously interact with the binding sites
for nucleosides and phosphate [19,20]. The K, val-
ues for such inhibitors are markedly dependent on
the P, concentration, frequently being most effective
at the low mM P, concentrations prevailing in human
cells [21,22].

The substrate /inhibitor properties of PNP with
respect 1o P, and other ions has received much less
attention than nucleoside substrates and nucleoside
analogue inhibitors. The substrate properties of arse-
nate have been reported [9,23,24]. Several phospho-
nates have also been described as substrates of calf
spleen PNP [25], but we have been unable to confirm
this for the purified enzyme from either calf spleen
or E. coli (unpublished). Also, no data are yet extant
on ion inhibitors of the enzyme.

Furthermore, the kinetics of the enzyme from
various sources are rather complex and exhibit
biphasic saturation curves with P, as substrate
[5,26,27], typical for substrate-induced negative co-
operativity. This phenomenon has been described as
the ability of a ligand binding at one site on a
macromolecule to influence ligand binding at a dif-
ferent site on the same macromolecule [28]. We
herein describe the use of fluorescent emission tech-
niques to studies on the interaction of P, and its close
non-substrate analogue sulfate with E. coli PNP.
The E. coli enzyme was selected for the initial
studies following our ability to purify it to homo-
geneity. It is relatively stable, has no isovariants [10],
and differs considerably from its mammalian coun-
terparts and other bacterial strains with regard to
substrate specificity [29].
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2. Experimental
2.1. Materials and methods

Inosine (Ino). AN(7)-methylguanosine (m’Guo),
ammonium sulfate (SA; grade III; P, content less
than 5 ppm), mono- and dibasic sodium phosphates
and KCI (ACS grade), and xanthine oxidase (grade
HE: 1 U mg™ ') were products of Sigma Chemical
Co. (St. Louis, MO. USA). Tris was obtained from
Merck (Darmstadt, GFR), L-tyrosine was from
Aldrich (Steinheim, GFR), and electrophoretic
reagents were from Bio-Rad (Richmond, VA., USA).
All solutions were prepared with high-quality MilliQ
water. All other reagents and materials were of the
highest quality commercially available, and only
those of spectral grade, checked by UV absorption
and /or fluorescence emission, were employed.

Ultraviolet absorption was monitored with a Kon-
tron (Switzerland) UVIKON 930 recording instru-
ment fitted with a thermostatically controlled cell
compartment. using 5 and 10 mm pathlength cu-
vettes.

Measurements of the pH (40.05) were carried
out with a Jenway (UK) pH-meter equipped with a
combination semimicro electrode and temperature
SEnsor.

Protein concentrations were determined by the
Lowry method with human serum albumin as stan-
dard [30], and/or from absorbance measurements
with ;7% = 2.7 [31].

Enzyme activity was monitored at 25°C in 50 mM
phosphate buffer (pH 7.0). spectrophotometrically by
the coupled xanthine oxidase procedure with Ino as
substrate [32], and/or directly spectrophotometri-

cally by following the changes in absorption of

m'Guo at 260 nm (Ae=4.6X 107) as substrate
[33].

2.2. Enzyme purification

Partially purified PNP from E. coli (about 60%
pure. approximately 60 U mg~ '), a gift from Dr. G.
Koszalka (Wellcome Research Laboratories, Re-
search Triangle Park, NC, USA) was further purified
by affinity chromatography on Sepharose 6B acti-
vated by Formycin B, as described by Schrader et al.
[34] for Sepharose 6B activated by adenosine. The

enzyme sample (around 1 mg of protein per millil-
itre) in 50 mM Tris—HCI buffer (pH 7.6) containing
I mM B-mercaptoethanol (buffer A) was applied at a
flow rate of 0.20 ml min~' to the affinity column
(16 ¢cm X 2 ¢m) equilibrated with the same buffer.
The column was washed with [50 ml of buffer A,
followed by 150 ml of 100 mM Tris—HCI buffer (pH
8.0) containing 0.5 M NaCl and | mM B-mercapto-
ethanol. The enzyme was eluted with 50 mM phos-
phate buffer (pH 7.6) containing 4 mM Ino and |
mM f-mercaptoethanol, and 4 ml fractions were
collected every 30 min. Ultrafiltration on a Centri-
con-30 concentrator (Amicon Inc.. MA, USA) was
used to remove the products of phosphorolysis, as
well as to concentrate the enzyme samples. This
resulted in almost twofold purification. However, the
product was still unsuitable for fluorescence mea-
surements inasmuch as it included contaminant pro-
teins {less than 5%) with weak bands at 18 + 2 and
45 + 4 kD on SDS-PAGE [35]. also observed previ-
ously by Hall and Krenitsky [10].

