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ABSTRACT: Human purine nucleoside phosphorylase (PNP) is a homotrimer, containing three nonconserved
tryptophan residues at positions 16, 94, and 178, all remote from the catalytic site. The Trp residues were
replaced with Tyr to produce Trp-free PNP (Leuko-PNP). Leuko-PNP showed near-normal kinetic
properties. It was used (1) to determine the tautomeric form of guanine that produces strong fluorescence
when bound to PNP, (2) for thermodynamic binding analysis of binary and ternary complexes with
substrates, (3) in temperature-jump perturbation of complexes for evidence of multiple conformational
complexes, and (4) to establish the ionization state of a catalytic site tyrosine involved in phosphate
nucleophile activation. The '3C NMR spectrum of guanine bound to Leuko-PNP, its fluorescent properties,
and molecular orbital electronic transition analysis establish that its fluorescence originates from the lowest
singlet excited state of the N1H, 6-keto, N7H guanine tautomer. Binding of guanine and phosphate to
PNP and Leuko-PNP are random, with decreased affinity for formation of ternary complexes. Pre-steady-
state kinetics and temperature-jump studies indicate that the ternary complex (enzyme—substrate—phosphate)
forms in single binding steps without kinetically significant protein conformational changes as monitored
by guanine fluorescence. Spectral changes of Leuko-PNP upon phosphate binding establish that the hydroxyl
of Tyr88 is not ionized to the phenolate anion when phosphate is bound. A loop region (residues 243-266)
near the purine base becomes highly ordered upon substrate/inhibitor binding. A single Trp residue was
introduced into the catalytic loop of Leuko-PNP (Y249W-Leuko-PNP) to determine effects on catalysis
and to introduce a fluorescence catalytic site probe. Although Y249W-Leuko-PNP is highly fluorescent
and catalytically active, substrate binding did not perturb the fluorescence. Thermodynamic boxes,
constructed to characterize the binding of phosphate, guanine, and hypoxanthine to native, Leuko-, and
Y249W-Leuko-PNPs, establish that Leuko-PNP provides a versatile protein scaffold for introduction of

specific Trp catalytic site probes.

Human purine nucleoside phosphorylase (PNP)' is a purine
salvage enzyme that catalyzes the reversible phosphorolysis
of 6-oxopurine nucleosides and deoxynucleosides to the
corresponding purine bases and a-D-(deoxy)-ribose-1-phos-
phate (/-6). Transition-state analogue inhibitors of PNP
provide potential therapies for T-cell cancers and autoim-
mune diseases (7-9). Crystal structures of PNP complexed
with substrate analogues or transition-state inhibitors have
defined the active site residues in contact with the purine
nucleoside and the phosphate nucleophile (Figure 1) (9-11).
The side chains of Glu201 and Asn243 form hydrogen bond
contacts with N1H and N7H of the purine base, respectively
(Figure 1) (4, 10).

PNP contains three nonconserved tryptophan residues at
positions 16, 94, and 178, which are all remote from the
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catalytic site (Figure 1). A catalytic site loop (residues
243-266) is positioned near the purine base and the 5'-
hydroxyl of bound nucleosides. It is highly ordered in the
complex of PNP with Immucillin-H and phosphate and less
ordered in unliganded PNP (4, 12, 13). A conformational
change occurs in the loop upon guanine binding. Residues
241-260 act as a gate that opens during substrate binding
(10). It has been hypothesized that the flexible active site
loop reorganizes to allow different substrates/inhibitors to
gain access to the active site of PNP (4, /2, 14). In agreement
with that hypothesis, the superimposition of ligand-free PNP
and PNP in complex with Immucillin-H and phosphate
showed significant loop rearrangement (4). Thus, the active
site loop of PNP is proposed to play a dynamic role in
binding/catalysis. Similar changes have been reported in other
nucleoside phosphorylases such as Trypanosoma vivax PNP
(15). Therefore, probes of catalytic loop motion in PNP are
of interest in catalysis.

Fluorescence is a sensitive tool to probe catalytic loop
movement, and a catalytic site probe is provided by the
intrinsic fluorescence of bound guanine, in contrast to free
guanine or bound guanosine, which are not fluorescent. The
chemical basis for this fluorescence is in debate (16-26).
First, it was assumed that fluorescence of bound guanine was
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FIGURE 1: (A) Superimposition of the crystal structure of apo human PNP (red, PDB code 1M73) and human PNP bound to guanine, in the
presence of sulfate (yellow, PDB code 1V2H). (B) Monomeric crystal structure of human PNP bound to guanine in the presence of sulfate
(PDB code 1V2H). (C) Stereo figure of the model of guanine bound in the active site of PNP for the two-layer ONIOM calculations. Atoms
shown in ball and stick style represent the model-layer treated with high-level calculations.

due to the preferential binding of anionic guanine, which is
highly fluorescent, after ionization of the N1H of the base
(pK, = 9.2) (16, 18-20). Thereafter, structural, pH depend-
encies, steady-state, and pre-steady-state kinetics supported
the idea that bound guanine exists as a neutral species
(17, 18, 21-24, 26). Therefore, the nature of the fluorescent
species of bound guanine has remained elusive. NMR,
fluorescence properties, and computational chemistry re-
ported here establish the electronic structure of bound
guanine.

Replacement of the three nonconserved Trp residues with
Tyr produced a chromophore-free PNP (Leuko-PNP) to
probe the nature of bound fluorescent guanine and the protein
conformational change upon the ligand binding by guanine
fluorescence, T-jump, and 3C NMR. A single tryptophan
residue introduced into the catalytic loop (residues 243-266)
of Leuko-PNP (Y249W-Leuko-PNP) was used to probe the

loop environment upon hypoxanthine binding. With these
probes, it is possible to monitor the pre-steady-state kinetics
of guanine binding and guanosine phosphorolysis on PNP
without interference from changes in protein tryptophan
fluorescence.

