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ABSTRACT: Human (HsPNP) and bovine (BtPNP) purine nucleoside phosphorylases are homotrimers with
the catalytic sites located near the subunit-subunit interfaces. Despite the high amino acid sequence
similarity (87% identical) and the fully conserved catalytic site contacts between BtPNP and HsPNP,
crystal structures reveal that the subunits interact differently and isotope effect studies indicate distinct
transition-state structures. The subunit interfaces and crystallographic packing properties of BtPNP differ
from HsPNP. Hypothetically, mutating HsPNP toward BtPNP might alter the dynamic, catalytic and subunit
packing properties of HsPNP to become more similar to BtPNP. Amino acids Lys22 and His104 in HsPNP
were target candidates based on crystal packing contacts and were replaced with their BtPNP counterparts
to give Lys22Glu:His104Arg (E:R-PNP). The kinetic properties (steady and pre-steady state), inhibition
constants, and thermodynamic properties of E:R-PNP were compared to HsPNP and BtPNP. The E:R-
PNP is similar to HsPNP in steady-state kinetic properties. However HsPNP and E:R-PNP show remarkable
ratios for (Km guanosine)/(Ki* DADMe-ImmG) of 2.8× 107 and 4.7× 107 respectively, suggesting that
DADMe-ImmG is an excellent mimic of the transition states for both HsPNP and E:R-PNP with a
preference for E:R-PNP. Thermodynamic parameters obtained from the temperature dependence studies
of the chemical step establish E:R-PNP to be catalytically more efficient than the parent enzyme and
reveal differences in the entropic component of catalysis. The two companion manuscripts (Luo, M., Li,
L. and Schramm, V. L. (2008)Biochemistry 47, 2565-2576; Li, L., Luo, M., Ghanem, M., Taylor, E. A.,
and Schramm, V. L. (2008)Biochemistry 47, 2577-2583) report changes in transition-state structure as
a consequence of mutations remote from the catalytic sites of both HsPNP and BtPNP.

Purine nucleoside phosphorylase (PNP, EC 2.4.2.1) cata-
lyzes the reversible phosphorolysis of purine (deoxy)-
ribonucleosides to the corresponding purine base and (2′-
deoxy) ribose 1-phosphate (Figure 1) (1, 2). The genetic
deficiency of HsPNP1 results in a specific T-cell immuno-
deficiency due to the accumulation of deoxyguanosine in
blood and dGTP in activated, dividing T-cells (3). Inhibition
of HsPNP provides a potential therapy for T-cell cancers
and autoimmune diseases (4-6).

The first-generation transition state analogue inhibitors,
immucillins (ImmH and ImmG) (Figure 2), were designed
on the basis of an early ribooxacarbenium transition-state
structure for BtPNP (7). Both inhibitors showed slow-onset,
tight-binding competitive inhibition for both bovine and
human enzymes, with preference for the bovine enzyme (1,
8). ImmH has proven to be pharmacologically favorable and
has entered phase II clinical trials for the treatment of T-
and B-cell cancers (Forodesine) (6, 8).

Despite the high amino acid sequence similarity (87%
identical) and the fully conserved catalytic site contacts
between BtPNP and HsPNP, ImmH binds to BtPNP 2.4-
fold tighter than to HsPNP (Ki* values of 23 and 56 pM,
respectively), suggesting dissimilarity of the transition-state
structures between HsPNP and BtPNP (1, 9, 10). Conse-
quently, the transition-state structure of HsPNP was solved,
and showed a near-fully dissociated ribooxacarbenium ion
transition state with full leaving-group departure prior to the
nucleophilic attack of phosphate (1, 9).

The second-generation DADMe-immucillin transition state
analogue inhibitors (DADMe-ImmH and DADMe-ImmG)
(Figure 2) were synthesized to mimic this fully dissociated
transition state (8, 9, 11). This new generation of transition
state analogue inhibitors was superior in inhibiting HsPNP
with Ki* values of 16 and 7 pM for DADMe-ImmH and
DADMe-ImmG, respectively (1, 8). DADMe-ImmH was
called “the ultimate inhibitor” for mouse PNP due to its
ability to inhibit the enzymein ViVo for the lifetime of
erythrocytes following a single oral administration (11).
DADMe-ImmH has entered phase II clinical trials for
autoimmune disease indications under the names BCX-4208
and R3421 (1).

