Eur Biophys J (2004) 33: 377-385
DOI 10.1007/500249-003-0369-9

ARTICLE

Jakub Wlodarczyk - Gerasim Stoychev Galitonov
Borys Kierdaszuk

Identification of the tautomeric form of formycin A in its complex
with Escherichia coli purine nucleoside phosphorylase based
on the effect of enzyme-ligand binding on fluorescence

and phosphorescence

Received: 21 July 2003 / Revised: 21 July 2003 / Accepted: 15 October 2003 / Published online: 4 December 2003

© EBSA 2003

Abstract Fluorescence and phosphorescence emission
spectroscopy were employed to study the interaction of
Escherichia coli purine nucleoside phosphorylase (PNP)
with its specific inhibitor, formycin A (FA), a close
structural analogue of adenosine (natural substrate), in
the absence and presence of phosphate (P;, substrate).
Formation of enzyme-FA complexes led to marked
quenching of enzyme tyrosine intrinsic fluorescence and
phosphorescence, with concomitant increases in fluo-
rescence and phosphorescence of FA. Fluorescence res-
onance energy transfer from the protein Tyr160 residue
to the FA base moiety was identified as a major mech-
anism of protein fluorescence quenching, increased by
addition of P;. The effects of enzyme—FA interactions on
the nucleoside excitation and emission spectra for fluo-
rescence and phosphorescence revealed shifts in the
tautomeric equilibrium of the bound FA, i.e. from
the N(1)-H tautomer (predominant in solution) to the
N(2)-H form, enhanced by the presence of P;. The latter
was confirmed by enzyme-ligand dissociation constant
(Kq4) values of 5.9+0.4 and 2.1+0.3 uM in the absence
and presence of P;, respectively. Addition of glycerol
(80%, v/v) led to a lower enzyme affinity (Kq=~70 uM),
without changes in binding stoichiometry. Enzyme-FA
complex formation led to a higher increase of the fluo-
rescence than the phosphorescence band of the ligand,
consistent with the fact that the N(2)-H tautomer is
characterized by a weaker phosphorescence than the
N(1)-H tautomeric form. These results show, for the
first time, the application of phosphorescence spectros-
copy to the identification of the tautomeric form of the
inhibitor bound by the enzyme.
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Introduction

The ubiquitous purine nucleoside phosphorylase (PNP,
purine nucleoside:orthophosphate ribosyl transferase,
EC 2.4.2.1.) catalyzes the reversible cleavage of the
glycosidic bond of (2’-deoxy)ribonucleosides of guanine
and hypoxanthine in higher organisms, as well as of
adenine in some prokaryotes, e.g. Escherichia coli and
Salmonella typhimurium, as follows:

p-nucleoside + P; & purine base

+ o-D-pentose-1-phosphate (1)

It is worth noting that some organisms like E. coli
code for two forms of PNPs. One, a product of the xapA
gene (Buxton et al. 1980; Hammer-Jespersen et al. 1980),
sometimes called inosine-xanthosine phosphorylase, is
active towards guanosine (Guo), inosine (Ino) and
xanthosine (Xao) (Bezirjian et al. 1986; Koszalka et al.
1988), but inactive with adenosine (Ado). In contrast,
the product of the deoD gene (Jensen and Nygard 1975;
Jensen 1976; Doskocil and Holy 1977), which is studied
here, is inactive against Xao, but exhibited activity to-
wards Ado, like PNPs from many prokaryotes, e.g.
S. typhimurium (Jensen and Nygard 1975; Jensen 1976).
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PNP is recognized as a primary target for immuno-
suppressive agents (Kredich and Hershfield 1989; Gil-
bertsen and Sircar 1990) in organ transplantation and
autoimmune diseases such as lupus or rheumatoid
arthritis (Stoeckler et al. 1980). PNP inhibitors are also
promising drugs for prevention of intracellular phos-
phorolytic cleavage of therapeutically active nucleoside
analogues. It is therefore not surprising that widespread
attention is directed to studies on the mechanism of
action of this enzyme from various sources, and searches
for more potent inhibitors (Stoeckler 1984; Montgomery
1993; Bzowska et al. 2000; Pugmire and Ealick 2002).
One of the most important applications of bacterial PNP
is in tumour-directed gene therapy (Sorscher et al. 1994;
Hughes et al. 1995), based on the much broader sub-
strate specificity of PNP from E. coli (Doskocil and Holy
1977) compared to that from human erythrocytes
(Stoeckler 1984).