MATERIALS AND METHODS

Site-Directed Mutagenesis. A QuikChange multisite-directed
mutagenesis kit (Stratagene) was used to prepare the tryptophan-
free PNP (Leuko-PNP), in which the three tryptophan residues
(W16, 94, and 178) were replaced with tyrosines. The method was
used according to the manufacturer’s instructions, with the native
PNP gene inserted into pCRT7/NT-TOPO (27) as a template and
WI16Y 5-AAGATTATAAGAACACTGCAGAATATCTTCTGT-
CTCATACTAAGCACC-3, W94Y 5'-TATGAAGGGTAC-
CCACTCTACAAGGTGACATTCCCAGTG-3', W178Y 5'-
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Table 1: Comparison of Steady State Kinetic Constants and Inhibition Constants for Native, Leuko-, and Y249W-Leuko-PNPs with Inosine or

Guanosine as Substrates and with Immucillin Inhibitors®

parameter native PNP Leuko-PNP Y249W-Leuko-PNP

Inosine as a Substrate

keats 87! 44 +2 36+ 1 30+ 1

K, uM 71£8 50+3 35+1

keat! K, M™1 571 6.24+0.7) x 10° (724+£04) x 10° (8.54+0.3) x 10°

Guanosine as a Substrate

keats 87! 26+ 1 23+1 22+1

K, uM 65 £ 12 55+9 40 +£4

keat! K, M™1 571 4.0+£0.7) x 10° 4.24+0.5) x 10° (5.5+0.6) x 10°
ImmH as an Inhibitor”

K.’ PM 88+ 3 134 £ 12 163 £7

DADMe-ImmH as an Inhibitor”
Ki, PM 85+0.3 12+3 16+3

“Enzymatic assays with either substrates or inhibitors were performed in 50 mM KH,POs, pH 7.4, at 25 °C. "DADMe-ImmH,
4'-deaza-1'-aza-2'-deoxy-1'-(9-methylene)-Immucillin-H; ImmH, Immucillin-H; K; slow-onset tight binding constant for inhibitors.

GAGGGCTCTCAGTACCTACAAACAAATGGGGGAGCAA-
3" oligonucleotides as primers (underlined letters indicate
mismatches). The loop-tryptophan PNP mutant (Y249W-
Leuko-PNP) was prepared using the Leuko-PNP gene
inserted into pCRT7/NT-TOPO as a template and Y249Wf
5'-TAACAAGGTCATCATGGATTGGGAAAGC-
CTGGAGAAGGC-3',Y249Wr5'-GCCTTCTCCAGGCTTTC-
CCAATCCATGATGACCTTGTTA-3' oligonucleotides as
forward (f) and reverse (r) primers, respectively (underlined
letters indicate mismatches). The DNA sequence of the two
mutants was confirmed, and the plasmid was transformed
into E. coli strain BL21(DE3)pLysS competent cells (Invi-
trogen).

Expression and Purification of Leuko-PNP and Y249W-
Leuko-PNP. Native PNP, Leuko-PNP, and Y249W-Leuko-
PNP were expressed and purified to homogeneity as judged
by SDS-PAGE using the same procedure used previously
for the purification of the native PNP (27).

Preparation of Hypoxanthine-Free PNPs. Native PNP,
Leuko-PNP, and Y249W-Leuko-PNP, as purified in 20 mM
Tris-Cl, pH 7.4, contained tightly bound hypoxanthine in a
stoichiometry of ~0.7—1 per monomeric enzyme concentra-
tions, indicating that at least two out of the three active sites
of the enzyme trimer are fully occupied with hypoxanthine.
Incubation of the enzymes in 100 mM KH,PO, in the
presence of 10% charcoal (w/v) for 5 min followed by
centrifugation and filtration of the enzyme resulted in the
preparation of hypoxanthine-free PNPs.

Enzyme Assays. Activity assays for PNPs with inosine as
a substrate were carried out as previously described by
monitoring the conversion of hypoxanthine to uric acid (€293
=129 mM ! cm™!) (28) in a coupled assay containing 60
milliunits of xanthine oxidase and variable concentrations
of inosine, in 50 mM KH,PO4, pH 7.4, at 25 °C (29). Activity
assays for PNPs with guanosine monitored the formation of
guanine (€257 = —5.07 mM~! cm™!) in direct assays
containing variable concentrations of guanosine, in 50 mM
KH,PO,, pH 7.4, at 25 °C. The slow onset of inhibition was
measured following the addition of enzyme to complete assay
mixtures at 1 mM inosine and various inhibitor concen-
trations (30, 31). Inhibitor concentrations were determined
spectrophotometrically using the published millimolar ex-
tinction coefficient of 9.54 at 261 nm at pH 7 for 9-deazai-

nosine (ImmH based inhibitors) (3/-33). Enzyme (0.2-0.5
nM final concentration) was added to assay mixtures fol-
lowed by monitoring of product formation. Rates were
monitored for 1-2 h to determine both the initial reaction
rate and to determine if slow-onset inhibition occurred.

Fluorometric Titration of Enzymes. The fluorescence emis-
sion spectra (Aexe = 295 nm, 2.5 nm slit width, and 10 mm
path length) of the free or the ligand-bound PNP, Leuko-
PNP, and Y249W-Leuko-PNP were acquired using a Fluro-
Max-3 spectrofluorometer thermostatted at 25 °C. The
dissociation constants for different ligands were obtained
from the fluorometric titrations of the hypoxanthine-free
PNPs (3 uM) with different ligands (phosphate, guanine for
Leuko-PNP in the presence and the absence of 100 mM
phosphate, and hypoxanthine for Y249W-Leuko-PNP in the
presence and the absence of 100 mM phosphate) at pH 7.4.
Typically, during titrations, the dilution does not exceed 10%,
and all the fluorescence emissions spectra were corrected
for dilution. Guanine and hypoxanthine stock solutions were
prepared fresh prior to each titration, and their concentrations
were determined spectrophotometrically using the published
millimolar extinction coefficients of 10.7 mM~! cm™! at 246
nm and 10.7 mM~' cm™'at 250 nm at pH 7 for guanine and
hypoxanthine, respectively (34).

Ultrafiltration Binding Study. Binding stoichiometries and
dissociation constants of the three species of enzyme to either
[8-'*C]guanine or [8-'“C]hypoxanthine were determined
using a modification of the ultrafiltration method (35-38).
The ultrafiltration apparatus was assembled with dialysis
membrane (10 kDa molecular mass retention limit) and dried
under vacuum. Typically, 200 uL aliquots containing 3 uM
final enzyme concentration and variable concentrations
(0.1-10 uM) of either [8-'*C]guanine or [8-'*Clhypoxanthine,
in 100 mM KH,POy, pH 7.4, were added to the upper wells
of the ultrafiltration apparatus. The system was pressurized
to ~20 psi with N, for ~60-90 min or until approximately
half of the solution had passed into the lower well, and 30
uL aliquots were sampled from both upper and lower wells,
added to 10 mL of scintillation fluid, and counted. Controls
corrected for nonspecific binding to the enzyme and
membrane.

