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COMMUNICATION
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General acid catalysis is a powerful and widely used strategy in
enzymatic nucleophilic displacement reactions. For example, hydrolysis/
phosphorolysis of the N-glycosidic bond in nucleosides and nucleotides
commonly involves the protonation of the leaving nucleobase concomi-
tant with nucleophilic attack. However, in the nucleoside hydrolase of
the parasite Trypanosoma vivax, crystallographic and mutagenesis studies
failed to identify a general acid. This enzyme binds the purine base of
the substrate between the aromatic side-chains of Trp83 and Trp260.
Here, we show via quantum chemical calculations that face-to-face stack-
ing can raise the pKa of a heterocyclic aromatic compound by several
units. Site-directed mutagenesis combined with substrate engineering
demonstrates that Trp260 catalyzes the cleavage of the glycosidic bond
by promoting the protonation of the purine base at N-7, hence functioning
as an alternative to general acid catalysis.

q 2004 Elsevier Ltd. All rights reserved.
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The cleavage of the N-glycosidic bond in
(deoxy)nucleosides and -nucleotides is a common
reaction in DNA damage and repair,1 toxicity
mechanisms,2 and nucleobase salvage.3,4 The
dimeric nucleoside hydrolase (EC 3.2.2.1) in the
purine salvage pathway of Trypanosoma vivax
catalyzes the hydrolysis of the N-glycosidic bond
of inosine, adenosine, and guanosine.5,6 The crystal
structures of the wild-type enzyme in complex
with the inhibitor 3-deaza-adenosine6 and of the
slow Asp10Ala mutant in complex with the sub-
strate inosine7 have been solved to high resolution.
A pre-steady state kinetic analysis8 has shown that
fast hydrolysis of the scissile bond of the substrate
(k2; see Table 1) is followed by a slow two-step
release of ribose including a rate limiting confor-
mational change of the enzyme–ribose complex
ðk3Þ: This multi-step mechanism gives rise to burst
kinetics when the release of the base is monitored.
To hydrolyze the N-glycosidic bond ðk2Þ; the

enzyme stabilizes an oxocarbenium transition
state9 and activates a water molecule as the nucleo-
phile using a general base (Asp10) and a tightly
bound Ca2þ.6 Activation of the leaving group
by N-7 protonation is another recurring catalytic
strategy in both solution and enzymatic cleavage
of glycosidic bonds in purine nucleosides. Indeed,
solution hydrolysis of purine nucleosides shows
an apparent first-order dependence on proton
concentration in the pH-range 0–7, indicating that
the protonated nucleoside is the reactive
species.10,11 Similarly, several purine N-ribohydro-
lases and N-transferases (including base-aspecific
nucleoside hydrolases,9 purine nucleoside
phosphorylases,12 AMP nucleosidases,13 phosphor-
ibosyl transferases14 and ribosome-inactivating
proteins15) have been suggested to proceed by an
analogous mechanism involving pre-equilibrium
protonation at N-7 by an acidic group on the
enzyme. Protonation of the nucleoside base by an
enzymatic general acid prior to reaching the tran-
sition state results in the facilitated departure of
an uncharged leaving nucleobase. Alternatively to
protonation, a hydrogen bond donor on the
enzyme could also stabilize the developing nega-
tive charge on the leaving base, as is the case in
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the uracil DNA glycosylases.16 In the T. vivax
nucleoside hydrolase, however, no general acid or
hydrogen bond donor has thus far been identified.
Here, the nucleic base is stacked nearly parallel
between two tryptophans (Trp83, Trp260) and is
also located in the vicinity of two polar residues

(Asp40, Asn12) (Figure 1). An alanine scan of the
latter residues and of a flexible loop near the active
site ruled out all possible candidates for a general
acid or a hydrogen bond donor.7 In our search for
an alternative mechanism for leaving group acti-
vation, we investigated the catalytic role of Trp83
and Trp260 via enzyme and substrate engineering,
fast kinetics, X-ray crystallography and ab initio
quantum chemical calculations.

Site-directed mutagenesis reveals a role for
Trp260 in leaving group activation

In the present study on the T. vivax nucleoside
hydrolase, Trp83 and Trp260 have been replaced
by alanine to probe their contributions to glyco-
sidic bond cleavage. Due to the complex mechan-
ism of this enzyme, involving rate limiting ribose
release and half-of-the-sites reactivity,8 we per-
formed steady state and pre-steady state kinetic
measurements to reveal the microscopic rate con-
stant of bond cleavage (k2; Table 1). The Trp83Ala
mutation increases the value of KM for guanosine
by three orders of magnitude, but has a negligible
effect on k2 (data not shown) excluding an import-
ant catalytic role for this residue. On the other
hand, deletion of the Trp260 indole severely affects
guanosine binding by a factor of 4800 and reduces
the hydrolysis rate ðk2Þ for this substrate by three
orders of magnitude at neutral pH (Table 1), nomi-
nating Trp260 as the only residue in the vicinity of
the nucleoside base that contributes considerably
to the enzymatic cleavage of the scissile bond.
However, the same mutation from Trp260 to