The enzyme was then subjected to gel filtration
chromatography by FPLC on a Superose™12,HR
10,/30 (300 + 10 mm) column with a 280 nm UV-I
detector (Pharmacia LKB Biotechnology. Sweden).
The column was equilibrated, elution was carried out
at a flow rate of 0.4 ml min ™', with 50 mM Tris—HCI
buffer (pH 7.6) containing 0.1 M KCI. and 0.2 ml
fractions were collected. PNP eluted as a single
symmetric band with a constant ratio of absorbancy
to enzyme activity, and SDS-PAGE exhibited a sin-
gle polypeptide band. visualized by positive image
silver staining [36]. The purified enzyme had a spe-
cific activity of 105 U mg '. similar to earlier
results [37]. Analytical gel filtration chromatography.
with molecular weight markers (size 1. Boehringer
Manheim. GFR: B-amylase, M, = 200000; BSA. M,
= 67000: carbonic anhydrase, M, =29000; cy-
tochrome C. M, = 12400) gave a native M, of 134
+ 14 kD. SDS-PAGE led to a subunit M, of 23 + 2
kD. consistent with earlier results [9.10.38].

2.3. Steady-state fluorescence medasurements

Steady-state fluorescence spectra were monitored
at 25°C on a Spex (USA) Fluoromax spectrofluori-
meter with 4 nm spectral resolution for excitation
and emission. Protein samples (1-2.5 uM) were
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prepared in 370-380 .l of 50 mM Tris—HCI (pH
7.6) in 5 X 5 mm Suprasil cuvettes.

Such solutions still contained background contam-
inant phosphate, 1 WM, estimated spectrophotometri-
cally [39]. As will be seen below, this was suffi-
ciently low as not to affect overall results and con-
clusions. We therefore refer to these solutions as
controls free from P,, unless otherwise stated.

Protein fluorescence was excited at several wave-
lengths in the range 260-290 nm, and fluorescence
spectra were recorded in the range 290—-400 nm. For
quenching studies, additions to the enzyme were
made from quencher stock solutions prepared in the
same buffer and at the same pH as the enzyme
sample, and changes in fluorescence were usually
monitored at 300 and 320 nm (with A, = 280 nm),
and at 310 and 320 nm (with A, = 265 nm). Emis-
sion and excitation spectra were recorded prior to
and after titration. Dilution did not exceed 12%, and
fluorescence intensity was corrected for the dilution
factor. Background emission (below 5%) was elimi-
nated by subtracting the signal from buffer contain-
ing the appropriate quantity of ligand. The total
absorbance of the enzyme sample did not exceed 0.1
at 278 nm, to eliminate inner-filter effects. The
specific activity of the enzyme was not affected by
titration, as checked by activity measurements before
and after the experiments.

2.4. Analysis of steady-state fluorescence quenching
data

Three types of quenching mechanisms were con-
sidered in analyses of fluorescence quenching data:
dynamic quenching, due to time-dependent diffu-
sion-controlled collisions between fluorophore and
quencher; static quenching, resulting from the forma-
tion of a non-fluorescent ground state complex be-
tween fluorophore and quencher; and combined dy-
namic and/or static quenching of fluorophores dif-
fering in accessibility to the quencher. Each mecha-
nism may be described by a Stern—Volmer type
equation [40] which relates the relative decrease of
enzyme fluorescence (F,/F) to the concentration of
the quenching ligand, [L ]

For dynamic quenching

Fo/F:70/7=1+st[Lo] (N

where F and F|, are the fluorescence intensities in
the presence and absence of a quenching ligand, 7,
and 7 are the fluorescence lifetimes in the absence
and presence of a quencher, and K, is the Stern—
Volmer constant for dynamic quenching, equal to
k,To. where k, is the bimolecular rate constant for
the quenching process. The Stern—Volmer constant
Ky i3 a measure of the propensity to quenching of
the excited state(s) of the fluorophores. Hence a plot
of F,/F or 7,/ 7 against [L] should be linear for a
homogeneous population of emitting fluorophores,
when all are equally accessible to the quenching
ligand and are subject only to dynamic quenching
[41]. For static quenching 7,/7=1 and Kg, is then
the static quenching constant, equal to the associa-
tion constant for the enzyme-ligand complex [40].
Numerical fitting analysis (see below) revealed
that Eq. (1) and (2) did not fit the experimental
points. Hence, a modified form of the Stern—Volmer
equation was used to analyze the quenching of het-
erogeneous emitting fluorophores [42,43]