Stopped-Flow Fluorescence Kinetics. The temperature
dependence of guanine binding to Leuko-PNP and hypo-
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FIGURE 2: Binding of phosphate to PNPs. Fluorescence emission
spectra (Aex — 295 nm) of native PNP (panel A), Leuko-PNP (panel
B), and Y249W-Leuko-PNP (panel C) during the fluorometric
titration of phosphate in a concentration range between 0O (curves
1, panels A, B, and C) and 5.7 mM (curve 10, panel A), 2.5 mM
(curve 13, panel B), or 84 mM (curve 10, panel C). Insets:
fluorescence emission intensity values (@) at 340 nm (panel A),
308 nm (panel B), and 310 nm (panel C) as a function of phosphate
concentration for native PNP, Leuko-PNP, and Y249W-Leuko-PNP,
respectively; the curves are fits of the data to eq 1. Fluorescence
emission spectra were recorded at enzyme concentrations of ~3
uM in 20 mM Tris-Cl, pH 7.4, at 25 °C.

xanthine binding to Y249W-Leuko-PNP was determined
using an KinTek SF-MiniMixer stopped flow attached to a
FluoroMax-3 Spectrofluorometer equipped with a thermo-
statted water bath by following the fluorescence increase
above 300 nm upon excitation at 295 nm (10 nm slit widths,
10 mm path length). The reactions involved mixing equal
volumes of ~6 uM enzyme in 100 mM KH,PO,4, pH 7.4,
against saturated ligand solutions (36 M for guanine and
186 uM for hypoxanthine) in 100 mM KH,PO,, pH 7.4, in
the temperature range between 1 and 20 °C. Data points
(20—100) were recorded over the course of each reaction
(0.02-0.1 s), and at least 3 runs were averaged for each
temperature. The rates of guanine and hypoxanthine binding
to Leuko-PNP and Y249W-Leuko-PNP, respectively, at
different temperatures were determined by fitting the kinetic
data to a single exponential equation using the software
provided by the manufacturer.
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T-Jump Measurement of Leuko-PNP-Guanine Complex.
The relaxation kinetics of Trp-free PNP bound to guanine
in the presence of phosphate were determined by methods
described previously (39—42). Temperature jumps were
induced by a pulse of infrared light (1.56 um wavelength,
90-120 mJ energy, 1.5-2.0 mm diameter spot on the sample,
0.5 mm path length), generated by stimulated Raman shifting
the fundamental emission (1.064 um) of a Powerlite 7010
Q-switched Nd:YAG laser (Continuum, Santa Clara, CA),
operating at 2 Hz, in a 1 m long cell filled with deuterium
gas at 650 psi. Water absorbs the laser energy, and the
temperature of the exposed volume increases in approxi-
mately 6 ns. The size of the T-jump was calibrated using
the change of water IR absorption with temperature. Typical
T-jump values ranged from 6.5 to 8.5 °C. Diffusion of heat
out of the interaction volume proceeds with a time constant
of approximately 35 ms. Hence, the apparatus generated a
T-jump within 6 ns that remained constant until ap-
proximately 10 ms.

The fluorescence intensity of the tryptophan fluorophore
involved irradiation by emission lines near »290-300 nm
from an Innova 200-25/5 argon ion laser (Coherent, Palo
Alto, CA). To avoid photodamage, the excitation light was
modulated using a shutter that allowed 12 ms exposure for
every T-jump pulse. The power of the excitation beam was
attenuated by neutral density filters to give a typical beam
intensity of 15-20 mW. The incident excitation beam is
focused onto a 0.3 mm diameter spot on the sample in the
center of the beam path of the 1.56 um pulse. Tryptophan
fluorescence emission, detected at 50° to the excitation beam,
was passed through a narrow band filter (340 & 12 nm) and
was monitored using a R4220P photomultiplier tube
(Hamamatsu, Bridgewater, NJ). Data were digitized with a
CS82G data acquisition board (Gage Applied Technologies,
Montreal, Quebec, Canada) at 1 GS/s sampling rate. Overall
temporal resolution of the system is about 20 ns. A background
signal obtained without fluorescence excitation was measured
separately and subtracted from the kinetic data. A program
written in LabVIEW (National Instruments, Austin, TX) was
used for instrument control and data collection. Data were
normalized to the average fluorescence intensity taken before
the T-jump.

Typically, T-jump relaxation profiles were obtained by
subjecting the sample containing ~3 uM Leuko-PNP in 100
mM KH,PO4, pH 7.4, and variable concentration of guanine
(0.45-72.5 uM) to a laser-induced temperature jump (from
20 to 27 °C) every 500 ms. The relaxation is monitored using
fluorescence for the first 7 ms after the T-jump; once 300
ms has elapsed, the sample has relaxed to its original
temperature, allowing the T-jump to be repeated. Each
relaxation curve contains data from 3600 temperature jumps
on the same sample. Curve fitting was done with OriginPro
(OriginLab, Northampton, MA) software. The uncertainties
in the reported values of relaxation rates were determined
from the fitting parameters.

3C NMR of the Leuko-PNP-Guanine Complex. [U-13C,
N]Guanosine was purchased from Cambridge Isotope
Laboratories. The '3C NMR spectrum of the Leuko-PNP
complex with labeled guanine was obtained by mixing ~700
uM of the enzyme with ~550 uM of labeled guanosine in
20 mM Tris-Cl and 10% DO, pH 7.4, and the mixture was
subjected to arsenolysis using 50 mM Na,HAsO, (Sigma).
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Controls included the C NMR spectra of labeled free
guanosine at pH 7.4 and pH 12, the '3C spectrum of labeled
free guanine at pH 12 (prepared by arsenolysis and purified
by reverse-phase HPLC), the '*C spectrum of free Leuko-
PNP, and the '3C spectrum of the Leuko-PNP complexed
with unlabeled guanine. All spectra were acquired using a
Bruker 500 MHz spectrometer with 5 mm DUL 3C('H)
cryoprobe at 304 K. '*C NMR spectra were collected with
15000 scans of 64 K points, a recycle delay of 2 s, and a
carbon sweep width of 239 ppm with the carrier set to 100
ppm. Spectra were processed with an exponential window
function of 5 Hz. The '3C NMR spectra were assigned as
described previously (43, 44).

Data Analysis. The dissociation constants and the stoichi-
ometries of binding to PNPs were determined by fitting the
fluorometric titrations data to either eq 1 or eq 2, where F,
Fg, and Fgr. are the intrinsic fluorescence of the free
enzyme, ligand-bound enzyme, and enzyme at saturating
ligand, respectively, [L] is the total ligand concentration, [Ey]
is the effective concentration of binding sites of the enzyme,
fe and fg. are the fluorescence coefficients of free and ligand-
bound enzyme, respectively, and Ky is the dissociation
constant of the enzyme—ligand complex. The dissociation
constants and stoichiometries of radiolabeled ligand binding
to PNPs were determined by fitting the ultrafiltration equi-
librium binding data to eq 3, where r is the moles of ligand
bound per mole of enzyme, R is the moles of ligand bound
per mole of enzyme at saturating ligand concentration, and
A is the free ligand concentration. The temperature effects
on the thermodynamics of guanine and hypoxanthine binding
PNPs were determined by fitting the data to the Arrehenius

Ghanem et al.

equation (eq 4), where A is the preexponential factor, E, is
the energy of activation, R is the gas constant, with a value
of 8.31 J mol™! K™, and T is the temperature in Kelvin.