Table 1. Steady state and pre-steady state kinetic parameters of T. vivax nucleoside hydrolase and its Trp260Ala mutant

 

  

Steady state kinetics of the
hydrolysis reactiona

Pre-steady state kinetics of the
hydrolysis reaction Kinetics of ribose binding

Wild-type-guanosine kcat ¼ 2:3ð^0:1Þ s21,
KM ¼ 2:3ð^0:5Þ mM

k2 ¼ 226ð^9Þ s21b,
k3 ¼ 5:6ð^0:04Þ s21b

Krib ¼ 148ð^9Þ mM,
k23 ¼ 416ð^9Þ s21,
k3 ¼ 6:4ð^2:5Þ s21

Wild-type-7-methylguanosine kcat ¼ 3:5ð^0:1Þ s21,
KM ¼ 2:1ð^0:3Þ mM

k2 ¼ 258ð^12Þ s21b,
k3 ¼ 7:4ð^0:05Þ s21b

Trp260Ala-guanosine kcat ¼ 0:22ð^0:07Þ s21,
KM ¼ 11; 189ð^5266Þ mM

k2 < kcat ¼ 0:22 s21c NDd

Trp260Ala-7-methylguanosine kcat ¼ 255ð^19Þ s21,
KM ¼ 734ð^134Þ mM

k2 < kcat ¼ 255 s21c

All kinetic measurements of the hydrolysis of guanosine and 7-methylguanosine and of the binding of ribose were performed using
a described methodology.6,8 Nucleoside hydrolysis was monitored by the decrease in absorbance, caused by the spectral difference
between a nucleoside and the corresponding base. The traces showing burst kinetics were conveniently fitted to the standard equation
that accounts for a fast irreversible step ðk2Þ followed by slow product release ðk3Þ:

36 The kinetics of ribose binding was measured by
following the fluorescence quenching upon complex formation at different sugar concentrations. All traces could be fitted to a single
exponential decay. A plot of the apparent association rate constant versus ribose concentration yields a hyperbole with onset and
could be fitted appropriately to a model accounting for a two-step binding process including a fast association ðKribÞ followed by a
slow conformational change ðk3; k23Þ:

37 Kinetic experiments have been performed in 50 mM phosphate buffer (pH 7.0), 35 8C.
a kcat was calculated per active site.
b Burst kinetics were observed. The amplitude of the burst for the wild-type enzyme indicates half-of-the-sites reactivity.8
c No burst could be observed indicating that product release is faster than the chemical step in the Trp260Ala mutant ðk3 $ k2Þ:
d No ribose binding detectable up to ribose concentrations of 1 M.

Figure 1. Active site of the slow Asp10Ala mutant of
the T. vivax nucleoside hydrolase in complex with the
substrate inosine (PDB entry 1KIC). The carbon atoms
of inosine are shown in dark gray. Trp260, which stacks
to the purine base, is shown in green. The other active
site residues are colored light gray. A Ca2þ at the bottom
of the active site is depicted as a dark blue sphere. The
nucleophilic water and the water molecule hydrogen
bonded to the N-7 of inosine are depicted as light blue
spheres.
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alanine has no effect on the microscopic cleavage
rate ðk2Þ of the substrate analogue 7-methylguano-
sine. Similar to protonation, N-7 methylation of
guanosine causes quaternization of the nitrogen
and induces a positive charge in the purine ring.17

As a result, 7-methylguanosine has a chemically
activated leaving group, rendering its enzymatic
protonation unnecessary.18 Since the Trp260Ala
mutation has an effect on the hydrolysis rate of
guanosine but not on that of its activated analogue
7-methylguanosine, it appears that the catalytic
role of Trp260 is related to the protonation of the
substrate, most probably at N-7.19 A thermo-
dynamic cycle at the level of the chemical step (k2;
Table 1), calculating the energetic coupling
between the Trp260 mutation (wild-type versus
Trp260Ala mutant) and the methylation/quaterni-
zation of N-7 (guanosine versus 7-methylguano-
sine), shows that the magnitude of this catalytic
effect amounts to 4.3(^0.2) kcal/mol. This
coupling value can essentially be attributed to the
action of Trp260 at the level of N-7-quaternization
because any secondary effects of the mutation are
cancelled out in the thermodynamic cycle.