Human and bovine PNPs are homotrimers, and the
catalytic sites are located near the subunit-subunit interface.
The catalytic sites consist of residues N243, E201, H257,
F200, Y88, M219, and F159 as contacts for the nucleoside,
and residues S33, H64 (in BtPNP only), R84, H86, A116,
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and S220 as contacts for the phosphate group. In addition,
two catalytic waters (WAT502 and WAT520) are buried in
the catalytic site (12). F159 is a catalytic site residue from
the adjacent subunit and covers the catalytic site from
accessible solvent (12).

Based on the catalytic activity and the crystallographic
packing properties of BtPNP compared to HsPNP, it was
hypothesized that mutation of HsPNP toward BtPNP might
improve the crystallographic properties of HsPNP to match
the superior diffraction properties of BtPNP. It was also of
interest to determine if mutations remote from the catalytic
site, but involved in the overall architecture of the enzyme,
would influence catalytic properties and transition-state
structure. Amino acids Lys22 and His104 of HsPNP were
selected as target candidates from electrostatic differences
at crystal lattice contacts of the enzymes. The surface
residues, Lys22 and His104 in HsPNP were replaced with
Glu and Arg, respectively, to match the electrostatics for
these BtPNP surface residues. The kinetic properties (steady
state and pre-steady state), inhibition constants and structural
properties of E:R-PNP were compared to human and bovine
enzymes. The rate and thermodynamic properties of the
catalytic step are altered by these mutations. The following
papers demonstrate that remote or second-sphere mutations
influence transition-state structure for both HsPNP and
BtPNP. Finally, QM/MM calculations have been used to
demonstrate that these mutations also change the dynamic

properties at numerous sites throughout the protein and that
these dynamic changes are transmitted into the catalytic site.2

MATERIALS AND METHODS

WT-BoVine PNP. Wild-type bovine PNP (BtPNP, calf
spleen) in 3.2 M ammonium sulfate was purchased from
Sigma.

Site-Directed Mutagenesis.Site-directed mutagenesis of
the two residues (K22 and H104) was carried out using a
QuikChange Multi Site-Directed Mutagenesis kit (Stratagene)
to prepare the bovinized HsPNP (E:R-PNP), in which Lys22
and His104 were replaced with Glu and Arg, respectively.
The method used was according to the manufacturer’s
instructions, using the native HsPNP cDNA inserted into
pCRT7/NT-TOPO (9) as a template and K22Ef 5′-GCT-
TCTGTCTCATACTGAGCAGCGACCTCAAGT-3′, K22Er
5′-ACTTGAGGTCGGTGCTCAGTATGAGCAAGAAC-
3′, H104Rf 5′-AGTGAGGGTTTTCCGCCTTCTGGGT-
GTGG-3′, H104Rr 5′-CCACACCCAGAAGGCGGAAAAC-
CCTCACT-3′ oligonucleotides as forward (f) and reverse
(r) primers (underlined letters indicate mismatches). The
DNA sequence was confirmed by automated DNA sequenc-
ing, and the plasmid was transformed intoEscherichia coli
strain BL21(DE3)pLysS competent cells (Invitrogen).

Expression and Purification of HsPNP and E:R-PNP.
HsPNP and E:R-PNP were expressed and purified to

2 S. Saen-Oon, M. Ghanem, C. Wing, V. L. Schramm, and S. D.
Schwartz, (2008)Biophys. J. 94, in press.

FIGURE 1: Phosphorolysis reaction of the conversion of purine nucleoside (inosine or guanosine) to purine base (hypoxanthine or guanine),
catalyzed by PNP.

FIGURE 2: First- and second-generation transition-state analogues (immucillins) that mimic the transition state ribooxacarbenium ion character
of PNPs.
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homogeneity as judged by SDS-PAGE using the same
procedure used previously for the purification of the native
HsPNP (9).

