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Abstract: Nucleoside hydrolases (NHs) catalyze the hydrolysis of the N-glycoside bond in ribonu-
cleosides and are found in all three domains of life. Although in parasitic protozoa a role in purine
salvage has been well established, their precise function in bacteria and higher eukaryotes is still
largely unknown. NHs have been classified into three homology groups based on the conservation
of active site residues. While many structures are available of representatives of group | and I,
structural information for group Ill NHs is lacking. Here, we report the first crystal structure of a
purine-specific nucleoside hydrolase belonging to homology group Ill from the nematode Caeno-
rhabditis elegans (CeNH) to 1.65A resolution. In contrast to dimeric purine-specific NHs from group
I, CeNH is a homotetramer. A cysteine residue that characterizes group Ill NHs (Cys253) structurally
aligns with the catalytic histidine and tryptophan residues of group | and group Il enzymes, respec-
tively. Moreover, a second cysteine (Cys42) points into the active site of CeNH. Substrate docking
shows that both cysteine residues are appropriately positioned to interact with the purine ring. Site-
directed mutagenesis and kinetic analysis proposes a catalytic role for both cysteines residues, with
Cys253 playing the most prominent role in leaving group activation.
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Additional Supporting Information may be found in the online
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Statement in layman’s terms: Nucleoside hydrolases (NH)
catalyze the hydrolysis of the N-glycoside bond in ribonucleo-
sides. In parasitic protozoa, including Leishmania and Trypano-
soma species, these enzymes have been pursued as drug
targets, while their role in bacteria and higher eukaryotes
remains unclear. NHs have been classified in three homology
groups. We report the first structure of a group Ill NH and reveal
the catalytic role of two group lll-specific cysteine residues.
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Introduction
Nucleosides and their derivatives are fundamentally
important molecules in all living organisms, not only
as the building blocks of DNA and RNA but also in
cellular signaling, energy storage, and in enzymatic
activity by serving as cofactors. Accordingly, all
living species have developed ways to obtain these
crucial components, either through de novo synthe-
sis or by salvage pathways. Very often one of the
first steps in these salvage pathways is catalyzed by
nucleoside hydrolases or nucleoside phosphorylases
that split the nucleosides in their constituent base and
either ribose or ribose-1-phosphate, respectively.'™
Nucleoside hydrolases (NH, EC3.2.2.) are Ca®"-
containing metalloenzymes that hydrolyze the N-
glycosidic bond of PB-ribonucleosides.? They are
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widespread in nature, and representatives from the
three domains of life, including eubacteria, archaea,
yeast, protozoa, plants, insects, and mesozoans, have
been characterized in different levels of detail.* 6
However, no representatives are present in humans.
Most attention has so far been devoted to the NHs
from parasitic protozoa, including different Leish-
mania and Trypanosoma species. NHs have been
considered as attractive drug targets in these organ-
isms, taking into account their central role in the
purine salvage pathway while many of these para-
sitic protozoa lack a de novo purine biosynthesis
pathway.'™2! More recently, it was also proposed
that vaccine development against NHs would pre-
vent the replication of several pathogens during
their early stages of life.2223 Interestingly, in many
other organisms NHs are present in parallel to a de
novo purine biosynthetic pathway and nucleoside
phosphorylases. Often in these organisms the specif-
icity constants (k..i/Ky) of the NHs for the canonical
nucleosides are substantially lower compared to the
NHs of protozoa.?*25 Therefore, the precise physio-
logical role of these enzymes in bacteria and higher
eukaryotes is yet to be completely clarified. Previous
work indicates various species-specific roles, includ-
ing prevention of spore formation by inosine in
Bacillus cereus or Bacillus anthracis,?®?” host anes-
thesia in the mosquito Aedes aegypti,!* removal of
ATP from the extracellular matrix of plant cells
after its signaling function,?® metabolism of the
nucleotide nicotinamide riboside in yeast,?®
hydrolysis of modified nucleotides in tRNA.%¢

Traditionally, NHs have been classified either
based on their substrate specificity or based on
sequence patterns of active site residues. Initially,
NHs were subdivided into purine-specific (IAG-
NH),2%3° pyrimidine-specific (CU-NH),?! 6-oxopurine-
specific (IG-NH),'2 and nonspecific (IU-NH) NHs.!3
Moreover, recently several NHs have been described
that show a very broad specificity, accepting not only
the canonical purine and pyrimidine nucleosides as
substrate, but also several other nucleoside deriva-
tives and even the corresponding nucleotides.?>?® An
alternative classification into group I to III NHs is
based on the conservation of active site residues.’
Group I enzymes contain a conserved histidine in the
active site, which is replaced by a tryptophan in group
II. While homology group I enzymes encompass both
pyrimidine-specific and nonspecific NHs, the group II
enzymes seem to be specific for purine nucleosides.
Enzymes from the relatively unexplored group III have
a cysteine residue in their active site that replaces the
corresponding histidine or tryptophan.