Active site geometry is maintained in the
Trp260Ala mutant

The deletion of a tryptophan side-chain can in
principle have rather drastic structural impli-
cations that may interfere with the proper catalytic
function of an enzyme. In order to ascertain that
the effect of the Trp260Ala mutation described
above is due to an intrinsic catalytic function of
the indole side-chain, rather than a structurally
perturbed active site, we solved the crystal struc-
ture of the Trp260Ala mutant in complex with the
competitive inhibitor 3-deaza-adenosine to a resol-
ution of 2.3 Å (see Table 2 for data collection and
refinement statistics). The electron density map
shows clear density for 3-deaza-adenosine in the
active site of subunit B of the homodimer. The
active site of subunit A shows no bound inhibitor
despite the observation that the crystal packing
environment in both subunits warrants ligand
accessibility. The absence of inhibitor in subunit A
is probably due to the substantial impact of the
mutation on substrate/inhibitor binding. The
asymmetric occupancy allows structural super-
position of subunit A of the mutant on the free
wild-type enzyme (PDB 1HOZ) and of subunit B
on the wild-type enzyme in complex with
3-deaza-adenosine (PDB 1HP0). These super-
positions, of which the latter is depicted in
Figure 2, clearly demonstrate the conservative
nature of the Trp260Ala mutation, since all active
site residues as well as the inhibitor superimpose
perfectly.

Trp260 enhances leaving group basicity

Solution affinity, crystallographic and theoretical
studies suggest that an aromatic face-to-face

stacking interaction involving a nucleic base is
reinforced by protonation/quaternization of one
of its endocyclic nitrogen atoms.20 – 23 Consequently,
it can be anticipated that aromatic face-to-face
stacking to nucleic bases should promote their pro-
tonation, providing an explanation for the catalytic
role of Trp260. In order to explore and quantify the
effect of aromatic stacking on the basicity of an
endocyclic amine, we applied ab initio quantum
chemical methods on a model system featuring a
benzene ring and a pyridine ring in an optimized
offset parallel stacking conformation. The proton
affinity, defined as the energetic difference between
the protonated and unprotonated species, at N1 of
pyridine was calculated in the presence and in the
absence of the benzene ring. The calculations were
carried out in the gas phase ð1 ¼ 1Þ and in solution
phase ð1 ¼ 78:39Þ; mimicked by an isodensity

Table 2. X-ray data collection and refinement statistics
for Trp260Ala nucleoside hydrolase in complex with
3-deaza-adenosine

A. Diffraction data
Space group P21

a (Å) 52.00
b (Å) 74.86
c (Å) 81.37
b (deg.) 102.29
Resolution range (Å)a 25.0–2.3

(2.38–2.30)
Rsym (%)a 8.6 (29.8)
I=sIa 10.3 (3.4)
Completeness (%)a 98.7 (92.3)
B. Structure refinement
Rcryst (%) 20.51
Rfree (%) 25.69
rmsd for bond lengths (Å) 0.0065
rmsd for bond angles (deg.) 1.3499
Ramachandran plot (% most favored, allowed,

generously allowed, disallowed residues)
88.0, 11.6, 0.4,

0.0
No. of atoms per a.u. 4927
Average B-factors (Å2) (protein atoms, water

molecules)
34.1, 36.2

Crystals of the Trp260Ala mutant were obtained as described
for the wild-type enzyme6 and soaked in a cryo-solution (40%
(w/v) PEG 6000, 100 mM Hepes (pH 7.5)) containing 20 mM of
3-deaza-adenosine. After several hours, crystals were trans-
ferred to the cryo-stream (100 K) and data were collected to a
resolution of 2.3 Å on beamline ID14-2 (ESRF, Grenoble). The
diffraction data were integrated, scaled and merged with the
HKL package.38 Intensities were converted to structure factors
using TRUNCATE.39 The crystal structure of the Trp260Ala
mutant in complex with 3-deaza-adenosine is isomorphous to
the structure of the wild-type enzyme (PDB 1HP0). Therefore,
refinement was started from this model (without solvent and
ligands), taking care to use the same set of reflections for cross-
validation. After a first round of simulated annealing
refinement40 in CNS, several cycles of positional and B-factor
refinement using CNS41 were alternated with manual rebuilding
in TURBO-FRODO.42 The quality of the final model was
checked with PROCHECK.43

a Values in parentheses are for the highest resolution shell
Rsym ¼

P
lIiðhklÞ2 kIiðhklÞll=

P
IiðhklÞ, where IiðhklÞ are the

intensities of multiple measurements and kIiðhklÞl is the
average of the measured intensities for the ith reflection.
Rcryst ¼