Formycin A (FA) and formycin B (FB), close struc-
tural analogues of Ado and Ino (but with a non-cleav-
able C-C glycosidic bond, see Scheme 1), are good
competitive inhibitors of the E. coli enzyme (Bzowska
et al. 1992), with K; values of ~5 pM versus Ino. N(6)-
Methylformycin A (m°FA), a structural analogue of
N(1)-methyladenosine, exhibits very good inhibitory
activity, with K;=0.3 uM. In contrast, FA and m°FA
are totally inactive, and FB exhibits poor affinity
(Kj=100 uM) versus the enzymes from calf spleen and
human erythrocytes. In order to explain their good
inhibitory activity versus the E. coli enzyme, X-ray
crystallographic studies were performed and led to the
3-D structure of the ternary complex of E. coli PNP with
FB and P; (Koellner et al. 1998), and with m°FA and P,
(Koellner et al. 2002). Since X-ray crystallography is not
able to determine the position of hydrogen atoms,
unequivocal identification of the tautomeric forms of FB
and m°FA in the complexes was not possible. This has
prompted extensive studies with the aid of static and
time-resolved fluorescence spectroscopy (Kierdaszuk
et al. 2000; Kierdaszuk 2002), and revealed that complex
formation with the enzyme leads to a tautomeric shift

NH, NH,
N
= =\ N1/6 5 7\
N-H > .8
X AN N3 i
N N |
R
N(1)-H form, 85 % N(2)-H form, 15 %
R =ribose

Formycin A (FA) Adenosine (Ado)
Scheme 1 The structurally similar neutral forms of formycin A and
adenosine (R =ribose). Formycin A consists of an equilibrium
mixture of two tautomeric species, N(1)-H and N(2)-H, in the
proportions indicated. Note the close structural resemblance of the
tautomeric species to the fixed tautomeric forms of formycin A, i.e.
N(1)-methyl and N(2)-methyl analogues of formycin A, respec-
tively. Note also the different numbering systems for the two rings,
according to IUPAC

for both FA and FB in favour of the N(2)-H tautomeric
form, i.e. the minor form of the free ligands in aqueous
solution.

Particularly interesting are the structural requirements
of the enzyme towards tautomeric forms of inhibitors
(Kierdaszuk 2002) observed in the case of FA and m°FA
(Kierdaszuk et al. 2000), and the P; dependence of the
latter. In the presence of 1 uM (background) Py, i.e. with
no extra P; added, the imino form of m®FA was selectively
bound by the enzyme, albeit with low affinity
(Kq=46 uM), while addition of 20 mM P; changed the
preferential binding towards the amino form of m°FA
(Kierdaszuk et al. 2000) with much higher enzyme-ligand
affinity (K4=0.5 pM). This is in contrast to bisubstrate
analogue inhibitors (Halazy et al. 1991), e.g. acyclovir
diphosphate (Tuttle and Krenitsky 1984; Krenitsky et al.
1990), where addition of phosphate leads to lower en-
zyme-inhibitor affinity. Dependence of the inhibitory
activity of the latter on phosphate is not surprising, be-
cause it simultaneously interacts with the binding sites for
both nucleoside and phosphate. Thus, PNP affinity for
inhibitors is markedly dependent on the P; concentration,
and reflects the existence of two states of the enzyme with
different affinities for P; (Kierdaszuk et al. 1997).

It has long been known that FA and some N-methy-
lated analogues are phosphorescent, with good quantum
yields (Ward et al. 1969; Wierzchowski and Shugar
1982). We herein describe the use of phosphoresce
emission spectroscopy to study the interactions of FA
with E. coli PNP in the absence and presence of P;, which
leads to identification of the tautomeric form of FA
bound by the enzyme, and provides complementary data
versus enzyme—nucleoside binding deduced from X-ray
structural studies in the solid state, where unequivocal
determination of tautomeric forms is not possible.

Materials and methods

Formycin A (FA), inosine (Ino), N-(2-hydroxyethyl)piperazine-N’-
(2-ethanesulfonic acid) (Hepes), mono- and dibasic sodium phos-
phates, and xanthine oxidase from buttermilk (grade III, 1 U/mg)
were from Sigma (St. Louis, Mo., USA). Glycerol was from Fluka
(Switzerland).

