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ABSTRACT: Nucleoside hydrolases (NHs) are enzymes that catalyze the excision of the N-glycosidic bond
in nucleosides to allow recycling of the nitrogenous bases. The fine details of the catalytic mechanism
and the structural features imposing the substrate specificity of the various members of the NH family are
still debated. Here we present the functional characterization d&sbkerichia coliYbeK (RihA) protein

as a pyrimidine nucleoside-preferring NH and its first crystal structure to 1.8 A resolution. The enzyme
active site is occupied by either tleor 5 anomer of ribose and provides the first structural description

of the binding of the NH reaction product. While the amino acid residues involved in ribosyl binding are
strictly conserved in pyrimidine-specific NHs, the residues involved in specific interactions with the
nitrogenous bases differ considerably. Further comparison of the active site architecture of YbeK with
the related NHs establishes structural determinants involved in triggering the conformational transition
between the open and closed structures and suggests a mechanism for product release.

In all organisms nucleic acids undergo an active turnover of the C-N glycosidic bond of purine and pyrimidine
mediated by diverse catabolic reactions that ultimately lead nucleosides to yield the free base and ribose 1-phosphate.
to the liberation of the nitrogenous bases. The free purinesin contrast, NHs are glycosidases that catalyze the substan-
and pyrimidines can then react with PRPP to form the tially irreversible hydrolysis of the N-glycosidic bond of
correspondent nucleotides, with an overall lower energy g-ribonucleosides, releasing the nitrogenous base and ribose
requirement compared to de novo synthedjs Although through the reaction:
these salvage pathways are diverse in character and distribu-
tion among organisms, the step involving the release of the
bases from free nucleosides is apparently conserved and is
catalyzed by either nucleoside phosphorylases (NRspr
nucleoside hydrolases (NHSJ)( Members of the NP family
are key enzymes in nucleotide salvage both in prokaryotes
and in eukaryotes, catalyzing the reversible phosphorolysis

Pur/Pyr nucleoside- H,O < Pur/Pyr base- ribose

NHs (EC 3.2.2.-) are a family of structurally and function-
ally related metalloproteins4) initially identified and
characterized in parasitic protozoa suci agpanosomg5s)
andCrithidia (6). NHs have a well-established, fundamental
metabolic role in the nucleoside salvage pathways of these
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hydrolyze both purine and pyrimidine nucleosid&§)( the GCCAATTCTGT-3 and the reverse primef-5ATAAGCT-
purine-specific IAG-NHs 17, 18), the 6-oxopurine-specific  TAAGCGTAAAATTTCAGACGATCAGGC-3, resulting in
GI-NHs (19), and finally the pyrimidine nucleoside-specific the deletion of the ATG initiation codon and in the
CU-NHs 0). On the basis of their sequence identity and introduction ofBglll and Hindlll sites at the 5and 3 ends

the conservation of key amino acid residues, the NH of the gene, respectively. This amplified fragment was cloned
sequences in the various databases seem to fall into threén the BanH| and Hindlll sites of the multicloning site of
distinct groups with IU- and CU-NHSs belonging to group I, the pQE-30 (Qiagen) expression plasmid vector, in frame
IAG-NHs to group II, and a yet uncharacterized subfamily with an N-terminal hexahistidine tag. The coding sequence
to group Il 21). The first structural information on NHs  was verified by dideoxy chain-termination sequencing of both
was obtained from the crystal structures of the group | DNA strands. The resulting recombinant plasmid was
IU-NH from Crithidia fasciculata both unliganded22) and transformed intcE. coli WK6 for overexpression.

in complex with a transition state-like inhibito2g). These Cells were grown in TB medium containing 3@/mL
structures have highlighted two main features of the NH ampicillin at 37°C to an ORg of 0.6. The medium was
family, namely, an opena{p) fold and the presence of a then cooled to 28C, and isopropyp-thiogalactopyranoside
divalent calcium ion bound at the active site that is involved (IPTG) was added to a final concentration of 0.5 mM to
in both substrate binding and catalysis. A cluster of aspartic induce expression of recombinant YbeK. Bacteria were
acid residues at the N-terminus of the enzyme (DXDXXXDD) harvested after 16 h by centrifugation and resuspended in
actively participates in both ion coordination and crucial 20 mM Tris, pH 7.5, 10 mM imidazole, @l M NaCl with
interactions with the substrate and is thus considered athe added protease inhibitors leupeptingg:-mL~Y) and
fingerprint for proteins with NH activity. The three- 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF, 0.1
dimensional structure of the IAG-NH24) from Trypano- mg-mL™1). The cells were lysed via three consecutive
somavivax demonstrated that the same structural framework passages through a French pressure cell. The soluble fraction
evolved to an active site highly optimized for binding and after centrifugation was loadechca 5 mL Ni-NTA col-
hydrolysis of purine nucleosides. The structure of a CU-NH umn (Qiagen). After extensive washing with 20 mM Tris,
enzyme showed instead a strong similarity with the nonspe-pH 7.5, 10 mM imidazole, ah1 M NaCl, proteins were
cific isozymes, but the structural basis for the strict pyrimi- eluted using a buffer containing 20 mM Tris, pH 7.5, 0.5 M
dine nucleoside specificity is yet unresolved. imidazole, ad 1 M NaCl. The relevant fractions were