P
h lFobs;h 2 Fcalc;hl=

P
h Fobs;h, where Fobs and Fcalc are

observed and calculated structure amplitudes, respectively.
Rfree ¼ Rcryst calculated for the test set of reflections not used in
refinement.
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continuum polarized model,24 in order to represent
the two limits of the dielectric microenvironment
in protein active sites. The proton affinity of
stacked pyridine is elevated by 10.9 kcal/mol in
gas phase and 9.3 kcal/mol in solution phase, com-
pared to unstacked pyridine (Figure 3). To translate
these calculated changes in proton affinity to
changes in the acid dissociation constant ðpKaÞ; we
calculated proton affinities for a series of four-
substituted pyridines. Plotting these values against
experimental pKa values25 yields linear curves (full
black lines in Figure 3) with correlation coefficients
of 0.983 (gas phase) and 0.886 (solution phase).
These curves were used to extrapolate the pKa of
the stacked pyridine from its calculated proton
affinity (magenta triangles in Figure 3). An increase
in the pKa of pyridine by about 2.5 units via this
approach is found upon parallel stacking with a

benzene ring, regardless of the dielectric environ-
ment, establishing that aromatic face-to-face stack-
ing can elevate the basicity of an aromatic
heterocycle considerably. This phenomenon is
reminiscent of the experimentally and theoretically
observed increase in gas phase basicity of alkyl-
amines with increasing bulkiness of the alkyl
substituents,26 which is due to a better stabilization
of the charge on the nitrogen atom in the protonated
species.27,28 The soft, electron-rich indole ring in the
enzyme may fulfil a similar role as the bulky, polariz-
able groups on the nitrogen atom in alkylamines.

Aromatic stacking as an alternative to general
acid catalysis

Taken together, these experimental and
computational results present face-to-face aromatic

Figure 2. Stereo view showing the superposition of the active sites of wild-type T. vivax nucleoside hydrolase (grey,
PDB entry 1HP0, subunit B) and of the Trp260Ala mutant (yellow, PDB entry 1R4F, subunit B), both complexed with
the competitive inhibitor 3-deaza-adenosine (drawn in thicker lines). The Ca2þ at the bottom of the active site and the
nucleophilic water molecule are depicted as a large and a small sphere, respectively. The side-chains of all relevant
active site residues as well as the loop segment connecting Glu82 to Arg84 are shown.

Figure 3. Ab initio quantum
chemical calculation of the increase
in pKa upon aromatic stacking in a
pyridine–benzene model system.
Geometrical optimizations for the
offset parallel stacked pyridine–
benzene dimer (and for a series of
four-substituted pyridines) were
performed at the MP2 level of
theory in a 6-31Gp basis set. Proton
affinities were calculated as the
energetic difference between the
protonated and unprotonated
species in gas phase (B) and in
solution phase (X), in the same
basis set with diffuse d-polarization
functions (exponent of 0.25) as
described by the method of Hobza
and co-workers.34 Solvent effects
were included using an isodensity
surface polarized continuum
model.24 Standard curves were

obtained by plotting experimental pKa values for the four-substituted pyridines25 versus their calculated proton
affinities. Linear extrapolation thereof yields an estimated pKa for a stacked pyridine–benzene dimer (O, magenta).
All calculations were performed using methods implemented in the Gaussian98 package.35
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stacking as a valid alternative for classical general
acid catalysis. Considering that the pKa of a free
purine nucleoside19 is below three and that the
expulsion of the leaving group is largely facilitated
by protonation,10,11 the catalytic role of Trp260 can
be attributed to surmounting the energetic cost of
protonating the leaving group at N-7. In the
T. vivax enzyme, the catalytic proton can be
recruited directly from bulk solvent. The crystal
structure of the slow Asp10Ala mutant complexed
with inosine (Figure 1) reveals a solvent water
molecule within hydrogen bond distance of the
substrate’s N-7.7 In the homologous base-aspecific
nucleoside hydrolase of Crithidia fasciculata, a histi-
dine that contributes 4.6 kcal/mol to catalysis has
been identified as the general acid,29 protonating
the leaving group at position N-7. Interestingly,
this histidine is both in sequence and in structure
the equivalent of Trp260 in the T. vivax enzyme.30

Most members of the superfamily of nucleoside
hydrolases possess either a histidine or a trypto-
phan residue at this position. It so appears that
face-to-face aromatic stacking and general acid
catalysis have been retained in parallel throughout
evolution as tolerable alternatives for the activation
of purine leaving groups. Though the catalytic
potential of aromatic residues is often ignored,
face-to-face aromatic stacking may be a hitherto
overlooked catalytic tool in many enzymes to raise
the pKa of aromatic substrates and co-factors.
Especially in RNA-catalyzed reactions, pKa modu-
lation via face-to-face aromatic stacking could be
important to expand the repertoire of functional
groups31 and/or to activate substrates. Indeed, a
striking feature of ribozymes is the elevated pKa

of nucleic bases that are recruited as acid/base
catalysts.32,33

Protein Data Bank accession numbers

The coordinates have been submitted to the
RSCB Protein Data Bank with accession number
1R4F.
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