The active site histidine residue in group I NHs
was initially shown to play a catalytic role in leaving
group activation via protonation of the nucleoside
base.*32 However, more recently it was shown that
this histidine performs its task in leaving group

and
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activation via a different mechanism in the hydroly-
sis of purine and pyrimidine nucleosides.?> While
protonation of the pyrimidine ring is the result of a
direct interaction of the catalytic histidine with the
02 carbonyl of the base, protonation of purines
occurs via two extra tyrosine residues that channel
the proton from the catalytic histidine to the N7 of
the purine ring.®® On the other hand, in group II
NHs, the purine leaving group is protonated directly
on its N7 atom by an ordered water channel con-
necting the N7 to bulk solvent. Aromatic stacking of
the nucleic base to the active site tryptophan
increases the pK, of the N7 atom sufficiently to
allow direct protonation.®*3® The remarkable variety
and plasticity of the leaving group activation mecha-
nism of NHs is further underpinned by two purine
and pyrimidine specific isozymes from the archaeon
Sulfolobus solfataricus that contain a proline residue
at the position corresponding to the catalytic histi-
dine in other group I enzymes?! For group III
enzymes, the catalytic mechanism and the role of the
active site cysteine residue has not yet been deter-
mined, mainly due to lack of structural information.

We earlier purified a member of the group III
NHs from the multicellular nematode Caenorhabditis
elegans and showed that it displays specificity toward
purine nucleosides.® In this article, we report the
crystal structure of the purine-specific nucleoside
hydrolase of C. elegans (CeNH). This enzyme is char-
acterized by two active site cysteine residues, of
which one (Cys253) is analogous to the catalytic histi-
dine or tryptophan, while the second corresponds to
an asparagine or aspartate residue in group I and
group II NHs, respectively. Using site-directed muta-
genesis and kinetic analysis we show that both resi-
dues are important for catalysis, with Cys253 playing
an important role in leaving group activation. These
results represent the first structural and detailed bio-
chemical characterization of a group III NH.

Results and Discussion

Crystal structure and overall fold of CeNH

The crystal structure of the group III NH from C.
elegans (CeNH) was solved at 1.65 A resolution
using molecular replacement with the structure of
the 6-oxopurine-specific NH from Trypanosoma bru-
cei brucei (pdb: 3FZ0) as a search model [Fig. 1(A),
Table I]. The protein is crystallized in space group
P4,2,2 with a homodimer in the asymmetric unit.
However, using crystal symmetry operations a plau-
sible tetramer assembly is obtained [Fig. 1(B)]. Such
a tetrameric arrangement of the protein is also in
agreement with small angle X-ray scattering experi-
ments [theoretical MWictramer = 154.0 kDa; experi-
mental MWietramer using the @r method = 135 kDa;
Fig. 1(C), Supporting Information Table S1].

Structure of the C. elegans Nucleoside Hydrolase


info:x-wiley/pdb/3FZ0

©  CeNH_Guinier region
= Linear fit

Sy, RS377401A

0.5 1.0 15 2.0 25 3.0 .5

2 x1000 (A%
)Czdimcrr=32-2
X tetramer=2.2

Experimental profile
CeNH_tetramer
CeNH_dimer

I(g) (A.U)

3

L
R

(S
\Qjé( d

Figure 1. Crystal structure of CeNH. (A) Top and side view of a CeNH subunit in cartoon representation. The central core of
the structure is colored in different shades of purple, with a-helices colored violet, B-strands colored purple and coils colored
pink. The a-helices of the helical bundle are colored cyan with the intervening loops colored pale cyan. The B-strand insertion
is shown in light blue. A Tris molecule and Ca®*-ion bound to the active site are shown as yellow sticks and as a red sphere,
respectively. (B) Homotetramer assembly of CeNH obtained from crystal symmetry operation. Subunits are indicated with A
and B and their symmetry variants with A’ and B’. Regions forming the A-B or A’-B’ interface are shown in dark blue; regions
forming the A-A’ or B-B’ interfaces are shown in green. The missing residues in the crystal structure were modeled using MOD-
ELLER and are shown in red. (C) Superposition of the experimental SAXS trace (black) on the theoretical SAXS profiles calculat-
ed from the CeNH tetramer (red) and the dimeric CeNH arrangement found in the asymmetric unit (green) using CRYSOL. The
inset figure shows the linear Guinier region for the experimental SAXS profile. (D) A “Sausage” representation of CeNH that
maps the rmsd deviation per Ca atom after superposition of CeNH on all NH structures available in the PDB (using END-
script®®). The thickness of the tube is proportional to the mean rmsd per residue. The color coding is similar to (A). (E) Cartoon
representation of a CeNH subunit colored based on the B factors. The regions with a blue color are the residues with low B
factor while the regions with a red color represent residues with high B factors. Gray colored regions have intermediate B
factors.
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Table I. Data Collection and Refinement Statistics

Data collection and processing

X-ray source Beamline X13 (EMBL,
DESY, Hamburg)
0.8075
24.93-1.65 (1.71-1.65)