Fo/(Fo=F) = 1/([Lo]fiKev) + 1/£, (2)

where Kgy is the Stern—-Volmer constant and f, is
the fractional accessibility, i.e. the fraction of protein
fluorescence (tyrosine residues) accessible to the
quencher. A plot of F,/(F,— F) vs. 1/[L,] should
yield a straight line with a slope of 1/(f, Ky ) and
an intercept of 1/f,. The magnitude of f, is subject
to two interpretations: (a) as the relative number of
fluorophore residues accessible to the quencher; or
(b) as the fractional fluorescence quenched by direct
interaction accompanying conformational changes of
the macromolecule. An unequivocal interpretation
must await determination of the three-dimensional
structure of the enzyme.

2.5. Ligand binding

To obtain the dissociation constants ( K,) for each
binding site and the binding capacity (N) for the
ligand on each enzyme subunit, data analyses were
performed in the form of Scatchard plots [44]

V/[L]=(N=V)/K, (3)

where V' is the number of moles of ligand bound per
mole of total enzyme subunits, [L] = [L,} —[E,](F,
— F)/(F,—F,) is the molar concentration of free
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ligand, [L,] is the total concentration of ligand, [E,]
is the total concentration of enzyme subunits, and F;
is the fluorescence of the enzyme sample at saturat-
ing ligand concentrations. Ligand-binding analyses
were based on the assumption of a linear relationship
between the fluorescence of the free enzyme or
enzyme—ligand complex and the enzyme or en-
zyme-ligand concentration, respectively. This led to
V=(F,—F)/(F,— F) [45].

Alternatively, Eq. (3) may be transformed as fol-
lows [46]

¢ =N[L]/(K,+[L]) (4)
and for two classes of binding sites (states) of the

enzyme characterized by different dissociation con-
stants (K. K,») and binding capacities (N,, N,)

V= NI[L]/( Ko+ [L]) + NZ[L]/(Kdl + [L])
(5)

Ligand-binding data were also analyzed according
to the Hill equation in the logarithmic form (Eq. (6)),
and the Hill coefficient (h) and apparent dissociation
constant (K3P?) used as a measure of cooperative
binding [47], as follows

log[V/(1 = V)] =hlog[L,] - log K (6)

The Eq. (1)-(6) were transformed to the function
F=f(L]D. and fitted using non-linear regression
analysis. The y? values and residuals — the differ-
ences, and/or relative differences, between calcu-

lated and experimental values — were used to test
the quality of the fits.

2.6. Time-resolved fluorescence measurements

Time-correlated single-photon counting (TCSPC)
measurements of fluorescence [48,49] were per-
formed on an IBH time-resolved spectrofluorimeter
(IBH Consultants Ltd., UK) equipped with a high-
frequency flash lamp and two excitation and emis-
sion monochromators operated at 4 nm spectral reso-
lution. Fluorescence excited by the vertical polarized
pulse was collected by a Suprasil lens and passed
through a monochromator and a Glan-Thompson
polarizer set at the magic angle (54.7°). The fluores-
cence signal, free from polarization effects, was
given directly by the magic angle signal. after the
subtraction of background fluorescence.

The fluorescence decay data were fitted to sums
of one, two and/or three exponentials (Eq. (7)).
convoluted with the instrument response, by a least-
squares fitting procedure [49], using IBH software
(IBH Consultants Ltd, Glasgow, UK)

(1) =Y,a;exp(—1t/7;) (7)

where «, are the amplitudes associated with the
decay time 7, The fractional intensity decay f; is
given by f,= a7,/ 7, and the mean decay time
(7Y=L, f7,. The quality of fit was evaluated by the
structure observed in residuals plots and by the
reduced y3 values. The overall resolution of the
IBH system was 200 ps and permitted a satisfactory
fit of the sum of two exponentials.