Enzymes Assays.Activity assays for HsPNP, E:R-PNP,
and the BtPNP with inosine as a substrate were carried out
as previously described by monitoring the conversion of
hypoxanthine to uric acid (ε293 ) 12.9 mM-1 cm-1) (13) in
a coupled assay containing 60 milliunits of xanthine oxidase
and variable concentrations of inosine, in 50 mM KH2PO4,
pH 7.4 at 25°C (11). Activity assays for HsPNP, E:R-PNP,
and BtPNP with guanosine were carried out by monitoring
the formation of guanine (ε257 ) -5.07 mM-1 cm-1) in direct
assays containing variable concentrations of guanosine, in
50 mM KH2PO4, pH 7.4 at 25°C.

Slow-Onset Inhibition. Slow onset inhibition was measured
following the addition of enzyme to complete assay mixtures
at 1 mM inosine and various inhibitor concentrations (14,
15). Inhibitor concentrations were determined spectropho-
tometrically using the published millimolar extinction coef-
ficients of 9.54 at 261 nm and 8.92 at 269 nm at pH 7 for
9-deazainosine (ImmH based inhibitors) and 9-deazagua-
nosine (ImmG based inhibitors), respectively (10, 15, 16).
Enzyme (0.2-0.5 nM final concentration) was added to assay
mixtures followed by monitoring of product formation. Rates
were monitored for 1-2 h to determine the initial reaction
rate and to determine if a second reaction rate occurred as a
result of slow-onset inhibition. The inhibition constant (Ki)
for the initial rate was determined from its fit to eq 1, which

describes the competitive inhibition pattern of the immucillin
based inhibitors (Imm) and inosine as substrate (A). Km is
the Michaelis constant for inosine (A), and Ki is the
dissociation constant of inhibitor from the PNP‚PO4 complex,
assuming competitive inhibition. The dissociation constant
for the equilibrium complex after slow-onset inhibition has
occurred,Ki*, was determined from fits of the final slopes
to eq 1 (15).3

Stopped-Flow Fluorescence Kinetics.The temperature
dependence of single turnover catalysis with guanosine was
determined using an Applied Photophysics stopped-flow
spectrophotometer (modelπ*-180 spectrometer) equipped
with a thermostated water bath. The fluorescence increase
caused by enzyme-bound guanine was followed by excitation
at 280 nm and emission above 290 nm (2.5 nm slit widths,
2 mm path length). The rates (k3) represent the conversion
of PNP‚guanosine‚PO4 to PNP‚guanine‚R-1-P (Figure 3).
Equal volumes of∼4 µM enzyme in 50 mM KH2PO4 pH
7.4 were rapidly mixed with saturated guanosine (∼2 mM)
in the same buffer. The temperature was varied from 4 to
20 °C. Two hundred data points were collected over 0.1 to
0.5 s, and at least 3 runs were averaged at each temperature.

The single turnover rates at different temperatures were
determined by fitting the stopped-flow traces into the
equation for single-exponential decay (eq 2), wherekobs

represents the first-order rate constant of the chemical step
(k3), t is time,Ft is the fluorescence emission intensity above
290 nm,A is the amplitude of the total change, andF∞ is
the fluorescence intensity at infinite time.

The temperature dependence of the single turnover rates
(k) were determined by fitting the data with the Arrhenius
and the Eyring equations (eqs 3 and 4, respectively), where
kB and h are the Boltzmann and Planck constants, respec-
tively, A is the preexponential factor,Ea is the energy of
activation,R is the gas constant (8.31 J mol-1 K-1), andT
is the temperature in kelvins. The enthalpy of activation
(∆Hq) is calculated from the slope of the plots, whereas the
entropy (∆Sq) is calculated fromy-intercept of the plots.

RESULTS AND DISCUSSION

Expression and Purification of E:R-PNP.HsPNP and E:R-
PNP were expressed and purified to homogeneity as judged
by SDS-PAGE using the procedure described previously
for the purification of the native HsPNP (9). Approximately
80-100 mg of purified E:R-PNP was typically obtained from
cells cultured in one liter of Luria-Bertani culture medium.