P - Eelh I )
EL K, + 1L 0

(L] | [Ead | K
FEL:FO_(fE_fEL)7+ 3 +7d_

VAL + [E, ] + K,)* — 4[E,][L]
. @)
1/r=(K,/R)(1/A)+ 1/R 3)
Intk) = InA — [E,/RT] 4)

Excited-State Calculations. Time-dependent density func-
tional theory (TD-DFT) was used to calculate the excited-
state properties of guanine alone and in the Leuko-PNP
complex (45, 46). The calculations used the triplet-§
6—311++G(d,p) basis set with the B3LYP exchange-
correlation functional. Calculations were performed using
Gaussian03 and the molecular orbitals rendered using the
GaussView program (47).

The model of guanine bound in the active site of Leuko-
PNP (Leuko-PNP-guanine) was generated from the X-ray
structure of the PNP-guanine complex (PDB code: 1V2H
(10)). The active site residues within 5 A of guanine were
included in the calculations. This model included guanine
and Alall6, Alall7, Glyl18, Phe200, Glu201, Val217,
Gly218, Met219, Thr242, Asn243, Glu259, and Val260
(Figure 1C). Hydrogen atoms were added with GaussView,

Table 2: Comparison of the Physical and Spectral Properties of Native, Leuko-, and Y249W-Leuko-PNPs at pH 7.4

native PNP Leuko-PNP Y249W-Leuko-PNP
Free Enzyme (E)*
molecular mass/monomer, Da” 36101 36033 36056
tryptophan residues/monomer” 3 none 1
tyrosin residues/monomer” 10 13 12
predicted €250 (MM ™! cm™1)” 28.83 19.62 23.63
crystallographic oligomeric state” trimer trimer trimer
fluo. emission, Aex295 nm (Amax, NM)? ~340 na‘ ~358
fluo. intensity, Aex205 nm (CPS)¢ ~3.5 x 10° ~5x 10* ~1.5 x 10°
Enzyme Phosphate Complex
fluo. emission, Aex295 nm (Amax, NM)? ~340 ~308 ~358 _
A fluo. intensity (E*Peo — E), Aex295 nm (CPS) ~1 x 10° ~5 x 10* ~0.1 x 10¢
K4 (phosphate) (MM) 0.18 4+ 0.02 0.15 £ 0.01 0.35 +0.05
Enzyme Ligand Complex®
fluo. emission, Aex295 nm (Amax, NM) ~340 ~333 ~358
A fluo. intensity (E*Lw — E), Aex295 nm (CPS) ~3.5x 10° ~3.5x 10° ~0.1 x 100
Ka Guamx) (uM) 0.4 +0.1 0.26 +0.03 23+£07
stoichiometry ([L]:[E]) 1.9+0.2 1.5£0.1 42+ 1.1
Enzyme Phosphate Ligand Complex®"
fluo. emission, Aex205 nm (Amax, nmM)? ~340 ~333 ~358
A fluo. intensity (E*P*Le — E*P), Aex205 nm (CPS) ~2 x 10° ~1.3 x 105 ~0.2 x 100
K4 Guamx) (M) 1.0+0.2 0.68 £ 0.10 3.0+0.8
stoichiometry ([L]:[E*P]) 1.54+0.5 1.50 £ 0.15 35+1.0
Equilibrium Ultrafiltration Binding to Either [8-*C]Guanine or [8-!*C]Hypoxanthine’
K4 Guamx) (M) 0.53 £ 0.01 32+£03 1.3+0.1
stoichiometry (R), mol/trimer 1.8 +0.1 33+0.5 3.34+0.8

“Enzyme in 20 mM Tris-Cl, pH 7.4. ” Calculated from the amino acid sequence of the enzymes (64). < From ref (10, 21). ¢ Fluorescence emission
studies were carried out using ~3uM of monomeric concentration of PNPs; CPS, count per second. ¢ Not available. / The highest fluorescence intensity
differences were observed at 310 nm. ¢ Using guanine (Gua) for native and Leuko-PNPs and hypoxanthine (Hx) for Y249W-Leuko-PNP.  Enzymes in
100 mM KH,POy, pH 7.4. ' Using [8-'“C]guanine for native and Leuko-PNPs and [8-'“C]hypoxanthine for Y249W-Leuko-PNP in 100 mM KH,PO4, pH

7.4, at room temperature.
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FIGURE 3: Ligand binding to PNPs in the absence of phosphate.
Fluorescence emission spectra (Aex = 295 nm) of native PNP (panel
A) and Leuko-PNP (panel B) during the fluorometric titration of
guanine in a concentration range between 0 (panels A and B, curves
1) and 4.55 uM (panel A, curve 10) or 4.15 uM (panel B, curve
13), and Y249W-Leuko-PNP (panel C) during the fluorometric
titration of hypoxanthine in a concentration range between 0 and
31.3 uM (panel C, curves 1 and 10, respectively). Insets: fluores-
cence emission intensity values (@) at 340 nm as a function of
guanine (panel A), 333 nm as function of guanine (panel B), and
358 nm as a function of hypoxanthine (panel C) for native PNP,
Leuko-PNP, and Y249W-Leuko-PNP, respectively; the curves are
fits of the data to eq 2. Fluorescence emission spectra were recorded
at enzyme concentrations of ~3 uM in 20 mM Tris-Cl, pH 7.4, at
25 °C.

assuming pH 7.4 where Glu201 and Glu259 have negatively
charged carboxylates. In this calculation, only the N7H
tautomeric form of guanine was considered since transition
state analysis has established N7 protonation to N7H prior
to reaching the transition state (9).

Three forms of N7H guanine were compared as (i) N1H,
6-keto, (ii) N1, 6-enol, and (iii) N1-anionic, 6-keto guanine
for bound complex and for free guanine in gas phase. In gas
phase calculations, free N7H guanine structures were opti-
mized at the B3LYP/6—31G(d,p) level and followed by TD-
DFT calculations at the B3LYP/6-311++G(d,p) level.
Combined quantum mechanics and molecular mechanics
(QM/MM) of the ONIOM method developed by Morokuma
et al. (48) were used to study the Leuko-PNP-guanine
complex. Two layers ONIOM (ONIOM?2) calculations were
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FIGURE 4: Ligand binding to PNPs in the presence of phosphate
(PO,). Fluorescence emission spectra (Adex = 295 nm) of native PNP-
PO, and Leuko-PNP-PO, complexes during the fluorometric
titration of guanine (panels A and B, respectively) in a concentration
range between 0 and 17 uM (panel A, curves 1 and 9, respectively),
and between 0 and 18.8 uM (panel B, curves 1 and 17, respectively),
and Y249W-Leuko-PNP-PO; complex during the fluorometric
titration of hypoxanthine in a concentration range between 0 and
33 uM (panel C, curves 1 and 10, respectively). Insets: fluorescence
emission intensity values (@) at 340 nm as a function of guanine
(panel A), 333 nm as a function of guanine (panel B), and 358 nm
as a function of hypoxanthine (panel C) for native PNP-PO,, Leuko-
PNP-POy, and Y249W-Leuko-PNP-PO, complexes, respectively;
the curves are fits of the data to eq 2. Fluorescence emission spectra
were recorded at enzyme concentrations of ~3 uM in 100 mM
KH,POy,, pH 7.4, at 25 °C.