Three NH-like genes have been identified in the genome Pooled and run over a preparative Superdex-200 gel filtration
of E. coli, two encoding for CU-NHsybeK (rihA) andyeik column (Amersham Biosciences) in 20 mM Tris, pH 7.0,
(rihB), and one for an 1U-NHyaaF (ihC) (7). The exact 150 mM NacCl, and 1 mM Cagl The purified protein was
physiological role of these enzymes in wild-tyge coli is homogeneous as judged from Coomassie-stained-SDS
still enigmatic, since their activities are paralleled by the NPs. PAGE.

However, theybeK gene product constitutes the major Quaternary Structure Determinatiornalytical size ex-
pathway of cytidine utilization in the pyrimidine-requiring clusion chromatography was performed on a Superdex-
cytidine deaminasec@ld) mutants ofE. coli. The enzyme 200 column coupled to an AKTA Purifier-10 instrument
was also found to be a contributor to the pathway of uridine (Amersham Biosciences). Proteins were eluted isocratically
salvage operating in the absence of uridine kinase and uridineusing a buffer containing 20 mM Hepes, pH 7.4, and 300
phosphorylase. The crystal structure of YeiK provided the MM NaCl. The retention factdkq was calculated from the
first structural description of a pyrimidine-specific N&1). formulaKy = (Ve — Vo)/(Vc — Vo), whereVe, Vo, andV, are
YeiK displays the group | NH fold, and the active site of the elution, void, and column volumes, respectively. A
the enzyme is more similar in structure and composition to calibration curve was obtained from the retention factors of

the IU-NH rather than to the IAG-NH enzymes. However, known molecular weight standards. Dynamic light scattering
it is still unknown which active site amino acids are mMmeasurements were carried out on a DynaPro MS/X instru-
responsible for the preference toward pyrimidine nucleosidesment (Protein Solutions, Inc.), scanning different tempera-
of the CU-NHs as compared to the IU-NHs. Moreover, the tures in the range between 4 and 3C and protein

details of the enzymatic mechanism of the reaction catalyzedconcentrations between 0.01 and 10-mg~* in a buffer
by CU-NHs are still elusive. containing 20 mM Hepes and 150 mM KCI, pH 7.4. The

Here we present the enzymatic characterization and high-DY'\IA'\/IICS v6 software was used to calculate an autocor-

resolution X-ray crystallographic analysis Bf coli YbeK relation function to fit the measurements to either a mono-
nucleoside hydrolase bound to the reaction produibose modal or bimodal distribution. The resultant autocorrelation
The YbeK gene product is an NH enzyme with mafked function data were analyzed to obtain an average particle
specificity toward pyrimidine nucleosides. The 1.8 A crystal d|ametder,;nd |I”nole|cular mﬁss values were calculated using
structure represents the first structural characterization of an® Standard molecular weight curve.

NH enzyme in complex with the product of the hydrolytic ~ EnZymatic AssaysThe specific activity and kinetic
reaction. parameters of YbeK for the nucleosides adenosine, gua-

nosine, inosine, cytidine, and uridine were determined with
MATERIALS AND METHODS the modified reducing sugar colorimetric assay as previously
described 16). Hydrolysis ofp-nitrophenyl riboside (pNPR)
Cloning, Expression, and PurificatiomheybeKgene (936 was monitored spectrophotometrically at 400 nm using an
bp) was amplified by polymerase chain reaction from extinction coefficient of 12 mM-cm™ under the assay
genomic DNA of theE. coli K12 strain. The gene was conditions. All measurements were carried out at'G5n
amplified using the forward primef &£GAGATCTGCACT- 50 mM phosphate buffer, pH 7.0. All kinetic parameters were
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Table 1: Steady-State Kinetic Parameters for YbeK (Present Work) and 2é4)K (