Fluorescence decay measurements were also per-
formed at the Center for Fluorescence Spectroscopy
(University of Maryland, Baltimore, USA) on a sys-
tem equipped with a Rhodamine 6G dye laser, which
was synchronously pumped by an Nd-Yag laser,
mode-locked. cavity-dumped (8 MHz) and tuned to
570 nm, and frequency-doubled to 285 nm for effi-
cient excitation of the tyrosine residues of PNP. The
dye laser puise full width at half maximum (FWHM)
was about 5 ps at a repetition rate of 3.795 MHz.
The detection system was based on a Hamamatsu
microchannel plate photomultiplier set up in the
TCSPC mode. The overall response time of the laser
system was 70 ps FWHM. High-resolution fluores-
cence decays of the enzyme in the absence and
presence of P, (data not shown) permitted a good fit
of the sum of three exponantial terms. and confirmed
the results obtained with the IBH system.

3. Results

3.1. Fluorescence characteristics of k. coli PNP;
effect of quenching ions

Fluorescence spectra of pure PNP were recorded
in 50 mM Tris—HCI buffer (pH 7.6) at 25°C in the
absence and presence of phosphate and sulfate. In
the absence of quenching ligands, the emission maxi-
mum was located at 304 nm and the excitation
maximum at 276 nm (Fig. 1), typical for tyrosine-
containing proteins [50], and quite different from the
emission of the analogous enzymes from mammalian
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Fig. 1. Fluorescence spectra (A,,. = 280 nm) of PNP from E. coli
in 50 mM Tris—HCI buffer (pH 7.6) and at ( )1 uM
(background) and (---) 100 mM (saturated) concentration of P,
and at (- - -) 100 mM (saturated) concentration of SA. The insert
shows the effect of (@) P; and (o) SA concentration on the
relative fluorescence intensity (F / F;) at 300 nm with A, = 280
nm.

sources (calf spleen and human erythrocytes), domi-
nated by tryptophan emission [51]. The addition of
tons was accompanied by partial quenching of the
enzyme fluorescence (Fig. 1, insert) with no effect
on the location of the excitation and emission max-
ima (Fig. 1). This was not due to an effect of
increasing ionic strength, since the addition of 100
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mM KCl did not affect the enzyme fluorescence or
the enzyme activity.

The typical tyrosine-like emission spectrum of F.
coli PNP is consistent with its known content of six
tyrosine residues and no tryptophan [11]. Its sensitiv-
ity to interaction with P, and SA, with a quenching
pattern independent of excitation and emission wave-
lengths, suggests a single common quenching pro-
cess for all six tyrosine residues (but see below).
Hence the steady-state titration of emission as a
function of ion concentration, together with time-re-
solved spectra, should permit the characterization of
protein—ion interactions.

3.2. Enzyme fluorescence quenching by phosphate
binding

The Stern—Volmer plot for fluorescence quench-
ing by P, (Fig. 2A) was not linear, and non-linear
regression analysis revealed that the Stern—Volmer
equation (Eq. (1) in Section 2.5) for dynamic and
static quenching did not fit the experimental points.
Furthermore, we could not obtain a good fit to the
modified Stern—Volmer Eq. (2) for the entire range
of fluorescence quenching by P, (Fig. 2B) with any
single set of parameters (Kgy, f,). Hence, fluores-
cence quenching was described by two processes

200

o
o
Fo/(Fo-F) o
[
>

Fo/(Fo-F)

100

0 0.05 0.10
1/[LIGAND], 1/uM

Fig. 2. Steady-state quenching of PNP fluorescence at 300 nm (A, = 280 nm) by () P, and (o) SA. (A) Stern—Volmer plot of enzyme
fluorescence (expressed as the fraction of unquenched fluorescence, F) as a function of ligand concentration. (B) Modified Stern—Volmer
plot of the decrease of fluorescence (F, — F) (expressed as the fraction of the unquenched fluorescence F,) as a function of the reciprocal
ligand concentration. The inserts show the same data at the low (A) and high (B) concentration range of the ligands. The solid lines
represent the Stern—Volmer equation fitted for the entire concentration range of SA, or independently for the high and low concentration

ranges of P,.
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Table |
Stern-Volmer constants (K gy, f,) obtained from fits of the modified Stern—Volmer Eq. (3) to enzyme fluorescence quenching data *
Quenching Ligand present Ligand concn. range Koy fy
ligand during titration (LWM) (pM™h
P, SA. 0 mM 5-280 0.019 + 0.001 0.112 +0.004
1000-11000 0.0028 1 0.0001 0.182 + 0.007
SA, 5 mM 40-100 0.0076 4+ 0.0021 0.0231 + 0.0004
1500-17000 (.00027 £ 0.00002 0.114 £+ 0.006
SA P. [ uM 130-17000 0.00070 £ 0.00004 0.075 £ 0.003
P, 25 uM 300-17000 0.00075 £ 0.00006 0.045 + 0.003
P, 75 uM 300-17000 0.00053 + 0.00038 0.015 £ 0.001