applied by including guanine and the side chains of Asn243
and Glu201, which form strong H-bonds with the base into
the model-layer treated with high-level (DFT) and the rest
was treated with the semiempirical method (Figure 1C). The
systems were optimized at the ONIOM2(B3LYP/6-31G(d,p):
PM3) level and followed by excited-state TD-DFT calcula-
tions at the B3LYP/6-311++G(d,p) level for the model-
layer.

RESULTS AND DISCUSSION

Expression and Purification of Leuko-PNP and Y249W-
Leuko-PNP. Leuko-PNP and Y249W-Leuko-PNP were
expressed and purified to homogeneity as judged by SDS-
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FIGURE 5: Comparison of the thermodynamic boxes for the binding
of guanine to native PNP and Leuko-PNP (panels A and B, respectively)
and the binding of hypoxanthine to Y249W-Leuko-PNP (panel C).

PAGE using the same procedure described previously for
the purification of native PNP (27). Approximately 100 mg
of pure enzyme was obtained from 1 L of Luria—Bertani
culture medium. Native, Leuko-, and Y249W-Leuko-PNPs
purified in 20 mM Tris-Cl, pH 7.4, contained tightly bound
hypoxanthine in a stoichiometry of ~0.7-1 per catalytic site,
as indicated by UV-visible spectroscopy or by HPLC after
protein treatment with 10% (v:v) perchloric acid or 6 N HCI
and removal of precipitated protein. Incubation of PNPs in
100 mM KH,PO, in the presence of activated charcoal
removes the hypoxanthine (less than 5% residual hypoxan-
thine per trimeric concentration of enzyme as indicated by
reverse phase HPLC). This result is consistent with the
previously described role of inorganic phosphate or arsenate
in preventing the formation of tightly bound PNP-hypoxan-
thine complex (35). Native PNP expressed in E. coli is also
isolated with tightly bound hypoxanthine, and this ligand can
be removed from PNPs by the charcoal-phosphate treatment.

Steady State Kinetic and Slow Onset Inhibition Properties.
The steady state kinetic parameters of the three species of
PNP (PNP, Leuko-PNP, and Y249-Leuko-PNP) were de-
termined with inosine and guanosine as substrates (Table
1). Leuko- and Y249W-Leuko-PNP are similar to PNP in
their steady-state kinetic properties (Table 1). Although the
catalytic efficiency (keo/Kn) of all three enzymes was similar,
ke and Ky, values of Leuko-PNP and Y249W-Leuko-PNP
with either inosine or guanosine as substrate were slightly
lower than those of native PNP (Table 1). Tighter binding
of substrate/product correlating with slower turnover numbers
(kcay) 1s found when product release is a rate-limiting step in
steady-state catalysis. Because the three PNPs are similar in
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FIGURE 6: Equilibrium binding of [8-!4C]guanine or [8-!*C]hypo-
xanthine to PNPs in the presence of phosphate. Panels A and B,
moles of [8-1“C]guanine per mole of enzyme (native PNP and
Leuko-PNP, respectively) as a function of free [8-“C]guanine. Panel
C, moles of [8-“Clhypoxanthine per mole of enzyme (Y249W-
Leuko-PNP) as a function of free [8-'“C] hypoxanthine. Inset:
double reciprocal plots of the equilibrium binding, curves are fits
of the data to eq 3. All ultrafiltration binding experiments were at
room temperature in the presence of 3 M final enzyme concentra-
tion and variable concentrations (0.1 to 10 uM) of either [8-'“C]gua-
nine or [8-'“Clhypoxanthine in 100 mM KH,PO,, pH 7.4.

catalytic efficiency (k../Kn) and the rate-limiting step of some
PNPs is known to be a release of purine, Y249-Leuko-PNP
might be expected to exhibit the highest chemical rate (single
turnover number), followed by Leuko-PNP and native PNP
(49).

The differences in the dissociation constants for transition
state analogues of PNP (Table 1) suggest differences in the
transition-state structures as recently established in PNPs with
mutations remote from the catalytic sites (49-57). Chro-
mophore-free PNP (Leuko-PNP) and the loop-tryptophan-
PNP (Y249W-Leuko-PNP) were employed to study ligand
binding of PNP using spectrofluorometric techniques.

Spectrofluorometric Titrations of PNPs with Phosphate.
Although the steady- and presteady-state spectrofluorometric
properties of calf spleen and Cellulomonas PNPs have been
reported (18, 23-26), these properties have not been reported
for human PNP. The intrinsic fluorescence properties of the
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FIGURE 7: Association and dissociation rates for the binding of
guanine (Gua) to Leuko-PNP and hypoxanthine (Hx) to Y249W-
Leuko-PNP. Panel A, Arrhenius plot for the temperature dependence
of the rates of guanine binding to Leuko-PNP (@) and the
fluorescent changes in the active site loop of Y249W-Leuko-PNP
due to hypoxanthine binding (O). The rates were recorded in the
temperature range between 1 and 20 °C, in 100 mM KH,PO,, pH
7.4. Data were fit to eq 4 as indicated in Materials and Methods.
Panel B, the concentration dependence of ks (@) for T-jump
fluorescence relaxation profile of Leuko-PNP at different concentra-
tion of guanine (0.45-72.5 uM). All samples were prepared using
3 uM Leuko-PNP in 100 mM KH,PO,, pH 7.4 and excited at 300
nm and the emission were collected at 340 nm after temperature
jump from ~20 to 27 °C.

PNPs were significantly different upon excitation at 295 nm
(Figure 2 and Table 2). Native PNP (three Trp residues)
showed emission maximum centered at 340 nm, while
Leuko-PNP showed no emission maxima (Figure 2 and Table
2). The loop-tryptophan, Y249W-Leuko-PNP, showed an 18
nm shift of the emission maximum (A, centered at 358
nm) accompanied by 4-fold enhancement in the intrinsic
fluorescence intensity relative to native PNP (Figure 2 and
Table 2). This significant red-shift (18 nm) and enhanced
intensity suggest a solvent exposed Trp residue in Y249W-
Leuko-PNP with decreased quenching from neighboring
residues relative to native PNP where the Trp residues are
located in the hydrophobic core (52, 53).