2,471,907/110,218

Wavelength (A) .
Resolution range (A)*
Total/unique reflections

Rinerge (%) 7.1(57.9)
T/o 44.9 (2.3)
Completeness (%) 96.2 (76.2)
Redundancy 22.42
Spacegroup P4,2,2
Cell dimer}sions
a, b, ¢ (A) 84.578 84.578 260.911
o, B,y (°) 90 90 90

Model refinement

Ryori/Riree (%) R 0.14 (0.23)/0.15 (0.25)

Rmsd bond length (A) 0.014

Rmsd bond angle (°) 1.33

Ramachandran: favored/ 97/2.9/0
allowed/disallowed regions (%)

# Values in parentheses are for the highest resolution shell.

Clear electron density is present for the back-
bone of 643 out of the 700 amino acids in the two
subunits in the asymmetric unit. Residues 1 to 3
and 295 to 307 for subunit A and residues 1 to 4
and 296 to 308 for subunit B are missing in the elec-
tron density due to flexibility. Additionally, the 12
residues of the N-terminal His-tag are also missing
in both subunits. The subunit structure of CeNH
closely resembles those of other NHs. The superposi-
tion of a single subunit of CeNH onto those of other
available NH structures gives a root mean square
deviation (rmsd) ranging from 1.53 to 2.00 A. The
highest structural similarity is found with the
purine-specific NH from S. solfataricus (PDB:3t8i,
rmsd 1.54 A), the nonspecific NH from Crithidia fas-
ciculata (PDB: 2mas, rmsd 1.53 A), and the 6-
oxopurine-specific NH from 7. brucei brucei (PDB:
3fz0, rmsd 1.58 A), while the largest difference is
observed with the purine-specific NHs from 7. brucei
brucei (PDB:4i73, rmsd 2.0 A) and Trypanosoma
vivax (PDB: 1kic, rmsd 2.0 A). Each subunit consists
of a central eight-stranded mixed B-sheet and
surrounding a-helices, where the first six parallel -
strands (B1-86) together with the intervening «-
helices (al-a6, «l0) adopt a Rossmann-fold-like
structure [Fig. 1(A), purple]. Three a-helices (a7—a9)
are inserted between the last B-strand and last a-
helix of the Rossmann-fold that, together with the
C-terminal a-helix (a11), form an all helical inserted
domain stacked to one side of the central domain
[Fig. 1(A), cyan]. Finally, a peptide region is inserted
between the last two B-strands (N-terminal part of
B7 and B9) of the central B-sheet. This region forms
an additional short antiparallel two-stranded J-
sheet [C-terminal part of B7 and B8; Fig. 1(A), light
blue].
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Mapping of rmsd values, resulting from the
superposition of a subunit of all currently available
NH structures, on the CeNH structure allows to dis-
tinguish structurally conserved regions from highly
variable or flexible regions [Fig. 1(D)]. This analysis
shows that besides B9 and «10 the core region of the
protein, consisting of the central eight-stranded pB-
sheet and the intervening «-helices, is highly struc-
turally conserved. The all-helical insertion as well as
the B-sheet insertion are more diverse among differ-
ent NHs. The high flexibility of a8 and the C-
terminal part of a9 and «10, which together make
up a part of the substrate binding pocket, is also
reflected in high B-factors in the CeNH crystal
structure [Fig. 1(E)].

The overall tetramer assembly is formed via two
distinct interfaces which bury a surface area of 1025
A% and 890 A2 respectively [Fig. 1(B)l. The first
interface is formed though interactions between resi-
dues from the loop region connecting 85 to o5 and
the loops and two-stranded B-sheet inserted between
the N-terminal part of B7 and p9. The second inter-
face is formed through residues of the loop regions
connecting B3 to a3 and a4 and ob5. This tetramer
assembly is similar to the one observed in nonspecif-
ic NHs from C. fasciculata and Leishmania major,
in pyrimidine-specific NHs from Escherichia coli
(RiIhA and RihB) and S. solfataricus, in the 6-
oxopurine-specific NH from 7. brucei brucei and the
purine-specific NH from S. solfataricus. However,
this assembly and the involved residues are complete-
ly different from the dimeric arrangement of 7. vivax
TAG-NH. This observation underscores that the sub-
strate specificity of nucleoside hydrolases is not
linked to their oligomeric arrangement.

Active site arrangement and substrate binding

Similar to other nucleoside hydrolases, the active
site of CeNH is located in a deep cavity at the C-
terminal end of the central B sheet (Fig. 2). A Ca2*
ion is tightly bound to the bottom of the cavity inter-
acting with the side chains of Aspl3, Aspl8 (biden-
tate), Asp254 and the main chain carbonyl oxygen of
Ile 133 (not shown). The octahedral coordination
sphere of the Ca®?" ion is further satisfied via the
interaction with a water molecule and an active site-
bound Tris molecule coming from the crystallization
buffer. The Ca%* interacting water molecule is pro-
posed to act as the nucleophile in the hydrolysis
reaction, while Asp13 is proposed to act as the cata-
lytic base to increase the nucleophilicity of the water
molecule concomitant with attack on C1’-N9 bond of
the nucleoside.? Interestingly, two hydroxyl groups
of the Tris molecule interact with the Ca* ion and
thus mimic the typical interactions of the 2’ and 3’
hydroxyl groups of the ribose moiety of genuine
nucleoside substrates, as observed in the structure of
substrate- or inhibitor-bound nucleoside hydrolases