* The titration was performed at 25°C in 50 mM Tris—HCI buffer (pH 7.6) as described in Section 2.3. For phosphate, due to the poor fits of
one modified Stern—Volmer Eq. (2) to the entire range of fluorescence quenching. two such equations were fitted independently for the two

ranges of ligand concentration. as indicated.

with different quenching constants and different ac-
cessibilities to the quencher. Two ranges of fluores-
cence quenching data, denoted as ‘‘strong’” and
“*weak’” quenching, were analyzed separately and
the results of the best fits are presented in Table 1. A
transition between the two ranges of quenching was
observed at about 0.5 mM P, (Fig. 2B). For “‘high™
P. (above 0.5 mM), the quenching constant was
about sevenfold lower, and the accessibility was
1.6-fold higher. than for “‘low’” P, (below 0.5 mM),
where K¢, =0.019 +£0.001 and £, = 0.112 £ 0.004.

The results of enzyme-P, binding, calculated from
the fluorimetric titration of enzyme with P, are
shown as a non-linear Scatchard plot in Fig. 3.
Non-linear regression fitting of different models of
ligand binding, e.g. with one, two or three classes of
binding sites (or states of the enzyme), gave a best fit
with two classes of binding sites (or two-state model,
Eq. (5)), shown in Table 2. There is apparently a
“*high affinity’’ state of the enzyme with a dissocia-
tion constant K,;, =29.4+22 pM and a binding
capacity N, =048 + 0.01 of phosphate molecules
per subunit of hexameric enzyme, and a *‘low affin-
ity’" state with an approximately thirtyfold higher
dissociation constant (K,;,) and with a binding ca-
pacity N, =0.54 + 0.01 (Table 2). The maximum
binding capacity of both forms of the enzyme is
consequently one phosphate anion per 23 kDa sub-
unit of the native enzyme (see Section 2.2), as
previously proposed by Jensen [27].

3.3. Enzyme fluorescence quenching by sulfate bind-
ing

The propensity of the sulfate anion to compete
with P, in binding to human PNP is best illustrated
by the fact that, in the three-dimensional structure of
this enzyme crystallized from ammonium sulfate, all
the phosphate-binding sites are occupied by sulfate
anion [13]. This prompted us to examine SA activity
vs. E. coli PNP in the presence and absence of P..

(V/L)x10°
w

Fig. 3. Experimental data from Fig. 2 expressed in the form of
Scatchard piots for the binding of (+) P, and (<) SA by E. coli
PNP: the number of moles of bound P, (or SA) per mole of
enzyme subunit and per molar concentration of free P, (or SA)
(V /[LD are expressed as a function of the number of moles of

bound P, (or SA) per mole of enzyme subunit (V).
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Table 2

Dissociation constants ( K, K,) and relative binding capacities (N,, N,) obtained from fits of a two-state model (Eq. (5)) for the binding
of P;, and of a one-state model (Eq. (4)) for the binding of SA, with E. coli PNP in 50 mM Tris—HCI buffer (pH 7.6). Also shown are the
Hill constants (/) and apparent dissociation constants { KiP?) obtained from fits of the Hill model (Eq. (6)) to the same data

Quenching Ligand present N, Ky N, K4 h KPP (mM)
ligand during titration (LM) (mM)
P, SA O0mM 0.48 + 0.01 294122 0.54 + 0.01 1.12 +0.10 0.60 + 0.01 0.027 + 0.002
5SmM 0.08 + 0.02 277+ 1.1 1.03 £ 0.03 3.94+0.10 0.83 +£ 0.07 0.31+0.16
SA P, 1 uM - - 1.01 £0.01 1.36 + 0.07 1.08 £ 0.0! 1.21 £ 0.09
25 uM - - 1.00 £ 0.02 1.76 £ 0.21 0.79 +£ 0.03 1.37 +0.13
75 uM - - 1.02 £ 0.01 2.81 +£0.37 0.85 +£0.07 1.07 £ 0.37