Fluorometric titration of native PNP with inorganic phosphate
gave a ~30% increase in the intrinsic fluorescence intensity at
saturating ligand concentration without a shift of the emission
maximum at 340 nm (Figure 2A and Table 2). A dissociation
constant (Kg) of 0.18 £ 0.02 mM was determined by fitting
the titration data to eq 1. This result is similar to the 20%
enhancement of the intrinsic fluorescence intensity reported for
the fluorometric titration of Cellulomonas PNP with inorganic
phosphate (25). The 30% enhancement in the intrinsic fluores-
cence intensity of PNP is consistent with a small change in the
environment of Trp249 and/or tyrosine residues (52, 53). Crystal
structures of PNP complexed with guanine and sulfate (PDB
code 1V2H) or complexed with Immucillin-H and phosphate
(PDB code 1RR6) showed that Tyr88 is located within ~4 A
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of bound phosphate or sulfate (Figure 1), suggesting ionization
of Tyr88 (10, 21, 54). Fluorometric titration of Leuko-PNP with
phosphate results in only small changes at 350 nm and the
appearance of an emission maximum centered at 308 nm with
2-fold enhancement of fluorescence intensity compared to
unliganded enzyme (Figure 2B and Table 2). A single dissocia-
tion constant (Ky) of 0.15 &£ 0.01 mM was determined by fitting
the titration data to eq 1 (Figure 2B and Table 2). Enhanced
fluorescence intensity at 308 nm (characteristic fluorescence
emission maximum for tyrosine) is inconsistent with ionization
of Tyr88, suggesting polarity changes in the environment of
Tyr88 and/or other Tyr residues (54). Titration of native PNP
with phosphate indicated increased polarity in the Trp environ-
ments. Fluorometric titration of the loop-Trp-PNP (Y249W-
Leuko-PNP) with inorganic phosphate caused no significant
change in the fluorescence intensity at its A, at 358 nm (Figure
2C and Table 2). However, a small fluorescence intensity
enhancement (6%) was observed at 310 nm, consistent with
the change in the Tyr88 environment observed with Leuko-
PNP (54). Similar to native PNP and Leuko-PNP, a dissociation
constant (Ky) of 0.35 £ 0.05 mM was determined by fitting
the titration data to eq 1 (Figure 2C and Table 2). In conclusion,
there is no spectral evidence indicating ionization of a tyrosine
hydroxyl upon phosphate binding in these PNPs.

Spectrofluorometric Titration of PNPs with Guanine.
Fluorometric titration of native PNP with guanine in the
absence or presence of phosphate (100 mM KH,PO,) showed
2-fold and 1.7-fold increase in fluorescence intensity, re-
spectively, without a shift of the emission maxima (Figures
3A and 4A and Table 2). Titration data fitted to eq 2 gave
K4 values of 0.4 = 0.1 uM and 1.0 £ 0.2 uM for guanine in
the absence and the presence of phosphate, respectively
(Figures 3A and 4A and Table 2). Binding stoichiometries
of 1.9 £ 0.2 and 1.5 £ 0.5 of guanine per trimer in the
absence and the presence of phosphate, respectively (Table
2), suggest nonlinear fluorescence response to trimer satura-
tion or two molecules of guanine bound per enzyme trimer.
The structure of guanine bound to PNP to cause high
fluorescence intensity is disputed (/6-26). First, it was
assumed that fluorescence intensity was due to N1-anionic
guanine, which is highly fluorescent (pK, = 9.2) (16, 18-20).
Thereafter, structural, pH dependencies, steady-state, and pre-
steady-state kinetics and binding studies supported the idea
that guanine-bound PNP exists as the neutral spec-
ies (17, 18, 21-24, 26).

Fluorometric titration of Leuko-PNP with guanine in the
absence of phosphate showed a 7-fold increase of the
fluorescence intensity with an emission maximum at 333 nm
(Figure 3B and Table 2). This emission has no significant
contribution from the protein and is consistent with N1H
monoanionic guanine as previously reported (16, 22). A
dissociation constant (K4) value of 0.26 £ 0.03 uM and a
stoichiometry of 1.5 £ 0.1 Gua/trimer resulted from fitting
the titration data to eq 2 (Figure 3B and Table 2). Fluoro-
metric titration of Leuko-PNP with guanine in the presence
of phosphate (100 mM KH,POy) showed a 2-fold increase
in fluorescence intensity relative to the E-PO4 complex and
a bathochromic shift from 308 to 333 nm with a single
isosbestic point at ~310 nm, consistent with a single process
(Figure 4B and Table 2). A dissociation constant (K4) value
of 0.68 £ 0.10 uM and a stoichiometry of 1.50 &£ 0.15 Gua/
trimer were obtained from fitting the titration data to eq 2
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Table 3: Comparison of the Association and Dissociation Rates for the Binding of Guanine (Gua) to Leuko-PNP and Hypoxanthine (Hx) to

Y249W-Leuko-PNP in 100 mM KH,POy, pH 7.4

pre-steady-state fluorometry T-jump
enzyme ko, M~ 571 kofr, s~ kon, M™1 g7 kofr, s
Leuko-PNP+PO4*Gua (2.7+0.1) x 10 86 + 8° (3.6 +£0.2) x 107 142 £ 36¢
Y249W-Leuko-PNP-PO,-Hx (1.3£0.1) x 107 17+1° nd* nd

“Rates for 25 °C by extrapolating the stopped-flow fluorescence rates using the Arrhenius equation (eq 4). » Calculated [Kq = kofi/kon] using the K4
values determined by ultrafiltration and ko, values determined by stopped-flow fluorometry. © Experimental rates obtained from the T-jump relaxation

experiment. ¢ Not determined.

N1H, 6-keto, N9H Guanine

FIGURE 8: Molecular structures of different tautomers of guanine.

(Figure 4B and Table 2). Computational studies (see below)
are used to identify the molecular structure corresponding
to the spectral features of bound guanine.
Spectrofluorometric Titration with Hypoxanthine. Loop-
Trp-PNP (Y249W-Leuko-PNP) was titrated with hypox-
anthine to monitor catalytic site conformational changes
in response to binding. Titrations of Y249W-Leuko-PNP
with hypoxanthine in absence or the presence of phosphate
(100 mM KH,PQO,) showed a small increase in the intrinsic
fluorescence intensity (~6—10%) without any shift of the
emission maxima at 358 nm (Figures 3C and 4C and Table
2). The titration data were fitted to eq 2 to obtain Ky values
of 2.3 £ 0.7 and 3.0 & 0.8 uM for hypoxanthine in the
absence and presence of phosphate, respectively (Figures
3C and 4C and Table 2). Binding stoichiometries of 4.2
4+ 1.1 and 3.0 £ 1.3 per trimer were determined for
hypoxanthine in the absence and the presence of phos-
phate, respectively (Table 2), consistent with binding of
three molecules of hypoxanthine per enzyme trimer. The
weak change in fluorescence for the single Trp PNP
suggests that the reorganization of the catalytic site loop
upon hypoxanthine binding leaves Trp249 in an environ-
ment unchanged from that of the empty catalytic site.