Structure of the C. elegans Nucleoside Hydrolase
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Figure 2. Active site arrangement of CeNH. (A) Close up view of the CeNH active site showing the bound Tris molecule and
Ca?* ion. The residues and the Tris molecule are shown in stick representation with differently colored carbon atoms. The Ca®*
ion is shown as a red sphere. A Ca?"-interacting water molecule, corresponding to the nucleophile and three Tris interacting
water molecules are shown as cyan spheres. Residues interacting with the Tris molecules are shown as sticks and the hydro-
gen bonds as dotted lines. Residues interacting with the Ca2" ion are not shown. (B) Electrostatic potential surface around the
active site cavity of CeNH. The bound Tris molecule is shown in sticks representation. The position of the two active site

regions, “loop1” and “loop2” is indicated.

(Supporting Information Fig. S2). The Tris molecule
in the active site is further tightly bound via interac-
tions with Aspl7, Asn178, Asp254, and Cys253 [Fig.
2(A)]. The nucleobase binding pocket of nucleoside
hydrolases is typically formed by two flexible regions
(traditionally termed “loopl” and “loop 2”) that close
over the active site upon substrate binding.?” These
two regions correspond to the B3-a3 loop (residues
74-87) and the C-terminal end of a9 (residues 244—
250) in the CeNH crystal structure [Fig. 2(B)]. Both
regions could be fully traced in our structure, and,
although the B factors of loopl residues are compara-
ble to the rest of the protein (33 Az), the B factors of
loop 2 residues are significantly higher [up to 63.4
A2, see Fig. 1(D,E)]. This suggests that at least loop 2
might undergo an induced fit motion upon substrate
binding.

Since all attempts to co-crystallize CeNH with
substrates or inhibitors failed so far we resorted to
docking of the substrate inosine in the active site of
CeNH using AutoDock 4.0. Hereto, we used the coor-
dinates of inosine from the crystal structure of the
YeiK-inosine complex (PDB code: 3B9X). In this
structure inosine is bound in a conformation with a
04-C1-No-C4 dihedral angle of —52°.33 The calcula-
tion resulted in 20 inosine conformations docked in
the CeNH active site. Sixteen of 20 docking calcula-
tions gave conformations with an average minimum
free energy of binding of —6.40 = 0.04 kcal/mol and
superimpose very well on to each other (Supporting
Information Fig. S3). The inosine conformation with
minimum energy (AutoDock scoring) was used to
generate the final model of the CeNH-inosine com-
plex [Fig. 3(A)]. As a control, this docking was also
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repeated starting from inosine in an anti-conforma-
tion (04-C;{-Ng-C, dihedral angle of —173°), as
observed in the structure of Immucillin H bound to
the T vivax IAG-NH.?” Reassuringly, a very similar
final docking result was obtained (not shown).

The docking model shows that the interactions
with the ribose moiety of the nucleoside are very
well conserved among nearly all NHs characterized
so far. The 2'- and 3'-hydroxyl groups form extensive
interactions with the side chains of Aspl7, Asnl78,
and Asp254. The 5'-hydroxyl is tightly bound via
interactions with Asn168 and Glul76 [Fig. 3(A)]. In
contrast, the surrounding residues and interactions
with the purine ring are quite different compared to
the structures available so far. However, care should
be taken with interpretation of these interactions
since conformational changes in the loop 1 and 2
regions are possible upon substrate binding, which
might in turn also affect the conformation of the
nucleic base compared to the one in our docking
model. In our docking model inosine is bound in a
conformation with the base in between a syn and
anti-orientation vis-a-vis the ribose moiety (04-Cq'-
Ng-C4 dihedral angle of —54°). This is very close to
the conformation of inosine bound to the pyrimidine-
specific YeiK from E. coli®® but differs significantly
from the analogues torsion angle of the transition
state analogue Immucillin H bound to the purine-
specific NH from T vivax'™®" [Fig. 3(A-D)]. The
hypoxanthine base of the docked inosine substrate is
surrounded by a number of hydrophobic/aromatic
residues, including Phe87, Tyr177, and Trp202 [Fig.
3(A)]. Trp202 is highly conserved in group III NHs
and might be important for nucleoside binding.
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Figure 3. Substrate docking model of CeNH and structural superposition with representatives of group | and group Il NHs. (A)
Inosine docked to the active site of CeNH (best Autodock pose is shown). Active site residues in contact with the docked
ligand are shown as sticks. The inosine molecule is shown in sticks representation with its carbon atoms colored magenta. The
Ca?* ion is shown as a red sphere (B) Superposition of the active sites of CeNH and T. vivax IAG-NH (homology group ) bound
to Immucillin-H (PDB 2FF2). Residues surrounding the base of the nucleoside (inosine or Immucillin-H) are shown as sticks. The
color coding for CeNH is identical to (A). Residues of T. vivax IAG-NH are colored blue and Immucillin-H gray. Helix «9 (loop2)
is shown in cartoon representation. (C) Superposition of the active sites of CeNH and the CU-NH YeiK (homology group I)
bound to inosine (PDB 3B9X). The representation is identical to (B) with YeiK residues colored cyan and YeiK-bound inosine
colored dark cyan. (D) Superposition of the active sites of CeNH and the C. fasciculata |U-NH ((homology group ) (PDB 2MAS).
The representation is identical to (B) with C. fasciculata IU-NH residues colored green.