Enzyme activity was monitored spectrophotometri-
cally [33] by following the changes in absorption of
200 wM m’Guo as substrate at 260 nm (A& = 4.6 X
10°) in 50 mM Tris—HCI buffer (pH 7.0) containing
68, 81 and 93 uM of phosphate buffer (pH 7.0), at
37°C. The inhibition constant was calculated using
the initial rate method. Initial rates were determined
from linear regression fitting to at least 10 experi-
mental points with an accuracy of 5% or less. The
equation describing the competitive model of inhibi-
tion, v=V,, /I(K,/[PIX1 +[SAl/K) + 1], was
fitted to the initial rates (v) measured at five concen-
trations of sulfate [SA] for each phosphate concentra-
tion [P,], and apparent values of K, calculated. The
sulfate anion was not a substrate, but was a competi-
tive inhibitor of phosphorolysis with K, =1.2 4+ 0.2
mM, confirmed by a Dixon plot of 1/v vs. [SA]
(Fig. 4). Competition between SA and P, was addi-
tionally confirmed by a plot of [P]/v vs. [SA]
giving the expected parallel linear plots (data not
shown). These data indicate that SA and P, compete
for the same binding sites of E. coli PNP in the
presence of a nucleoside substrate.

Unimodal fluorescence quenching was observed
with SA (Fig. 2, bottom) in the absence of P,, and
good fits were obtained with a model of one set of
emitter(s) described by one Eq. (2) in the concentra-
tion range 0.15-17 mM (Table 1). SA is a much
weaker quencher than P, at ‘‘high’ concentration,
characterized by a fourfold lower Stern—Volmer con-
stant (K, = 0.00070 + 0.00004 uM~') and a 2.5-
fold lower fractional accessibility (f, =0.075 +
0.003).

The results of enzyme—SA binding, calculated
from the fluorimetric titration of enzyme with SA,
are shown as a linear Scatchard plot in Fig. 3.
Non-linear regression fitting of different models of
ligand binding, e.g. with one, two or three classes of
binding sites or states of the enzyme (for a discus-
sion, see below), gave a best fit with one class of
binding sites (or one-state model, Eq. (4)) for sulfate
binding (Table 2) with a total binding capacity of
one SA anion per enzyme subunit and a dissociation
constant Ky = 1.36 £+ 0.07 mM, similar to that for P,
binding at “‘high’” P, concentrations (K , = 1.12 +
0.10 mM).

900

600 1

300

1/(ENZYME ACTIVITY)

0 . :
.4 0 4 8

[SULFATE], mM

Fig. 4. Dixon plot for the inhibition of phosphorolysis of 200 uM
m’Guo by SA with E. coli PNP at pH 7 and 25°C. -, 68 uM P;;
o, 81 uM P;; A, 93 uM P,. The solid lines represent linear
equations fitted independently using the linear regression method
(enzyme activity in arbitrary units).
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3.4. Interaction between phosphate and sulfate bind-
ing

In the presence of 5 mM SA, quenching by P,
(Fig. 5, Table 1) was characterized by a 2.5-fold
lower Kg, and a fivefold lower f, for “‘low™ P,
concentrations, and tenfold and 1.6-fold lower K,
and f, for **high’” P, concentrations. The P, affinity
at P, < 0.5 mM was not affected by SA, while 5 mM
SA led to a decreased affinity of P, at P,> 0.5 mM
resulting in a 3.5-fold higher K, (3.94 + 0.10 mM),
and fivefold lower N, (0.08 £ 0.02) and twofold
higher N, (1.03 + 0.03) binding capacities of P, at
P, < 0.5 mM and P, > 0.5 mM, respectively.

With increasing P, concentration, SA quenching
of PNP fluorescence (Fig. 5, Table 1) remained
unimodal, and was very weak at 75 uM P, (Fig. 5),
with a drastic decrease in SA binding (Table 2).
Hence there is the same binding site for SA with a
much lower fractional accessibility and Stern—
Volmer constant (Table 1). The Stern—Volmer con-
stant in the presence of 25 and 75 puM P, was
unchanged, but the accessibility of the binding site to
SA decreased by 40% and 80%, respectively (Table
). At | uM P,, non-cooperative binding of SA (Fig.
6) occurs with a Hill coefficient h = 1.08 + 0.01.
Increasing concentrations of P, led to negative coop-
erative binding with Hill coefficients £ < I, and 1.3-
and twofold higher dissociation constants at 25 and

1.00 SA with 75 uM R,
F/F,
0.87
0.74 : :
0 15 30 45

[LIGAND], mM

Fig. 5. Effect of SA on P, quenching (and vice versa) of E. coli
PNP fluorescence expressed as the relative decrease of enzyme
fluorescence measured at different concentrations of P, and/or
SA.