YbeK YeikK
substrate Keat (571 K (uM) KealKm (M~1s7Y) Keat (S71) K (uM) KealKm (M~1s7Y)
guanosine 0.005& 0.0002 363+ 61 (1.5+0.3) x 10
adenosine 0.0154 0.0005 648t 69 (2.4+£0.3) x 10t
inosine 0.043+ 0.005 239+ 131 (1.8+1.1)x 17?7
cytidine 11.6+ 0.6 5244 82 (2.2 0.4) x 10* 11.64+1.8 532+ 101 (2.2+£0.7) x 10
uridine 13.9+ 0.4 83+ 12 (1.740.2) x 10° 47+0.1 142+ 8 (3.3+£0.2) x 10
pNPR 39+ 2 180+ 18 (2.2+£0.2) x 10

aKinetic constants were determined from direct fits of the experimental data to the Michsleligen equation.

calculated per active site, making them independent of thetensors 84). After the R-factor decreased below 0.23, water

multimerization state of the enzyme.

Crystallization and Data CollectiorCrystals of the YbeK/
ribose complex were obtained by hanging drop vapor
diffusion at 20°C. A 10 mgmL~! YbeK solution in 10 mM
Tris, pH 7.0, 25 mM NaCl, and 500 mM ribose was mixed
with equal volumes of a precipitant solution containing 24%
MPD, 0.1 M sodium acetate, pH 5.0, and 500 mM ribose.
Crystals were visible within 1 week and grew to maximum
dimensions of 500x 200 x 100 um. For data collection,
crystals were mounted in nylon-fiber loops and flash-cooled
in a dry nitrogen stream at 100 K. A buffer containing 30%

molecules were added to the model using the ARP/WARP
package 30). The accuracy of solvent building was assessed
by visual inspection and applying a cutoff @ifactors of

50 A2 The crystallographicdRyys and Ryee values con-
verged to 0.164 and 0.186. During refinement, the geometry
of the model was monitored with PROCHECRYS) and
WHAT_CHECK (36). Root mean square deviations (rmsd)
and molecular superpositions were computed with the
program LSQMAN 87). Buried surface areas were calcu-
lated with the program SC38).

After the first macrocycle of refinement a ribose molecule

MPD, 0.1 M sodium acetate, pH 5.0, and 500 mM ribose was fitted in the YbeK active site according to tfe ¢ Fe,

was used as CryOprOteCtant. Diffraction data were collected ¢c) electron density map calculated at 1.8 A resolution. We
at beamline ID14-EH2 of the European Synchrotron Radia- initially interpreted the density with the most populated
tion Facility (Grenoble, France) on a Quantum4 CCD pg-furanose form ofp-ribose. However, positive residual
detector USing the oscillation method and an X-ray wave- electron density below the ribose ring at the' Gtom
length of 0.933 A. Data were indexed, integrated, and scaledpersisted after several rounds of refinement and could only

using programs from the HKL packag®yj, and measured

be justified by the concomitant presence of thanomer of

intensities were converted to structure factor amplitudes usingthe sugar in the crystal. The disappearance of this residual

the program TRUNCATEZ®6), part of the CCP4 suite().

The crystals belong to the orthorhomb222 (or12,2,2;)

space group, with unit cell dimensioas= 76.5 A,b = 84.1

A, andc=112.5 A. The cell volume is consistent with one

YbeK monomer present in the asymmetric unit, with 52%

solvent and a Matthews’ coefficient of 2.6%0a (28).
Structure Solution and Refinememhe structure of YbeK

density in E, — F¢, ¢¢) maps after refinement supported
this interpretation of the data. The atom occupancy of each
anomer was initially set to 50% and afterward varied
systematically, keeping the sum equal to 1.0, and refined
against the diffraction data. The final ratio of 359 and
65% a-D-ribose bound to the YbeK crystal active sites was
achieved from optimal fitting of the & — F., ¢.) maps,

was solved by the molecular replacement technique asminimization of the F, — F, ¢¢) residual electron density,

implemented in the program MOLRER9) using one
monomer of the CU-NH YeiK fromE. coli (PDB code

and correlation of the atomic temperature factors with the
surrounding protein atoms after refinement (Supporting

1Q8F) as the search model after removal of all solvent |nformation, Figure 1).
molecules, ligands, and ions. The model shares 39% amino

acid sequence identity with YbeK. Rotation and translation
functions yielded a single solution in space grép2. The
crystallographicR-factor after 20 cycles of rigid body