Steady-State Kinetic Properties.The steady-state kinetic
parameters of HsPNP, E:R-PNP, and BtPNP were deter-
mined with either inosine or guanosine as substrates (Table
1). E:R-PNP is catalytically similar to HsPNP and BtPNP
in converting inosine or guanosine to hypoxanthine or
guanine, respectively, and ribose 1-phosphate (Table 1).
Although the catalytic efficiency (kcat/Km) of all three
enzymes was similar,kcat and Km values of HsPNP with
inosine as substrate were greater than those of BtPNP (Table
1). Tighter binding of substrate/product correlating with
slower turnover numbers (kcat) is found when product release
is a rate-limiting step in steady-state catalysis. Thekcat and
Km values for E:R-PNP with inosine as substrate were
between those for human and bovine enzymes but were
closer to those for HsPNP (Table 1). Since the three PNPs
are similar in catalytic efficiency (kcat/Km) and the rate-
limiting step of some PNPs is known to be release of purine

3 Origin of Ki and Ki* based on the slow-onset tight-binding of
immucillins (Imm):

PNP‚PO4 + Immy\z
k1

k2
PNP‚Imm‚PO4y\z

k3

k4
PNP*‚Imm‚PO4

Ki ) k2/k1

Ki* ) Ki(k4/k3 + k4)

V
e

)
kcatA

Km(1 + Imm
Ki

) + A
(1)

FIGURE 3: The reaction scheme of PNP (E) for conversion of
guanosine to guanine and ribose 1-phosphate (R-1-P). Only the
enzyme-bound guanine is fluorescent under these conditions.
Product release is rate-limiting.

Ft ) A exp(-kobst) + F∞ (2)

ln(k) ) ln A - [Ea/RT] (3)

ln(k/T) ) ln(kB/h) + ∆Sq/R -∆Hq/RT (4)
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(1), BtPNP might be expected to exhibit the highest chemical
rate (single turnover number) followed by E:R-PNP and
HsPNP.

Slow-Onset Inhibition of E:R-PNP.The second-generation
transition-state inhibitors, DADMe-ImmH [2] and DADMe-
ImmG [4], are powerful inhibitors for E:R-PNP and bind
tightly with Ki* values of 15 and 1 pM, respectively,
compared toKi* values of 85 and 7 pM for first-generation
inhibitors (ImmH and ImmG, respectively) (Table 2). The
binding of DADMe-ImmG to E:R-PNP is remarkable by
giving a ratio of 47,000,000 for (Km guanosine)/(Ki* DADMe-
ImmG), the highest binding affinity for any transition-state
analogue with any known PNP.

The pattern of selective inhibition by the DADMe-
immucillins relative to immucillins is also observed for both
E:R-PNP and HsPNP (Table 2), suggesting a transition-state
structure for E:R-PNP more similar to that of HsPNP. In
contrast, BtPNP shows strong selectivity for ImmH [1]
relative to DADMe-ImmH [2] with Ki* values of 23 and
100 pM for ImmH and DADMe-ImmH, respectively (17,
18). The binding preference of BtPNP for [1] and [2] reverses
with the 9-deazaguanine-based inhibitors, ImmG [3] and
DADMe-ImmG [4], where theKi* values were 55 and 14
pM, respectively. Discrimination of BtPNP binding to
immucillin-H or immucillin-G based inhibitors is consistent
with the Km values of inosine compared to guanosine
substrates (Km values of 16µM and 49µM, respectively)
(Tables 1 and 2). Therefore, using inosine as substrate and
immucillin-H based inhibitors provides the more reliable
probe for transition-state structure of these PNPs.

Transition-State Structure of E:R-PNP.Despite the 87%
amino acid sequence identity between HsPNP and BtPNP,
their transition-state structures differ substantially. BtPNP
has an early ribooxacarbenium ion transition-state structure
featuring a C1′-N9 bond of approximately 1.8 Å (7). In
contrast, HsPNP has a near-fully dissociated transition state,
in which the leaving group (hypoxanthine) departure is

complete (3.0 Å) prior to the nucleophilic group (arsenate)
attack, and the ribosyl group is a fully developed ribooxac-
arbenium ion (1, 8, 9). If mutation of the remote H:R residues
influences transition-state structure, the TS for E:R-PNP
would be expected to be different from HsPNP and BtPNP.
This is the case, as described in a companion paper (34).