All solutions were prepared with high-quality MilliQ water.
Reagents were of the highest quality commercially available, and
only those of spectral grade, checked by UV absorption and/or
fluorescence emission, were employed.

Concentrations of substrates and inhibitors were determined
spectrophotometrically at pH 7.0 for: FA, Anax=294 nm
(e=10.3x10% (Giziewicz and Shugar 1977; Wierzchowski et al.
1980); Ino, Apax =248 nm (e = 12.3><103) (Dawson et al. 1969; Lister
1971; Psoda and Shugar 1971); and PNP, A,..=277 nm
(e=43x10°) (Kierdaszuk et al. 2000).

Ultraviolet absorption was monitored with a Kontron (Swit-
zerland) UVIKON 922 recording instrument fitted with a ther-
mostatically controlled cell compartment, using 2-, 5- and 10-mm
pathlength cuvettes. Measurements of pH (+0.05) were with a
CP315m (Elmetron, Poland) pH-meter equipped with a combina-
tion semi-micro electrode (Orion, UK) and temperature sensor.

Partially purified PNP from E. coli (~60% pure, about
60 U mg™), a gift of Dr G. Koszalka (Wellcome Research Labs,
Research Triangle Park, NC, USA) was further purified to



apparent homogeneity and final specific activity 105 U mg™"' (Ki-
erdaszuk et al. 1997). The enzyme consists of six identical subunits,
and enzyme concentrations are expressed in terms of the native
hexamer, unless otherwise stated.

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 (Kalckar 1947; Stoeckler
et al. 1978).

Steady-state fluorescence measurements

Steady-state fluorescence spectra were monitored at 180 and 300 K
on a Spex (USA) FluoroMax spectrofluorimeter with 2-nm spectral
resolution for excitation and emission. Steady-state phosphores-
cence spectra were recorded on a home-made phosphorimeter
(Parker 1968) with detection of photons based on time-correlated
single-photon counting electronics. Samples were thermostated
using a home-made liquid nitrogen cryostat (Institute of Physics,
Polish Academy of Sciences, Warsaw). The temperature was
measured directly in the solution by a diode thermometer, with an
accuracy of 0.5 K. Enzyme samples (0.5-2 uM) were prepared in
500 uL of 50 mM Hepes (pH 7.0) in the absence or presence of
glycerol (80%, v/v) in 5x5-mm Suprasil cuvettes.

Hepes was selected to avoid buffer effects, previously noted with
Tris and other buffers (Wierzchowski et al. 1996; Stoychev et al.
2001), although overlooked in most reports. Solutions contained
background contaminant phosphate, 1 pM, estimated spectro-
photometrically (Ames 1966), sufficiently low so as not to affect the
overall results and conclusions, and these solutions are referred to
as controls free of P;.

The fluorescence of protein, nucleosides and their mixtures was
excited at several wavelengths in the range 260-320 nm, and fluo-
rescence and/or phosphorescence spectra recorded in the range
290-450 nm and/or 350-550 nm, respectively. For quenching
studies, additions to the enzyme were made from FA stock solu-
tions prepared in the same buffer and at the same pH as the enzyme
sample, and changes in fluorescence were usually monitored at
several wavelengths with /... =270, 295, 305 and 320 nm. Emission
and excitation spectra were recorded prior to, and during, titration.
Dilution did not exceeded 10%, and the fluorescence intensity was
corrected for the dilution factor. Background emission ( <5%) was
eliminated by subtracting the signal for buffer and/or buffer con-
taining the appropriate quantity of ligand. The total absorbency of
the enzyme-ligand mixtures did not exceed 0.2 to minimize inner-
filter effects. To compensate for the decrease in fluorescence due to
increased absorption, the measured fluorescence was multiplied by
a correction factor, G(AA4,, AA4,)=anti-logo[(AA4; +AA,)/2], where
AA, and AA, are the increases in absorption at the excitation and
emission wavelengths when the ligand was added (Lakowicz 1999).
Enzyme activity was not affected by titration, nor by freezing
during formation of water/glycerol glassy solutions, as checked by
activity measurements before and after the experiments.