14

04} P

h=0.60+0.01

log[V/(1-V)]

h=1.08+0.01

0.5 2.5 4.5
log([LIGAND], uM)

Fig. 6. Experimental data trom Fig. 3 expressed in the form of
Hill plots for the binding of () P, and (=) SA by E. cofi PNP:
the number of moles of bound P, (or SA) per mole of enzyme
subunit (V) are expressed as a function of the concentration of P,
(or SA).

75 wM P, (Table 2). Furthermore, the Hill model
revealed negative cooperative binding of P, in the
absence and presence of 5 mM SA., characterized by
Hill coefficients A < 1. i.e. 0.60 + 0.01 and 0.83 +
0.01, respectively, and an elevenfold higher apparent
dissociation constant (K" = 0.31 £ 0.16 mM) at 5
mM SA (Table 2).

The negative cooperativity of the enzyme reflects
the incomplete accessibility of the binding sites,
dependent on the concentration of P,. For P, < 0.5
mM. binding of P, occurs with high affinity. while
the binding sites exhibit a so-called half-site reactiv-
ity. referred to as the binding capacity, N, = 0.48 +
0.01. For P, > 0.5 mM. therc is a decrease in the
affinity of P, characterized by a fortvfold higher
dissociation of the enzyme—P, complex.

The quenching effects of phosphate and sulfate
may be due to direct interactions with tyrosine
residues. or indirectly by changes in the conforma-
tion of the protein with accompanying modifications
in the vicinity of other tyrosine residues. Bearing in
mind that L. coli PNP contains six tyrosine residues
[11]. the fractional fluorescence quenched at saturat-
ing concentrations of ligands corresponds roughly to
one residue, the fluorescence of which is fully
quenched by such interaction. The absence of an
effect of complex formation on the mean fluores-
cence lifetime (see below) points to complex forma-
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tion in the ground state, so that the Stern—Volmer
constants may be considered as association constants
of the complexes.

3.5. Time-resolved fluorescence of E. coli PNP and
its complex with phosphate and sulfate

Experimental data for the fluorescence decay of
PNP at 25°C in 50 mM Tris—HCI (pH 7.6), in the
absence and presence of P, and SA, were fitted with
the sum of varying numbers of exponentials (Eq. (7)
in Section 2.6) and a non-linear least-squares fitting
procedure. The quality of the fits was evaluated by
structures observed in residuals plots and by the
reduced ygz values.

The decays of PNP fluorescence were non-ex-
ponential both in the absence and presence of lig-
ands, and required a sum of two exponential terms
for good fits over a range of 10 ns. The results
obtained from the fits (Table 3) show that interaction
with P, and SA affected only slightly the fractional
intensities (f; = 0.145(£30%), f, = 0.855(+5%))
and lifetimes (7, = 0.6(+30%) ns, 7, = 2.7(+5%)

Table 3
Multiexponential analysis of PNP fluorescence intensity decay at
Aexe =285+4 nm (P,) or 270+ 4 nm (SA) and A,,, = 320+4 nm
(P,) or 310+ 4 nm (SA)

2

Ligand Ligand «; LYo (ry° XR
concn. (ns)

added (mM) (ns) lexp 2exp

Phosphate 0 ° 0.034 0.18 1.08 - - -
0.061 082 277 247 125 1.00
0.03 0.061 0.15 048 - - -
0.067 085 266 235 153 1.2
1.1 0.084 0.17 040 - - -
0.065 083 262 225 136 087
26.0 0.034 0.16 072 - - -
0.048 084 264 233 130 094
Sulfate 0° 0.014 0.12 055 - - -
0.021 088 277 250 256 1.01
61.0 0.016 0.11 045 - -
0.021 089 270 245 250 1.03

Measurements were performed at 25°C in 50 mM Tris—HCI (pH
7.6) containing phosphate buffer (pH 7.6) (P,) or ammonium
sulfate (SA) at different concentrations, as indicated.
a

fi=or /X,
b

(r)=2,fT.