Pre-Steady-State Kinetics.The chemical step of C1′-N9
bond cleavage and formation of enzyme-bound products is
faster for E:R-PNP than for HsPNP (Table 3). With chemical

steps of 154 and 214 s-1, and steady-statekcat values of 30
and 31 s-1 for guanosine phosphorolysis, guanine release is
implicated as the overall rate-limiting step for both HsPNP
and H:R-PNP. This reaction pathway for E:R-PNP is also
supported by the comparative principal component or Es-
sential Dynamics analysis comparing HsPNP and E:R-PNP.2

The enzymes complexed with ImmG and phosphate show
correlated motions between the phosphate loop (residues 57-
65; subunit A) and the F159 loop (residues 155-160; subunit

Table 1: Comparison of Steady-State Kinetic Constants for HsPNP,
E:R-PNP and BtPNP with Either Inosine or Guanosine as Substratea

parameter HsPNP E:R-PNP BtPNP

Inosine as a Substrate
kcat, s-1 40 ( 1 31.5( 0.5 20( 1
Km, µM 30 ( 2 27( 2 16( 1
kcat/Km,

M-1 s-1
(1.3( 0.1)×

106
(1.2( 0.1)×

106
(1.25( 0.1)×

106

Guanosine as a Substrate
kcat, s-1 31 ( 2 30( 2 27( 1
Km, µM 42 ( 7 47( 7 49( 6
kcat/Km,

M-1 s-1
(0.73( 0.13)×

106
(0.63( 0.10)×

106
(0.55( 0.07)×

106

a Enzymatic activity was measured in 50 mM KH2PO4, pH 7.4, at
25 °C.

Table 2: Comparison of the Inhibition Constants (Ki andKi*) of HsPNP, E:R-PNP and BtPNP for Selected Immucillin Based Inhibitors

HsPNP E:R-PNP BtPNP

inhibitor Ki (pM) Ki* (pM) Ki (pM) Ki* (pM) Ki (pM) Ki* (pM)

ImmH [1] >1000 88( 3 670( 40 85( 6 ∼41,000a 23b

DADMe-ImmH [2] 350 ( 60 8.5( 0.2 240( 60 15( 1 >1000 100c

ImmG [3] 133 ( 21 9.2( 0.1 175( 30 7.0( 0.2 463( 75 55( 4
DADMe-ImmG [4] 34 ( 4 1.5( 0.1 121( 7 1.0( 0.1 454( 100 14( 3

a From (10). b From (17). c From (18).

FIGURE 4: Trimeric crystal structure of HSPNP in complex with
Immucillin-H (Imm-H) and phosphate (PDB IRR6).

Table 3: Comparison of the Thermodynamic Parameters of HsPNP,
E:R-PNP and BtPNP for Phosphorolysis of Guanosine

parameter HsPNP E:R-PNP BtPNP

k3, s-1 (25 °C)a 154( 3 214( 3 316( 6
k3, s-1 (37 °C)a 540( 15 840( 90 942( 176
T∆Sq,b kJ mol-1 17 ( 1 25( 1 9.0( 0.5
∆Hq,c kJ mol-1 78 ( 3 85( 3 67( 3
Ea,d kJ mol-1 80 ( 3 87( 3 70( 3
∆Gq,b kJ mol-1 60 ( 4 60( 4 58( 3
a Rates for 25 and 37°C were obtained by extrapolating the stopped-

flow fluorescence rates using the Arrhenius equation (eq 3).b Data for
25°C. c Data were calculated by using the Eyring equation (eq 4).d Data
were calculated by using the Arrhenius equation (eq 3)
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C).2 Overall, the longer side chain of Arg104 enhances the
mobility and the dynamics of the F159 loop of subunit C
which in turn enhances the geometry and the dynamics of
the residues that form a hydrophobic cluster around the
substrate/transition-state analogue (H257, F200, and Y88;
subunit A) and consequently stabilize the transition state
ribooxacarbenium ion of E:R-PNP.