Ligand binding

Ligand binding led to only partial quenching of the protein fluo-
rescence, with virtually no modification of the emission spectrum
(see section on Fluorescence and phosphorescence properties of E.
coli PNP and FA). To obtain dissociation constants (Ky) for en-
zyme-ligand binding, and binding stoichiometry for the ligands, a
simple two-state association E+L<EL was considered using a
model of identical and non-interacting sites (Eftink 1997). Note
that a two-state equilibrium between bound and free ligand is re-
flected in the existence of isoemissive points in fluorescence—emis-
sion difference spectra, e.g. at 307 nm (Fig. 2A) and 309 nm
(Fig. 2B), and in fluorescence—excitation difference spectra at
~295 nm (Fig. 2, insets), lending added confidence to the accuracy
of the measurements. This led to a set of equations with unknown

values (Kq. [E]. [L], [EL], fe. fi. feu): Kq=[LJEJ/[EL],
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[Lol=[L]+[EL], [Eo]=[E]+[EL], F=[Elfg+[EL}fx +[L]fi, and
Fy=[Eolfg, where Fy and F are the fluorescence intensities in the
absence and presence of a quenching ligand (quencher); [Eo] is the
effective concentration of binding sites; [Lo] is the total concen-
tration of ligand; [E] is the molar concentration of free binding
sites; [L] and [EL] are the molar concentrations of free ligand and
enzyme-ligand complexes, respectively; Ky is the dissociation
constant of the latter; fg, fi and fg are the fluorescence coefficients
of free enzyme, free ligand and enzyme-ligand complexes, respec-
tively. Solving this set of equations results in:

F=F+Llf
057 (120 + 18]+ Ka /[l + £ + Ko P4l

(2)

where fp=fgL—fg—fL, and K4 and fp were fitted non-linearly,
assuming binding of one, two, three or six ligand molecules per
native enzyme hexamer, i.e. [Eo] equal to single-, two-, three- or six-
fold enzyme concentration. Equation (2) was fitted using non-lin-
ear regression analysis. The 7> values and residuals — the differ-
ences, and/or relative differences, between calculated and
experimental values — were used to test the quality of the fits.

Fluorescence resonance energy transfer

Tyrosine fluorescence of E. coli PNP (donor) is overlapped by the
absorption of FA (acceptor) (Fig. 1); hence the Forster radius (Ry)
for this donor—acceptor pair can be calculated as described else-
where for other analogous systems (Forster 1948; Wu and Brand
1994):

Ry =9.7 x 10°(/in*¢p) " (3)
where:
5= [0l a 4)
1.2
r 27f3 29|4 ?05 3r.1 40|8 4|28
”'\ {\ PNP abs.
i ‘ \ FA abs.
g ’\ \/\ PNP fluor.
u|_J FA fluor.
z PNP phosph.
UZJ FA phosph.
'_
<
—
w N
02} I ".
L ’ :’
0.0 N ! Pt B PR
250 300 450 500 550

WAVELENGTH, nm

Fig. 1 UV absorption (abs.) and fluorescence (fluor.) and phos-
phorescence (phosph.) spectra of 1 uM PNP from E. coli and the
neutral form of 25 uM FA in 50 mM Hepes (pH 7) (absorption
and fluorescence, at 298 K) and 50 mM Hepes (pH 7) containing
80% glycerol (phosphorescence, at 180 K). Maximum intensities of
the absorption and emission spectra of PNP (e =270 nm) and
FA (Zexe =295 nm) are normalized to unity
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J is a measure of the spectral overlap between emission of the
donor and absorption of the acceptor; fp and ¢, are the normalized
fluorescence spectrum of the donor and absorption spectrum of
acceptor, respectively; 7 is the refractive index of the medium be-
tween donor and acceptor (taken as 1.4 for aqueous solution); ¢p, is
the quantum yield of the donor in the absence of the acceptor
(0.067 for Jexe =270 nm); and «? is the orientation factor, replaced
here by its spatial average (<x>> =2/3) over all donor and
acceptor orientations.

Results and discussion

Fluorescence and phosphorescence properties
of E. coli PNP and FA

The maxima of the absorption, fluorescence and phos-
phorescence emission spectra of PNP are located at 277,
304 and 408 nm, respectively (Fig. 1), consistent with the
fact that each of the subunits of the E. coli enzyme con-
tains six tyrosine residues and no tryptophan (Hirshfield
et al. 1991). By contrast, FA (Scheme 1) exhibits
absorption (Apa.x =294 nm) and emission spectra red-
shifted (Anax=341 and 428 nm for fluorescence and
phosphorescence) relative to the spectra for PNP (Fig. 1,
Table 1). This permits selective excitation of the ligand in
the enzyme-ligand complexes at excitation wavelengths
above 295 nm, where tyrosine residues do not absorb.
Selective observation of PNP fluorescence and phos-
phorescence is possible in the range 290-310 nm and
350-390 nm, respectively, while fluorescence and phos-
phorescence of the ligand occur at wavelengths above
360 and 430 nm, where contributions of the respective
protein emissions are usually negligible (Fig. 1).