Anticipated conformational changes in the loop 2
region upon substrate binding might bring additional
residues into the binding pocket. These residues
include Arg248 and Tyr250, corresponding to Arg252
and Tyr257 in the purine-specific enzyme from 7. vivax
[Fig. 3(B)]. In the latter enzyme these two residues
contribute to the mechanism of loop2 opening and clos-
ing upon substrate binding and product release.”
Finally, two cysteine residues, Cys42 and
Cys253 are present in the nucleobase-binding pocket
of CeNH. Cys253 is the hallmark residue of group
IIT NHs, which corresponds to a histidine in group I
NHs and a tryptophan in group II NHs (Supporting
Information Fig. S1, Fig. 3). Cys42 corresponds to
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an asparagine residue in group I NHs and an aspar-
tate residue in group II NHs. However, also in the
majority of group III enzymes this latter cysteine
residue is substituted by an asparagine (Supporting
Information Fig. S1). In the crystal structure
Cys253 is present in two alternative conformations
and one could assume that one of these conforma-
tions will be selected out upon substrate binding. In
our docking model the thiol group of Cys253 is with-
in 8.4 A of the N7 atom of the hypoxanthine base.
The tryptophan residue that substitutes for Cys253
in purine-specific group II NHs has been shown to
play a role in leaving group activation by increasing
the pK, of the nucleic base, allowing a direct

Structure of the C. elegans Nucleoside Hydrolase
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Table II. Kinetic Constants of Wild-Type and Mutant CeNH

CeNH Wild-type

Substrate kay (1) K (WMD) Fea/Ky (M ™' s71)
Inosine 0.203 = 0.003 129 +8 1,574 + 100
Adenosine 0.418 +0.014 77+ 10 5,429 + 728
Guanosine 0.143 = 0.006 68 +11 2,103 = 351
p-NPR 0.039 = 0.002 0.32 +0.08 121,875 + 31,103
7-Methylguanosine 1.090 = 0.080 37+10 29,459 = 8,250
CeNH C42A
Substrate Peat (s Ky (WM) Feat/ Ky M1 s™1h
Inosine 0.024 = 0.001 215 = 42 112 = 22
Adenosine 0.023 = 0.002 94 + 25 245 + 68
Guanosine 0.011 = 0.001 54 +13 202 + 50
p-NPR 0.0260 = 0.0004 0.64 +0.05 40,625 + 3,234
7-Methylguanosine 24+0.1 53+8 45,283 + 7,090
CeNH C253A
Substrate Feay (871 Ky (uM) Fea/ K M1 s™h
Inosine 0.0043 = 0.0002 343 =47 13+2
Adenosine 0.0042 *+ 0.0001 96 + 13 44+ 6
Guanosine 0.0051 +0.0003 300 =65 174
p-NPR 0.017 =0.001 9+3 1,889 + 639
7-Methylguanosine 1.98 +0.05 51+5 38,823 *+ 3,930

protonation on the N7 atom by an ordered water
channel [Fig. 3(B)].>* On the other hand, in group I
NHs the position of this cysteine is taken by a histi-
dine residue. Also this histidine residue has been
shown to contribute significantly to leaving group
activation.?? In pyrimidine hydolysis by group I CU-
NHs or IU-NHs this presumably occurs via a direct
proton transfer from this histidine residue to the
pyrimidine base [Fig. 3(C,D)]. In purine hydrolysis
by group I IU-NHs it has been proposed that the
proton is relayed from this histidine to the N7 of the
purine base, via two tyrosine residues in a His-Tyr-
Tyr catalytic triad (His241-Tyr225-Tyr229 using C.
fasciculata TU-NH numbering) [Fig. 3(D)1.?* In our
docking model, Cys42 is located at 4.9 A from the
20H and at 5.5 A from the N3 atom of the docked
inosine. In group I NHs the corresponding aspara-
gine residue has been shown to be involved in sub-
strate recognition via interaction with the 2/-OH.%38
On the other hand in group II NHs, the correspond-
ing aspartate residues interacts with the N3 atom of
the purine ring and might to a certain extend con-
tribute to leaving group activation.?”