Thermodynamic boxes for the binding of guanine to
native or Leuko-PNP and for hypoxanthine to Y249W-
Leuko-PNP were solved from the dissociation constants
determined from fluorometric titrations (Figure 5). All
PNPs showed weaker binding to guanine or hypoxanthine
in the presence of phosphate (Table 2). These results
support a role for inorganic phosphate in facilitating purine
base release following nucleoside phosphorolysis (20, 35).
The binding affinity of ligands to the loop-Trp-PNP was
2- to 8-fold weaker than those for native PNP and Leuko-
PNP and was most pronounced in binding of the purine
base. In contrast, the K, values for nucleosides (inosine

2
N1--6-anionic, N9H Guanine

NI, 6-enol, N7H Guanine

HO

7

N56\
‘g
9
NN

N1, 6-enol, N9H Guanine

2 SNH,

or guanosine) decrease only slightly as a result of the
Y249W-Leuko-PNP mutations (Table 1).

Equilibrium Ultrafiltration Binding. Fluorescence titrations
depend on assumptions of linear response and complete
saturation to permit accurate estimation of ligand stoichi-
ometry. Binding parameters for guanine and hypoxanthine
were also determined with [8-'*C]guanine and [8-'*C]hy-
poxanthine by equilibrium ultrafiltration (Figure 6 and Table
2). Dissociation constants for the binding of guanine to native
PNP, Leuko-PNP, and of hypoxanthine to Y249W-Leuko-
PNP were significantly larger than the values determined
by fluorometric titrations. The binding stoichiometry of
guanine to native PNP was 1.8 £ 0.1 mol/trimer, similar to
the value from fluorescence titration. The results suggest neg-
ative cooperativity for filling the third catalytic site with
guanine in native PNP. The binding stoichiometry for
guanine binding to Leuko-PNP and for hypoxanthine binding
to Y249W-Leuko-PNP was 3 mol/trimer (Table 2). These
results agree with structural data in which each monomer of
PNP contains a single active site saturated with substrate
analogue (21, 35, 55). The dissociation constant of 1.3 +
0.1 uM for hypoxanthine bound to the Y249W-Leuko-PNP-
phosphate complex agrees well with the value of 1.6 uM
determined in earlier studies (35, 56).

Association and Dissociation Binding Rates. The associa-
tion and dissociation rates for guanine binding to Leuko-
PNP-PO;, and for hypoxanthine binding to Y249W-Leuko-
PNP-PO, were determined by stopped-flow fluorometry
and T-jump relaxation kinetics. The association rates from
stopped-flow fluorometry for formation of PNP-(Gua/Hx)-
PO, complexes for all PNPs increased monotonically with
increasing temperature (Figure 7A). The rates of guanine
association (ko,) with Leuko-PNP-PO, and hypoxanthine
with Y249W-Leuko-PNP-PO, at 25 °C were determined
to be 2.7 £ 0.1 x 107 and 1.3 + 0.1 x 107 M~ ! s,
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FIGURE 9: 13C NMR spectra of (A) Leuko-PNP complexed with the unlabeled guanine (0.7 mM: 0.6 mM, pH 7.4), (B) free Leuko-PNP (0.7
mM, pH 7.4), (C) Leuko-PNP complexed with the 13C,'’N-guanine (0.7 mM: 0.6 mM, pH 7.4), (D) free 13C,’>N-guanine (0.6 mM, pH 12),
(E) free 3C,>N-guanosine (0.6 mM, pH 12), and (F) free '3C,">’N-guanosine (0.6 mM, pH 7.4). All 3C spectra were acquired at room
temperature in 90% H,O and 10% D,O with 20 mM Tris-Cl.

Table 4: TD-DFT Excitation Energies (1) Calculated at the B3LYP/6-311G++(d,p)] Level

tautomeric form orbitals? oscillator strengths" (03] Acale, N [E, €V] lexpl, nm [E, eV]°

Free N7H Guanine

~340 [3.65]
N1H, 6-keto
So— Sy H—L 0.1122 269 [4.61]
So— $S2 H—L+1 0.0097 256 [4.84]
N1, 6-enol
So— Sy H—L+1 0.0005 297 [4.18]
So— S H—L 0.0696 289 [4.29]
N1-anionic, 6-keto
So— Sy H—L 0.0029 392 [3.16]
So— S H—L+1 0.0026 341 [3.63]

N7H Guanine Bound to Leuko-PNP

~333 [3.72]
NI1H, 6-keto
So— Sy H—L 0.0008 342 [3.62]
So— S» H—L+1 0.0063 332 [3.73]
N1, 6-enol
So— Sy H—L 0.0005 480 [2.58]
So— S H—L+1 0.0001 458 [2.71]
N1-anionic, 6-keto
So— Sy H—L 0.0002 900 [1.38]
So— S» H-1—L +1 0.0001 660 [1.88]

“H represents HOMO, L represents LUMO. ” Oscillator strengths (f) are the dominant one-electron orbital contributions for the transitions. © [E, eV],
calculated from the experimental fluorescence Amax (E = he/ A).

respectively, by extrapolating the experimental data using sociation rates (kogr) of 86 + 8 and 17 + 1 s~! for guanine
the Arrhenius equation (Figure 7A and Table 3). Dis- from Leuko-PNP-PO4-guanine and for hypoxanthine from
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A

N1H, 6-keto, N7H

N1, 6-enol, N7H

N1-anionic, 6-keto, N7H

%fw’;?

2 “ :’A
A A ¢ o
N1H, 6-keto, N7H N1, 6-enol, N7H N1-anionic, 6-keto, N7H

FIGURE 11: Electrostatic potential surface of three different tautomers of guanine in gas phase (panel A) and guanine bound to Leuko-PNP
(panel B), calculated at the B3LYP/6-311++4G(d,p) level of theory.

Y249W-Leuko-PNP-PO,-hypoxanthine, respectively (25
°C), were calculated from the stopped-flow k,, and the
ultrafiltration Ky values (Table 3).? In agreement with the
kon and kg values determined for guanine using stopped-
flow fluorometry, ko, and kot values of 3.6 + 0.2 x 107
M~!s !and 142 + 36 s7!, respectively, were determined
for guanine association and dissociation from the Leuko-
PNP-PO, complex using T-jump relaxation kinetics (Fig-
ure 7B and Table 3). The relatively tight binding and slow
release of purine bases from PNP confirm that product
release is the rate-limiting step for nucleoside phospho-
rolysis by PNP (24, 58). The small fluorescence signal
for hypoxanthine binding to the loop-Trp-phosphate binary

complex did not allow the experimental determination of
the k., value.