Effect of enzyme—FA interaction on fluorescence

Addition of increasing concentrations of FA to the
solution of PNP in 50 mM Hepes (pH 7) containing
80% glycerol led to a partial quenching of enzyme

tyrosine fluorescence (Aey, =304 nm) without affecting
the location of the maxima for excitation (absorption) or
emission of the enzyme. Concomitantly, the decrease in
enzyme emission was accompanied by an increase in
emission of FA at 341 nm (Fig. 2A and 2B) due to the
enzyme-ligand fluorescence resonance energy transfer
(FRET) (Kierdaszuk et al. 2000), confirmed by fluores-
cence excitation spectra (Fig. 2A and 2B, insets). The
well-defined vibrational structure, particularly visible in
the fluorescence—emission difference spectra at excita-
tion to the red of 295 nm (Fig. 3), where protein tyrosine
residues do not absorb (Fig. 1), is red-shifted relative to
the fluorescence emission of free FA, and better resem-
bles the emission bands of the N(2)-H than the N(1)-H
tautomer of FA (Wierzchowski and Shugar 1982). The
latter is further confirmed by the pronounced enhance-
ment of the excitation bands at 308 and 320 nm in the
fluorescence—excitation difference spectra (A, =365) by
increasing concentrations of FA (Fig. 2, insets). All the
foregoing are consistent with the fact that both excita-
tion and emission spectra of the N(2)-H form of FA are
red-shifted relative to that of the N(1)-H form (Wierz-
chowski and Shugar 1982; Kierdaszuk 2002), as shown
for the excitation and emission spectra of m?’FA and
m'FA (Table 1), which are good models of the fixed
N(2)-H and N(1)-H tautomers of FA (Wierzchowski
and Shugar 1982), respectively. Additionally, the
increasing intensity of the band at 277 nm in the exci-
tation spectrum shows FRET between tyrosine resi-
due(s) of the enzyme and the N(2)-H from of FA (see
below).

Particularly important are the isoemissive points, in
both fluorescence—emission difference spectra (Ao, =307
and 309 nm in Fig. 2A and 2B) and fluorescence—exci-
tation difference spectra (Aexe =295 nm in Fig. 2, insets).
They testify the existence of a two-state equilibrium
between bound and unbound ligand, which, in fact, may
by properly described by Eq. (2). These enable charac-
terization of the enzyme-ligand interactions by titration

Table 1 UV absorption properties of Escherichia coli PNP, FA and the neutral forms of its analogues (m'FA, m?FA) in 50 mM Hepes
buffer (pH 7.0) at 298 K, and their fluorescence and phosphorescence properties in 50 mM Hepes buffer (pH 7.0) containing 80% glycerol

at 180 K
Compound pKa pKa> Absorption® Fluorescence Phosphorescence
)‘mz\x (nm) El’\’121X><10_3(1\/[_] Cm_]) )\'CXC (nm) Amax (nm) ;LCXC (nm) )"IT]'(IX (nm)
PNP 277 43.2° - 304 - 408
FA 4.3 9.7 294 10.3
294 338 294 428
320 352
m'FA 4.0 302 10.0
232 7.7
¢ 347 =€ 442
m?’FA 49 306 11.0
234 5.2
- 353 - 470

AUV absorption properties were described previously for E. coli PNP (Kierdaszuk et al. 2000) and for FA, m'FA and m’FA (Giziewicz

and Shugar 1977; Wierzchowski et al. 1980)

Molar extinction coefficient for native hexamer based on Kierdaszuk et al. (2000)

“Values independent of Ay
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Fig. 2 Fluorescence—emission
difference spectra 40
(Zexc =270 nm) of 1 uM

PNP +increasing 30
concentrations of FA, relative

to the arithmetic sum of the two
components, in 50 mM Hepes 20
(phosphate-free) buffer (pH 7)

containing 80% glycerol at 10
300 K: (A) in the absence and
(B) in the presence of 5 mM P;.