Mutagenesis studies reveal a role in leaving
group activation for Cys253 and Cys42

Although the enzyme from C. elegans belongs to the
group III NHs (Supporting Information Fig. S1) it
clearly shows the kinetic fingerprint of a purine-
specific nucleoside hydrolase. Indeed, k../Ky values
for the common purine nucleosides are a factor 100
to 1000 higher compared to those for the common
pyrimidine nucleosides, owing both to a higher k..
value and a lower Ky value.® To investigate the role
of Cys253 and Cys42 in purine nucleoside binding

Singh et al.

and hydrolysis we generated the corresponding
C253A and C42A variants though site-directed
mutagenesis and compared their kinetic properties
with those of the wild type protein (note that the
data reported in the current paper are measured at
25°C, while previously they were determined at
37°C) (Table II).”

For the C253A mutant, the k../Ky values for
the hydrolysis of inosine, adenosine and guanosine
are reduced by a factor of about 120-fold compared
to the wild-type enzyme. This reduction can nearly
completely be attributed to a reduction in the k..
value, by a factor of 47, 100, and 28 for inosine,
adenosine and guanosine, respectively. These results
show that Cys253 is an important catalytic residue
for purine nucleoside hydrolysis. To further pinpoint
whether Cys253 plays its catalytic role on the level
of leaving group activation, we used two substrate
analogues with a highly activated leaving group that
consequently do not require additional leaving group
activation by the enzyme: p-nitrophenylriboside (p-
NPR) and 7-methylguanosine.?>343% Hydrolysis rates
(keat) of neither of these two substrates are signifi-
cantly affected by the C253A mutation, allowing us
to conclude that Cys253 functions on the level of leav-
ing group activation. This prominent role of Cys253
in leaving group activation in group III NHs is thus
reminiscent of the roles of the corresponding histidine
and tryptophan residue in group I and group II
enzymes, respectively. However, in the mechanism of
purine nucleoside hydrolysis by group I IU-NHs the
histidine residue is unfavorably oriented for a direct
proton transfer to the N7 atom of the nucleic base.
Rather, the proton is relayed to the N7 atom via two
tyrosine residues that are highly conserved in IU-
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NHs (Tyr225 and Tyr229 in C. fasciculata TU-NH). In
group I pyrimidine-specific (CU-NH) enzymes these
tyrosine residues are not conserved explaining the
low turnover of purine nucleoside in these enzymes,
while transfer of a proton from the catalytic histidine
to pyrimidine bases is proposed to occur without inter-
mediary residues. In contrast, in our docking model
Cys253 seems appropriately oriented for a direct trans-
fer of a proton to the N7 (Fig. 3). In agreement,
the tyrosine residues corresponding to Tyr225 and
Tyr229 in C. fasciculata TU-NH are not conserved in
group IIT NHs and correspond to Gly239 and Cys243,
respectively in C. elegans NH. We thus propose that
Cys253 might act as a general acid by directly proton-
ating the purine leaving group. To further strengthen
this hypothesis, we determined the pH dependency of
the CeNH-catalyzed reaction. Since the enzyme was
unstable at longer time intervals at pH values below 7
and above 9, we measured k./Ky; using adenosine as
a substrate between pH 7 and 9 (Fig. 4). The pH pro-
file shows a clear drop in activity between pH 7 and 9,
and the data can be fitted to an equation accounting
for the deprotonation of a single group with pK, = 8.25,
close to the value expected for a cysteine residue. To
identify this group as Cys253, we subsequently deter-
mined the pH profile for the C253A mutant. In con-
trast to the wild-type enzyme the k../Ky value for the
C253A mutant does not decrease significantly in the
same pH range. These data thus further corroborate
the role of Cys253 as a general acid required to proton-
ate the N7 of the purine leaving group.

For the C42A mutant the k.,/Ky values for the
hydrolysis of inosine, adenosine, and guanosine are
reduced by a factor of about 14-, 22-, and 10-fold,
respectively, compared to the wild-type enzyme.
Again this is nearly completely due to a decrease in
turnover number (k.,), while the mutation leaves
Ky unaffected. This indicates a significant role of
Cys42 in catalysis, yet less pronounced than for
Cys253. The observation that the mutation has little
or no effect on the hydrolysis of the activated sub-
strates p-NFR and 7-methylguanosine allows us to
conclude that the catalytic role of Cys42 is situated
on the level of leaving group activation, despite a
distance of 5.5 A to the purine base (N3) in our
docking model. Such a role would be comparable to
the role of Asp40 in the T. vivax group II TAG-NH,
via its interaction with the purine N3.37 A crystal
structure of C. elegans NH in complex with a purine
nucleoside (analogue) could shed further light on the
role of this residue in catalysis.