Thermodynamic Properties of PNPs.The temperature
dependence of the catalytic step (k3) for BtPNP, HsPNP and
E:R-PNP was explored by single turnover kinetics (Figures
3 and 5, Table 3). Single-turnover rates were measured in
the presence of near-saturating guanosine and phosphate by
monitoring the increase of fluorescence intensity due to the
formation of the PNP‚guanine‚R-1-P complexes (19, 20).
Guanine bound to PNP is fluorescent, but free guanine and
free or bound guanosine are not. The single turnover numbers
(k3) for HsPNP, E:R-PNP and BtPNP increased monotoni-
cally with increasing temperature (Figure 5). BtPNP showed
the highest rates (k3) at all temperatures followed by E:R-
PNP, while HsPNP showed the lowest rates. The differences
increased at physiological temperature (Figure 5 and Table
3). For example, the single turnover numbers for BtPNP were
316 and 940 s-1 at 25 and 37°C, respectively, in comparison
with 214 and 840 s-1 for E:R-PNP, and 154 and 540 s-1 for
HsPNP (Table 3). Analysis of the temperature dependences
of the single turnover number (k3) according to Arrhenius
and Eyring equations for the three species of PNP showed
linear increases of the ln(k) or ln(k/T) values with increasing
temperature (Figure 5). Different activation enthalpies (∆Hq)
and activation entropies (∆Sq) for the conversion of PNP‚
guanosine‚PO4 into PNP‚guanine‚R-1-P are demonstrated by
different slopes andy-intercepts for the three PNPs (Figures
3 and 5, Table 3).

Activation entropy is a system parameter composed of
several components including (1) the spatial freedom of the
substrate within the enzyme active site, (2) differences of
the degree of freedom of the catalytic site residues of the
protein, and (3) solvent reorganization (21, 22). For E:R-
PNP, the remote mutations (g25 Å from the catalytic site)
resulted in an increase of the activation enthalpy (∆Hq), the
activation entropy (T∆Sq), and the activation energy (Ea)
compared to that for HsPNP (Table 3). The single turnover
rates (k3) for E:R-PNP were 1.5-fold greater than for HsPNP.
A favorable entropic term offsets the less favorable enthalpic
component, and accounts for an increase ink3 from 154 to
214 s-1 at 25°C (Table 3). This observation appears to be
unusual relative to other examples in the literature, where a
favorable entropy component compensates for unfavorable
activation enthalpy and activation energy terms (21-25).
Thus, the proposed enhanced mobility and dynamics of the
F159 loop of subunit C in turn enhances the geometry and
the dynamics of the active site residues (H257, F200, and
Y88; subunit A) to increase the probability of forming the
transition state for E:R-PNP (Figure 4). The enhanced
activation entropy is characteristic of an altered transition-
state structure, and the difference is shown to be the degree
of participation of the nucleophile (described in ref34). The
2-fold difference in single turnover rates (k3) between BtPNP
and HsPNP is also explained by the differences in∆Hq, Ea,
and T∆Sq (Table 3). In this case, the enthalpic term
diminished to mask the entropic term, resulting in 2-fold
faster enzyme. From the point of view of the transition-
state structure, BtPNP forms an earlier transition state
relative to HsPNP as a result of a more highly activated
leaving group and an early ribooxacarbenium ion transition-
state structure.

Enzymatic enthalpy/entropy compensation is not fully
understood (26-28). The contribution of differential entropic
activation has not been fully explained in protein modeling
studies due to its complexity, although suggestions of how
to handle this component have been proposed (28-31).
However, these parameters are simplified by comparing
thermodynamic parameters for closely related PNPs cata-
lyzing the same reaction. Here, the entropic contributions
are most likely to result from altered dynamic modes leading
to transition-state formation.

Computational analysis of E:R-PNP suggested a dynamic
connection path whereby the remote mutations affect vibra-
tional interactions transmitted into the active site.2 The power
spectra of E:R-PNP complexed with the transition-state
analogue (ImmG) and phosphate showed a correlation
between the vibration of O5′-N4′ and H257:ND1-ImmG:
O5′, consistent with the dynamic coupling of the group and
in turn contributing to catalysis (32, 33). Enhanced dynamic
coupling and enhanced activation entropy (∆Sq), together
with the enhanced single turnover number caused by remote
mutations in E:R-PNP, establish the mechanism in which
remote dynamics are coupled into the catalytic site of human
PNP.
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