280 300 azn>
WAVELENGTH ,nm

The insets show the fluorescence
excitation difference spectra

FA
o

+F ), a.u.

(%em =365 nm) of a mixture of

PNP

1 uM PNP + increasing
concentrations of FA, relative
to the excitation spectra of FA,
in the absence (A) and presence exc
(B) of 5 mM P;, respectively. 30 -
Note the isoemissive points in -
this (and subsequent) figures, 20
testifying to a two-state
equilibrium between free and
bound ligand

40 |-B

F -(F

mix

280 300

WAVELENGTH ,nm

of the emission of the enzyme and/or ligand (inhibitor)
as a function of ligand concentration. Fitting the data,
by non-linear regression, to different models for en-
zyme-ligand binding (Eftink 1997) gave the best fit for a
model with binding of one ligand per native enzyme
hexamer (Eq. 2), with dissociation constant (Ky) values

350
WAVELENGTH,

listed in Table 2. The resulting K4 values showed that, in
the absence of glycerol, addition of P; led to much higher
affinity for the enzyme, i.e. in the presence of P;, Ky is
three-fold lower than in the absence of P;. Addition of
80% glycerol led to a much lower enzyme-FA affinity
characterized by at least one range of higher Ky values,

Fig. 3 Fluorescence—emission 15
difference spectra
(Zexc =305 nm) of 1 uM
PNP +increasing
concentrations of FA, relative 10
to the arithmetic sum of the two
components, in 50 mM Hepes
(phosphate-free) buffer (pH 7)
containing 80% glycerol at 5
300 K, in the absence (A) and
presence (B) of 5 mM P; =
o,
s
s o
+ a
=4
L\I__/n' 6
! P-4
W E
4
2
0

350

450
WAVELENGTH,
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Table 2 Dissociation constants (Kg) of FA binding to the native
enzyme hexamer calculated from non-linear fits of a model of six
independent and non-interacting sites (Eq. 2) to the steady-state
quenching of PNP fluorescence at 300 nm (Aexe =260 nm) by
increasing concentrations of FA in 50 mM Hepes (pH 7) in the
absence and presence of phosphate (P;) and/or 80% (v/v) glycerol

Orthophosphate (mM) K4 (uM)

0% glycerol 80% glycerol

<0.001 59404
5.0 2.1+£0.3

70£2
72+4

independently of P; (Table 2). Comparison of the values
for K4 with those for K; for inhibition of the enzyme by
FA (Bzowska et al. 1992) may be only qualitative, be-
cause different conditions are necessarily required for
measurements of Kj;, e.g. the use of a broad range of
substrate concentrations and an obligatory presence of
P; (substrate). Additionally, K; values are often depen-
dent on P; concentration (Halazy et al. 1991), and the
effect of glycerol on K4 cannot be fully explained at this
moment. It may reduce the PNP—FA affinity by its effect
on the network of hydrogen bonds formed by three
water molecules between the N(1) and N(6) atoms of the
ligand base moiety and the carboxylic group of Asp204,
observed in the solid-state structure of the enzyme with
both FB (Koellner et al. 1998) and m°FA (Koellner et al.
2002).

As was indicated previously (Kierdaszuk et al. 2000),
singlet-singlet energy transfer plays a major role in the
PNP fluorescence quenching by FA. Analysis of the
spectral properties of protein, ligand and enzyme-ligand
mixtures pointed to the protein tyrosine residue(s) as
donor(s), and to the base moiety of FA as acceptor. The
existence of FRET is consistent with good alignment of
the respective spectral bands of the donor emission and
acceptor absorption (Fig. 1). The Forster radius (R) for
tyrosine residue(s) and FA participating in the transfer
was calculated (Eq. 3) and gave a value of 7 A, pointing
to Tyrl60 as the most probable energy donor. This is
consistent with the data obtained from examination of
the crystal structure of the complex of E. coli PNP with
FB (Koellner et al. 1998) and with m®FA (Kolellner
et al. 2002), where the planar base moieties of FA and
m°FA are parallel to the phenol residue of Tyr160, and
the distances between the middle point of the base rings
of FB or m®FA and the phenol ring of Tyr160 are about
10 A, three-fold higher then the van der Waals distances
between them. Crystal data show that the base moieties
of both FB and m°FA, and the phenol ring of Tyr160,
are involved in 7—= interactions with the aromatic resi-
due of Phel59, which is located between them almost
perpendicular to the base moieties of FB or m°FA from
one side and to the phenol ring of Tyr160 on the other
side. Although direct n—= interactions between FA and
Tyr160 are weaker than that at their van der Waals
contact, approximation of the resonance interaction by a
weak coupling between transition dipoles of emission
and absorption of Tyr160 and FA (Forster model) is not