Materials and Methods

Protein expression and purification

Purification of wild-type and mutant C. elegans NH
has been performed as described previously.® In
brief, the open reading frame coding for CeNH was
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Figure 4. Effect of pH on the catalytic efficiency (kca/Km) of
CeNH, using adenosine as a substrate. The variation of kea./Ky
with pH for wild-type CeNH and the C253A mutant is shown in
black and red, respectively. All data point are the average of
three measurements. To allow interpretation of the data for the
C253A mutant, the y-axis is split into two segments with an
axis break at the value of 30 M~ ' s~ (the bottom segment of
the y-axis accounts for 15% of the axis while the top segment
accounts for 80% of the y-axis). Fitting of the data for the wild-
type enzyme to an equation accounting for the deprotonation
of a single group (see Experimental procedure) yields a pKj val-
ue of 8.25.

cloned in a pQE-30 (Qiagen) expression plasmid
between restriction sites BamHI and Pstl, thus
introducing an N-terminal Hisg-tag (pQE30-CeNH).
Point mutants of CeNH were created using the
QuickChange site-directed mutagenesis kit (Strata-
gene). E. coli WK6 cells containing pQE30-CeNH
were grown in TB medium in the presence of 50 pg/
mL ampicillin at 37°C until the ODgoo reached 0.7.
At that moment recombinant protein production was
induced with 100 pM IPTG for the wild-type protein
and 1 mM IPTG for the mutants, and cells were fur-
ther inoculated overnight at 22°C. Cells were harvested
by centrifugation and resuspended in a buffer contain-
ing 20mM Hepes pH 7.5 or 20 mM Tris pH 7.5, 1M
NaCl, 10mM imidazole, 5mM B-mercaptoethanol, and
1ImM CaCls. The cells were lysed using a cell disruptor
system (Constant Systems) and the soluble fraction
was loaded on a Ni?'-sepharose column (GE Health-
care). The column was extensively washed with resus-
pension buffer containing 60 mM imidazole. Later the
protein was eluted with resuspension buffer containing
300 mM imidazole. The eluted fractions were pooled
and loaded onto a Superdex 200 gel filtration column
with a running buffer containing 20 mM Hepes pH 7.5
or Tris pH 7.5, 150 mM NaCl, and 2 mM DTT.

Enzyme kinetics

Kinetic measurement on wild type CeNH and the
C42A and C253A mutants were performed as
described earlier.® All the measurements were per-
formed on a Cary 100 UV-Vis spectrophotometer at
25°C in a buffer containing 20 mM Hepes pH 7.5,
150 mM NaCl, 1 mM CaCls,. Initial rates of product
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formation were determined spectrophotometrically
at different substrate concentrations using the dif-
ference in absorption between the nucleoside and
the purine base. The Ae (mM ! ecm™!) values used
were: guanosine, —4.0 at 260 nm or 0.16 at 308 nm;
adenosine, —1.4 at 276 nm; —-0.92 at
280 nm; 7-methylguanosine, —4.4 at 258 nm; and p-
nitrophenylriboside, 15 at 400 nm. The data were
fitted to the Michaelis-Menten equation using the
GraphPad software.

inosine,

Analysis of pH data

The pH dependence of %../Ky; of wild-type CeNH and
the C253A mutant was determined between pH 7.0 to
9.0 using adenosine as substrate. k.,/Ky values were
determined spectrophotometrically by following the
full conversion of substrate into products (i.e. at least
90% conversion) at an adenosine concentration below
its Ky value (15 pM and 30 puM for wild type and
C253A CeNH, respectively). Consequently, k../Ky val-
ues were obtained by fitting the progress curves on
Eq. (1).*° All measurements were done in triplicate.

k,

SZSO.Q_((KC_;IL)'EO'” 1)

where S is the initial substrate concentration and
E, is the enzyme concentration.

For measurements at different pH values the
following buffers (always containing 150 mM NaCl
and 1 mM CaCl,) were used: for pH 7 to 7.5: 20 mM
PIPES; for pH 7.5 to 8.5: 20 mM HEPES; for pH 8.5
to 9:20 mM CHES. To obtain the pK, value of wild-
type CeNH, the pH dependence of k../K\ was fitted
to Eq. (2).

keat
keat — <m> max (2)
Ky 1+10PHPK)

Protein crystallization and data collection

The crystal used in this study appeared serendipi-
tously in the cold room in a protein stock containing
a high concentration of protein (30 mg/mL) in
20 mM Tris, pH 7.5, 150 mM NaCl, and 2 mM DTT.
Crystals were easily observable by eye, but were
damaged upon adding cryoprotectant. Therefore, the
crystals were mounted in capillaries and X-ray dif-
fraction data were collected at a resolution of 1.65 A
on beamline X13 (EMBL, DESY, Hamburg) using an
X-ray wavelength of 0.8075 A at room temperature.
To circumvent radiation damage the crystals were
translated in the beam at regular time point.

X-ray crystallography data processing,
refinement, and structure analysis

X-ray diffraction data were processed in DENZO*!
and further scaled and merged using SCALEPACK.
Subsequently, intensities were converted to structure
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factors using TRUNCATE.*? The coordinates of a T
b. brucei IG-NH (pdb 3fz0) subunit, with all residues
truncated to alanines using CHAINSAW,*? were used
as a search model to solve to structure of CeNH by
molecular replacement using PHASER.**¢ The solu-
tion from molecular replacement was subjected to
automated model building using the ARP-WARP
online server.?”® The model obtained after ARP-
WARP was further built and refined with COOT?°
and REFMAC,>® respectively. The anisotropic
motion within the molecule was refined with six TLS
groups per subunit.?* The final model contained two
CeNH protomers, a Ca®?" ion, and a Tris molecule
bound to each active site and 376 water molecules in
the asymmetric unit. An R-factor of 13.72% (R-free-
=15.40%) was obtained after the final round of
refinement. During refinement, the quality of the
model was monitored by MOLPROBITY.?® The qua-
ternary structure was analyzed using PISA within
the CCP4I program package.*®