3C NMR of the Leuko-PNP-Guanine Complex. The '3C
NMR spectra of guanine and the Leuko-PNP-guanine
complex were used to explore the nature of bound guanine.
The ab initio study of the excited states of free guanine in
gas phase and aqueous media indicated that 6-keto, N7H
guanine is the most stable form in the gas phase and 6-keto,
NOH guanine is the most stable form in water (Figure 8)
(59). However, the transition-state analysis PNP has estab-
lished N7 protonation to N7H prior to reaching the transition
state (9). The fluorescence peak of guanine in aqueous
solution at 332 nm has been proposed to originate from the
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lowest singlet excited state of the 6-keto, N7H guanine
(Figure 8) (59). However, pH titrations of free guanine in
50 mM KH,PO, showed that guanine is only fluorescent at
high pH (above pH 8.5), with a fluorescent emission peak
centered at ~340 nm (data not shown), consistent with
ionization of the N1H of the base (pK, = 9.2) (16, 18-20).
The '3C NMR spectra of guanine and guanosine were
compared at high and physiological pH values. An 8 ppm,
downfield shifts of C, and C¢ were observed in the 3C NMR
spectrum of guanosine at high pH relative to that at
physiological pH (Figure 9). This shift is consistent with
ionization of guanosine N1H (pK, value of 9.2) to the anion.
The 3C NMR spectrum of free guanine at high pH showed
a similar pattern for C, and Ce chemical shifts (Figure 9).
The *C NMR of Leuko-PNP-guanine was similar to '3C-
guanosine at neutral pH (Figure 9), consistent with neutral
NI1H guanine at the catalytic site. This spectrum also confirms
that N1H is the H-bond donor to Glu201 (mammalian PNPs)
or Glu204 (Cellulomonas PNP) (17, 18, 21-24, 26). Mutation
of Glu201 to alanine or glutamine decreases both catalytic
efficiency and the binding affinity of PNP for substrates and
substrate analogues (60), consistent with the interaction at N1H
being important in binding and catalysis.

Guanine Excited-State Calculations. The localized orbital
picture was used to probe the guanine excited state. Electron
transitions are described as linear combinations of one-
electron promotions between occupied and unoccupied
molecular orbitals (MOs) (61). The orbitals involved in these
transitions were investigated for the N1-neutral (6-keto and
6-enol) guanine and the N1-anionic tautomeric forms of free
N7H guanine and in complex with Leuko-PNP. In guanine,
the promotion of an electron from the ground state to the
lowest energy s—sm* state mainly involves the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) or LUMO + 1.

TD-DFT calculations of guanine in the gas phase indicate
that N1-anionic, 6-keto, N7H guanine exhibits two transitions
above 330 nm, while the N1H, 6-keto, N7H and N1, 6-enol,
N7H forms fluoresce at 250 to 300 nm (Table 4 and Figures
S2 and S3 of the Supporting Information). The So — S»
(HOMO — LUMO + 1) transition of Nl-anionic guanine
has a transition wavelength at 341 nm, consistent with the
experimental emission wavelength (Ay.) at 340 nm seen for
guanine at high pH. Thus, both calculated and experimental
fluorescent emission Amax are consistent with N1-anionic,
6-keto, N7H guanine as the fluorescent tautomeric species
of guanine in solution. However, the Am.x of 333 nm is
established for guanine bound to Leuko-PNP at physiological
pH. The *C NMR spectrum of guanine-Leuko-PNP estab-
lishes that fluorescent-bound guanine is not the N1-anion.
TD-DFT calculations of N7H guanine bound to Leuko-PNP
indicate that the So — S, (HOMO — LUMO + 1) transition
of the N1H, 6-keto, N7H guanine has a transition wavelength
at 332 nm, whereas the predicted transition wavelength of
N1, 6-enol, N7H and anionic forms are above 450 nm. The
electronic configurations of N1-anionic, 6-keto, N7H guanine
and N1H, 6-keto, N7H guanine bound to Leuko-PNP are
similar, with electron delocalization in the HOMO, excitation
which dominates the ground-state contributions to the So —
S1/S, transitions (Figure 10). This induced electron delocal-
ization in the HOMO of guanine bound to Leuko-PNP may
be due to the strong hydrogen bond interaction of N1H with
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Glu201 (rgo = 1.64 A, Owuo = 162°). The electronic
changes through N1 are indicated by the electrostatic
potential (ESP) surface and atomic ESP charges using the
Merz—Singh—Kollman (MK) scheme (Figure 11 and Table
S1 of the Supporting Information).

CONCLUSION

The results from fluorometric titrations, pre-steady-state
kinetics, equilibrium ultrafiltration binding, and T-jump
fluorometry support the formation of the catalytically relevant
ternary complex (enzyme—ligand—phosphate) for PNP by
random path single-step binding processes. In binding, at
least two of the three catalytic sites of trimeric PNP act
independently. In the presence of phosphate, the binding of
guanine or hypoxanthine to PNP does not lead to protein
conformational changes that generate unambiguous fluores-
cence signals from the reporter chromophores over the msec
(stopped-flow) or the nsec to usec (T-jump) time ranges.
These results are consistent with a one-step binding process
of noninteracting binding sites for the binding of hypoxan-
thine in the presence of phosphate. In the absence of
phosphate, negative cooperativity between PNP binding sites
has been observed for guanine or hypoxanthine and for the
binding of transition-state analogue inhibitors (Immucillins)
to mammalian PNPs in the presence of phosphate (35, 62, 63).
The nature of fluorescent-bound guanine is established to
be N1H, 6-keto, N7H guanine with altered electronic properties
from catalytic site contacts. Leuko-PNP provides a novel,
achromatic protein platform to investigate the interaction of
chromophores with this important drug target.

SUPPORTING INFORMATION AVAILABLE

Arrhenius plot for the temperature dependence of the
dissociation rates (kog) of guanine from Leuko-PNP (Figure
S1), Jablonski diagram of singlet excited-state transitions of
different N1-ionization of N7H guanine in gas phase as
determined by TD-DFT calculation at the B3LYP/6-311++G(d,p)
level (Figure S2), Jablonski diagram of singlet excited-state
transitions of different N1-ionization of N7H guanine bound to
Leuko-PNP as determined by TD-DFT calculations at the B3LYP/
6-311++G(d,p) level (Figure S3), and the atomic charges using
the Merz—Singh—Kollman (MK) scheme calculated at the B3LYP/
6-311++G(d,p) level of theory (Table S1).This material is
available free of charge via the Internet at http://pubs.acs.org.
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