RESULTS AND DISCUSSION

Pyrimidine-specific NHs (CU-NHs) are a long-known

refinement of the model was 0.51, calculated on all data up class of enzymes that are found in both prokaryotes and

to 3.0 A. Aninitial electron density map calculated with,2

— F. coefficients and model phases up to 1.8 A resolution
was visually inspected to confirm the correctness of the
solution. The structure of YbeK was traced using the ARP/
WARP package30). Manual rebuilding in sigmaA-weighted
(2F, — F¢, ¢¢) and F, — Fc, ¢¢) electron density maps using
the program O 1) and restrained maximume-likelihood
positional and isotropic temperature factor refinement with
REFMACS5 (32) were performed in a cyclic process of
gradual improvement of the model. SigmaA-weighted “shake”
(2F, — F¢, ¢c) and Fo — Fc, ¢c) omit maps were inspected
to allow modeling of difficult regions to minimize phase bias
(33). Modeling of anisotropic motion for the entire molecule

eukaryotes, yet only in recent years are receiving increased
attention. Indeed, their physiological role is yet debated, since
they appear to perform a redundant role in nucleotide
metabolism that is paralleled by the activity of well-
characterized enzymes, such as NPs. The marked sequence
homology between nonspecific and pyrimidine-specific NHs,
including the active site residues that can confer substrate
specificity, suggests a divergent evolution from a common
ancestor. In this work we characterized the recombitant
coli YbeK enzyme, a member of the group | NHs, as a
pyrimidine-specific NH.

Kinetic Properties of YbeK, a Second Pyrimidine-Specific
NH from E. coli The steady-state kinetic parameters of the

as a single group of atoms was achieved by refining the purified hexahistidine-tagged YbeK (Table 1) show that this

translation, libration, and screw axis (TLS) displacement

enzyme hydrolyzes the naturally occurring pyrimidine nu-
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CIeOSide_S 10610000 times m_org efﬁCientl_y _than the purine Table 2: Crystallographic Data Collection and Refinement Statistics
nucleosides. Among the pyrimidines, uridine is converted
most efficiently with a 10 times highd&./Ky than cytidine

data collection statistics

; ; cat ™ Y wavelength (A) 0.933
mainly owing to a loweiKy value. This higher affinity for resolution range (&) 24.4-1.78 (1.86-1.78)
uridine might indicate the presence of a ground-state interac-  no. measured reflections 426060
tion between the enzyme and the 4-keto or N3 of the uracil ~ nO. unique reflections 34056
ring. The low specificity of YbeK for the purines is caused f:&ﬂ'g;i@?ss (%) 91'265(77'4)
by a lower turnover of these compounds, while khevalues e 0.116 (0.455)
are in the same order of magnitude as for the pyrimidines. lo(1)2 26.2 (2.9)
This finding implies that the discrimination against purines  refinement statistics
is not due to a mere steric exclusion of the bulkier purine Li?g;?ﬂgggange () ,2:4'3_01'78 (1.86-1.78)
ring but rather to a specific interaction in the transition state no. of reflections 32970 (1847)
between the enzyme and the pyrimidine ring, not possible reflections for cross-validatién 1086 (63)
with the purines. Since this “catalytic” interaction takes place total no. of atoms 2565
with both cytidine and uridine, the 2-keto group is most likely Rorys™® 8'122 ggéggg
involved in the catalytic mechanism. Comparison between  nsq bond lengths (A) 0.009
YbeK and YeiK shows that the steady-state kinetic param- rmsd bond angles (deg) 1.303

eters for the natural substrate cytidine are remarkably similar _ coordinate error (Ag based dtys  0.102
in both enzymes (Table 1). The differences in catalytic ~Ramachandran plot (% residues)

o - most favored region 90.1
activities of the two CU-NHs on the substrate uridine, addsitionva”y aIIO\?vled?egions 9.9
affecting bothKy andk.qvalues, reflect a difference of only generously allowed or 0.0
1.0 kcatmol™t in lowering the transition state barrier. Hence, disallowed regions

the YbeK and YeiK enzymes achieve comparable levels of 2average temperature factors’A

o e : . protein atoms 14.0
transition state stabilization, despite the fact that protein/ o molecules 309
nitrogenous base interactions are mediated by different amino  jigand atoms 14.4

acids. . . R aValues in parentheses refer to the highest resolution $hiRljm
Comparing the kinetic parameters of the natural pyrimidine = s,,,5:/1;(hkl) — D(hK) OV nali (hKI), wherel(hkl) and (hkl)Care the
nucleosides of YbeK with those for the substrate analogue intensity of theith measurement and the average intensity value for

pNPR is indicative for the effectiveness of leaving group reflectionhki, respectivelys R= 3 nal|Fo(hkl)] = [Fe(hkDII/ZnklFo(hKDI,