SAXS data collection and analysis

Small angle X-ray scattering (SAXS) data for wild-
type CeNH were collected at the home source using
a Rigaku BioSAXS-2000 instrument. Immediately
prior to data collection, the samples were loaded on
a Superdex S200 10/300 column using 20 mM Hepes
pH 7.5, 1M NaCl, 1 mM CaCl,, and 1 mM DTT as a
running buffer and the elution fractions were con-
centrated separately. Scattering intensities were col-
lected on samples of 70 pL containing the protein at
a concentration of 1.5, 4, and 8 mg/mL. The radial
averaging and the buffer subtraction was performed
using the Rigaku SAXSLab software. The averaged
data were later processed using the ATSAS software
package.?® The molecular mass of the scattering par-
ticle was derived with the Qg method.?” Calculation
of the dimensionless Kratky plot and the probability
distribution curve was done using the ATSAS program
GNOM.,*® and CRYSOL was used for calculation of the
theoretical scattering profile of the crystal structure.®
Before comparing the theoretical scattering curve
obtained from the crystal structure to the experimental
profile, missing regions of subunit A and B along with
the N-terminal his-tag were modeled using the pro-
gram MODELLER within CHIMERA %

Substrate docking

The crystal structure of CeNH was preprocessed
with AutoDock®! tools to remove all the solvent and
ligand molecules (i.e. Tris and water molecule).
Polar hydrogen and Kollman charges were added
and the files were converted to PDBQT format. The
coordinates of inosine, which was used for docking,
were obtained from the crystal structure of the
YeiK-inosine complex (PBD 3B9X). Similar to the
protein, polar hydrogens were added to the ligand
molecule. The ribose moiety was constrained in the
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C4’ endo conformation, that has generally been
found in nucleosides bound to NHs, while the tor-
sion angles around the C1’-N9 and C4'-C5' bonds
were allowed to be rotatable during the docking pro-
cedure. The docking space was constrained by defin-
ing a grid space covering the active site and the
nearby region. The conformation of active site resi-
dues was kept rigid during docking. The calculations
were performed using a Lamarckian genetic algo-
rithm and a maximum of 20 conformers. The struc-
ture with the minimum energy is used to show
interaction with the active site. The Ca?* atom was
kept at its original position in the final structure.
Redocking experiment of inosine to the active site of
Yeik, and docking of inosine to CeNH starting from
a trans conformation, using exactly the same
approach has also been performed to validate the
accuracy of the AutoDock method (not shown).

Sequence and structural alignment

Sequences of NHs belonging to homology group I,
group II, and group III were obtained from the
NCBI protein sequence database. Multiple sequence
alignment was performed with the Clustal Omega
software using the default parameters.®? The sequence
alignment were rendered using ESPript 3.0 to show
the conservation of residues among the three groups
as well as within each group. ENDscript was used to
generate a Sausage representation of CeNH by map-
ping the spatial rmsd values between the individual
Ca atoms of the CeNH structure and structures of
other NHs available in the PDB.%¢

Conclusions

In the current article, we present the first structural
information on a nucleoside hydrolase belonging to
sequence homology group III. We solved the X-ray
crystal structure of the purine-specific nucleoside
hydrolase from the multicellular eukaryotic nematode
C. elegans to 1.65 A resolution. Unlike purine-specific
NHs belonging to group II, which are dimeric, the
group III C. elegans NH is a homotetramer, sugges-
ting that the substrate specificity of NHs is indepen-
dent of their oligomeric states. The crystal structure
shows two cysteine residues that point into the active
site, Cys42 and Cys253, with the latter corresponding
to the hallmark cysteine for group III NHs. Substrate
docking suggests that Cys253 is properly oriented to
act as a proton donor to the N7 of the purine ring,
while Cys42 is located 5.5 A away from the N3 atom
of the purine ring. A site-directed mutagenesis analy-
sis combined with enzyme kinetics shows that Cys253
plays an important role in catalysis via leaving group
activation, while Cys42 has a more moderate contri-
bution to leaving group activation. In addition, pH
analysis identifies Cys253 as the general acid in the
enzyme-catalyzed reaction. This role of Cys253 in
direct protonation of the leaving group differs from
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the proposed role of the corresponding histidine in
group I enzymes, which use a His-Tyr-Tyr catalytic
triad to protonate the N7 atom, and of the correspond-
ing tryptophan in group II enzymes that increases the
N7 pK, by aromatic stacking. Our findings thus pre-
sent new insights in the way this sequence homology
group of NHs achieves activation of the purine leav-
ing group.

Accession numbers

The atomic coordinates and structure factors have
been deposited in the Protein Data Bank (www.rcsb.
org) with accession code 5MJ7.
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