¢ Actually 1 WM background (contaminant) concentration.

ns) of the exponential components, with no effect on
the average lifetime ({7) = 2.4(+6%) ns), so that
interactions with P, and SA leads uniquely to static
quenching [40]. These results, further confirmed by
high-resolution fluorescence decay data obtained on
the TPSC system at the Center for Fluorescence
Spectroscopy (University of Maryland, BA, USA),
are consistent with the model for the static interac-
tion of enzyme and ligand derived from measure-
ments of this interaction on the intrinsic fluorescence
of the enzyme (Sections 2.4 and 2.5).

4, Discussion

The present findings are relevant to the properties
of PNP in in vitro studies, where the concentration
dependence of the negative cooperativity of phos-
phate binding reflects the negative cooperativity of
enzyme kinetics [27]. They also point to the regula-
tory role of phosphate on the intracellular function of
PNP, bearing in mind that cellular concentrations of
P, vary from about 1 mM in human erythrocytes to 3
mM for human lymphocytes and 5 mM for mouse
cells [21,22].

By analogy with structural models for some other
enzymes, e.g. hexokinase [52] and deoxycytidine
kinase [45], the results of this study suggest that E.
coli PNP can adopt (at least) two different states (or
conformations) with high and low affinity for phos-
phate anions, respectively. With increasing phos-
phate concentration, the enzyme is shifted from the
high to the low affinity state, characterized by an
almost fortyfold-higher dissociation constant. By
contrast, the sulfate anion, which competes with
phosphate for a binding site of the latter, binds the
low affinity state of the enzyme with a dissociation
constant (1.36 + 0.07 mM) similar to its apparent
inhibition constant (1.2 + 0.2 mM) for phosphoroly-
sis via competition with P,.

The affinity, albeit lower, of sulfate for phosphate
binding sites is consistent with that observed for
many other proteins [16]. A similar situation prevails
for PNP from mammmalian sources, best illustrated
by the fact that in human erythrocyte PNP crystal-
lized from ammonium sulfate, all the phosphate-bi-
nding sites are fully occupied by sulfate anions [13].
In all probability, SA will also inhibit the mam-
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malian enzymes by competition with P;, and it would
be of interest to determine the inhibition constant for
this reaction.

The existence of two states of the enzyme with
such different affinities for phosphate is obviously
relevant to the kinetics of the enzyme as a function
of the P, concentration in the incubation medium.
We refer here to one aspect, of key importance in the
development of effective inhibitors. It was initially
shown by Tuttle and Krenitsky [53] that, whereas the
antiviral acyclonucleoside acyclovir is a moderate
inhibitor of human erythrocyte PNP, independent of
the P, concentration in the medium, acyclovir
diphosphate (but not monophosphate or triphosphate)
is a highly potent inhibitor [53,54], with a K, value
at | mM P, of 10 nM. In the presence of 50 mM P,,
the K, for the inhibition of phosphorolysis is 500
nM [54]. It is of interest that the fiftyfold difference
in K, values is comparable to the fortyfold differ-
ence in affinity of the E. coli enzyme for P, at low
and high phosphate concentrations. The low K, of
acyclovir diphosphate in the presence of a low P,
concentration suggested that this compound occupies
both the phosphate and nucleoside binding sites, i.c.
behaves as a bisubstrate analogue inhibitor, the spac-
ing between the purine base and the terminal phos-
phate being optimal for diphosphate (but not for the
monophosphate or triphosphate), a result supported
by X-ray diffraction data for a complex of the human
enzyme with acyclovir diphosphate [55]. Hence, in
effect, the terminal phosphate of acyclovir diphos-
phate effectively competes for the phosphate binding
site of the enzyme at low P,, where it is in the high
affinity state.

The foregoing has stimulated the synthesis of
other potential bisubstrate analogue inhibitors
[19,20,56]. One such series comprises 9-(dif-
luorophosphonoalkybDguanines, which displayed po-
tent activity versus PNP from human erythrocytes,
calf spleen and what was referred to as E. coli [20].
However, the ““E. coli’” enzyme employed was a
product of Sigma, referred to in the Sigma catalogue
as “‘bacterial’” PNP. We have elsewhere shown un-
equivocally that this enzyme, for which Sigma has
refused to divulge the source, is not the E. coli
enzyme [29]. Bearing in mind the differences in
amino acid sequences between the mammalian en-
zymes [14.57] and that from E. coli [11], and the

marked differences in substrate specificity between
the two classes of enzymes [29], it is clearly desir-
able to examine the possibile inhibitory effects of
these bisubstrate analogue inhibitors versus the highly
purified E. coli enzyme, and such studies are now
under way in our laboratories.
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