applicable, and the resulting R, value must be consid-
ered as a rough estimation. Such n—r stacking implies
involvement of higher order multipole couplings as well
as exchange interactions. The latter can be ascertained
from the transfer rates (Lakowicz 1999), which are
usually larger than that calculated from the Forster
model, and suggest application of time-resolved tech-
niques. Studies on time-resolved fluorescence intensity
and anisotropy decays are presently being attempted.

Effect of enzyme-FA interaction on phosphorescence

Application of phosphorescence spectroscopy to the
study of PNP—FA interactions is based on the observa-
tion made two decades ago (Wierzchowski and Shugar
1982) that the phosphorescence band of m*FA is much
weaker relative to its fluorescence band than that of
m'FA, which are models for the fixed N(2)-H and N(1)-
H tautomers of FA. Indeed, addition of FA to PNP in
aqueous/glycerol glassy solution at 180 K led to a rela-
tively weaker phosphorescence than fluorescence emis-
sion at Ag. =294 nm (Fig. 4A), further enhanced in the
presence of a saturating (5 mM, see Kierdaszuk et al.
1997) concentration of P; (Fig. 4B). When the excitation
was moved to 320 nm, where absorption is dominated
by the N(2)-H tautomer of FA (Wierzchowski and
Shugar 1982; Kierdaszuk 2002), and tyrosine residues in
protein do not absorb at all (Fig. 1), the phosphores-
cence band of the enzyme-ligand mixture is barely vis-
ible (Fig. 4A and 4B), independently of P;. Furthermore,
fluorescence excitation spectra (Aepm =338 nm) of the
enzyme—FA complex in the same medium (Fig. 4A, in-
set) further confirm that the N(2)-H tautomer of FA is
bound by the enzyme (Kierdaszuk et al. 2000). This
leads to a shift of the tautomeric equilibrium of FA,
which exists predominantly as the N(1)-H tautomeric
form in solution (Chenon et al. 1976), to the N(2)-H
form. The latter is also reflected by an increase of exci-
tation (absorption) intensity at 308 and 320 nm
(Fig. 4A, inset). Moreover, an increase in the fluores-
cence excitation spectra of the enzyme-ligand mixture in
the range 260-290 nm showed FRET between tyrosine
residues of PNP and the FA ligand in aqueous/glycerol
solution (see previous subsection), similar to that ob-
served previously in aqueous medium (Kierdaszuk et al.
2000)

In accordance with the foregoing, a clear-cut corre-
lation was observed between the effects of P; on the
fluorescence and phosphorescence spectra of the PNP—
FA complex (Fig. 5A) and a shift in the tautomeric
equilibrium of FA. Addition of 5 mM P; led to an in-
crease in fluorescence intensity in the range 350-390 nm,
where emission is dominated by the N(2)-H tautomeric
form of FA (Kierdaszuk et al. 2000), and a concomitant
decrease of the phosphorescence intensity in the range
410-500 nm due to an increasing population of the
N(2)-H tautomeric form. The latter is confirmed by a
relative decrease of intensity in the phosphorescence



Fig. 4 Fluorescence and
phosphorescence emission
spectra of 25 uM FA at

Aexe =294 nm (full line) and its
mixture with 1 pM PNP at
Aexe =294 nm (dashed line) and
Jexe =320 nm (dotted line), in
50 mM Hepes (phosphate-free)
buffer (pH 7) containing 80%
glycerol at 180 K, in the

absence (A) and presence (B) of

5 mM P;. The insets show the
fluorescence excitation spectra
(Zem =338 nm) of the same

samples. Maximum intensities

of the fluorescence emission are

normalized to unity

excitation spectra (Aey, =440 nm) at 308 nm (Fig. 5B,
inset). It is worth noting that P; effects on the emission
spectra of the enzyme-FA complex are much stronger
than those in the case of free FA in the same medium
(Fig. 5B). The foregoing results are consistent with an
increase in the population of the N(2)-H tautomeric
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Fig. 5 Fluorescence and
phosphorescence emission

spectra (Lexe =294 nm) of (A) a

mixture of 1 pM PNP and

25 uM FA and (B) 25 uM FA,
in 50 mM Hepes (pH 7)
containing 80% glycerol at
180 K, in the absence (dashed
line) and presence (full line) of
5 mM P;. The inset show the
phosphorescence excitation
spectra (Lem =440 nm) of

25 uM FA (full line) and its
mixture with 1 pM PNP
(dashed line) in the absence
(upper frame) and presence
(lower frame) of 5 mM P;. The
maximum intensities of the
fluorescence emission are
normalized to unity
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Conclusions

The overall results presented above demonstrate the
marked effects of interaction between E. coli PNP and its
specific inhibitor FA on the emission and excitation
spectra for fluorescence and phosphorescence of the
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enzyme and ligand. They reflect the simultaneous
occurrence of the following phenomena:

1. Partial quenching of intrinsic tyrosine fluorescence of
the enzyme mainly by FRET from tyrosine residue(s)
to the base moiety of FA. Examination of the crystal
structures of E. coli PNP (Mao et al. 1997) and its
complex with FB (Koellner et al. 1998) and m°FA
(Koellner et al. 2002) suggest that the most probable
candidate for the donor is Tyr160, involved in the 7—
7 staking interactions with FB or m°FA, widely ob-
served in other protein—ligand systems (McGaughey
et al. 1998; Burley and Petsko 1985). Therefore,
higher order multipole couplings as well as exchange
interactions between donor and acceptor must be
included in further studies. At this moment, it is hard
to conclude if the long-distance dipole—dipole inter-
actions should be omitted, since there are also several
Tyr residues in the range of 12-24 A from the ligand
base moieties (Koellner et al. 1998, 2002), which can
be considered as potential energy donors.

2. Enhancement of the protein fluorescence quenching
by addition of the second ligand P; (substrate), based
of the effect of P; on the emission properties of the
complex. These effects reflect changes in polarity in
the ligand-binding pocket induced by the negatively
charged phosphate anion, similar to the previously
observed shift of the population of the N(2)-H form
from 15% in FA to as much as 50% in FA-5"-phos-
phate, depending on whether the phosphate moiety is
in the monoanionic or dianionic form (Wierzchowski
et al. 1984).

3. A shift in the tautomeric equilibrium of FA towards
the N(2)-H form, which is preferentially bound by
the enzyme. This is shown by comparison of the
fluorescence and phosphorescence properties of
bound FA with that of the free nucleoside and of
chemical models of the fixed N(1)-H and N(2)-H
tautomers, i.e. m'FA and m°’FA (Wierzchowski and
Shugar 1982).

The results presented here remove ambiguities found
in X-ray crystallographic studies of the crystal structure
of the active center of E. coli PNP in a complex with FB
(Koellner et al. 1998), because the crystal data could not
distinguish between two possible hydrogen bonds be-
tween FB and the protein, one from the ring N(1) to the
0° of Asp204, the other from N(1) to the O of Ser90.
Involvement of the N(2)-H of FA in the complex for-
mation with E. coli PNP implies that N(1) [corre-
sponding to N(7) in purine nucleosides] is a proton
acceptor in a hydrogen bond with Asp204, which should
then exist in the protonated form in the complex. Con-
sistent with this, the ring N(2) is a proton donor in the
second hydrogen bond to the O” of Ser90. This is an
additional hydrogen bond, which is not present in
complexes with purine nucleosides, where the ring C(8)
corresponds to the N(2) of FA. Consistent with this is
the fact that substitution of C(8) by an amino group

(proton donor) led to enhanced affinity of the 8-amino
analogues to the enzyme (Pugmire and Ealick 2002).
The aforementioned is highly relevant to the molec-
ular mechanism of action of E. coli PNP as well as PNP
from mammalian sources. Most important is the possi-
ble existence of Asp204 in the protonated form in the
complex, which may be critical for transition state sta-
bilization, as was postulated for the human enzyme
where an analogous role was suggested for Asn243
(Erion et al. 1997a, 1997b). This is in line with the fact
that replacement of Asn243 by Ala abolished activity
versus Ino and Guo, and substitution by Asp modified
the substrate specificity of the human enzyme such that
it resembled that of E. coli PNP (Stoeckler et al. 1997).
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