At i _ whereF, andF. are the observed and calculated structure factors for
activation by the enzyme. The lowKp of the p-nitrophe the reflectionhkl and the summation is extended over all reflections

nolate leaving group (around 7) makes leaving group yseq in the refinement. F&es the value is calculated using a randomly
activation unnecessary in the latter substrate, and thereforeselected subset of reflections excluded from the minimization throughout

the enzymatic hydrolysis of this compound only relies on refinement.
activation of the nucleophile (water) and stabilization of the
oxocarbenium ion in the transition stat&9( 40). The keat molecules, 1 C4 ion, and 1 ribose molecule. Two amino
values for both pyrimidine nucleosides are only a factor of acid stretches, between Asp79 and Gly83 and between
3 lower compared to pNPR, meaning that the enzyme Tyr226 and Glu230, could not be located in electron density
efficiently activates the pyrimidine bases in catalysis. The maps and were thus omitted from the final model. Eight
rate enhancement of pNPR hydrolysis by YbeK, comparing amino acids with alternate side chain conformations were
the reaction rates of the catalyzed and uncatalyzed reactionsdentified, and both conformers are included in the final
(39), amounts to AAG* of —12.9 kcaimol~*. From the model.
existing data on '2deoxynucleosides4() and taking into The YbeK monomer is folded into a single domain
account that the hydrolysis of nucleosides is at least 100- structure containing l1l:-helices and 1Q5-strands. The
fold slower @2), the rate of solvolysis of pyrimidine  overall structure resembles the NH fol22], with an open
nucleosides can be approximated to #0s™1. This value (a/p) structure. The core of the enzyme contains a charac-
allows the computation of an approximat\G* of —18.7 teristic eight-stranded centr@tsheet, with seven parallel
kcalkmol™! as the total contribution of enzymatic forces for strands and one antiparallel strand, and six intervening
the reaction rate enhancement by YbeK, comparable to whata-helices. The active site of YbeK is located in a deep cavity
was observed for theCrithidia IU-NH (43). Thus, the at the C-terminal end of the centrdisheet and is capped
remaining energy difference of5.8 kcatmol™ can be by four a-helices (Figure 1). In the present structure a ribose
ascribed to the activation of the leaving group by the enzyme molecule is bound to the catalytic €aion. Superpositions
that could be readily achieved through proton transfer but between YbeK and the IU-NHs froi@. fasciculata(PDB
also via specific hydrogen bonding. code 2MAS),Leishmania major(PDB code 1EZR), and
YbeK Displays the Group | NH Fold and Tetrameric YeiK (PDB code 1Q8F) show root mean square distances
Structure The crystal structure of YbeK was solved by (rmsd) of 1.09 A for 285, 1.16 A for 278, and 1.11 A for
molecular replacement using the YeiK nucleoside hydro- 293 structurally equivalent€atoms, respectively. Thus, the
lase fromE. coli as a search model. The structure was re- structure of YbeK bound to ribose is highly similar to that
fined against diffraction data to 1.8 A resolutionRgys and of all group | NHs determined so far. Instead, the larger
Riee Values of 0.164 and 0.186, respectively (Table 2). A structural divergence between group Il and group | NHs is
single YbeK polypeptide chain is present in the asym- confirmed by the comparison with the IAG-NH from vivax
metric unit. The final model contains 302 amino acid resi- (PDB code 1HOZ) that shows a 1.43 A rmsd for only 252
dues of a total of 312 in 1 YbeK monomer, 215 water structurally equivalent & atoms.
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Ficure 1. Three-dimensional structure of YbeK. (A) Stereoview of the YbeK three-dimensional structure displayed as a ribbon diagram
with a-helices colored orange arf#strands colored blue. The location of the active site is indicated by the presence of’thioiCa

depicted as a yellow sphere and of the two anomeriand S-ribose forms represented as a ball-and-stick model in pink and light pink,
respectively. Two amino acid residue stretches, Ata@8184 and Phe225Lys231, are missing from the model. (B) Tetrameric structure

of YbeK. The secondary structure elements involved in the tighter interactions leading to dim€ramd B-D are colored in violet and

include the8—/439 region and the loop connecting the C-terminal end of stygfdo the N-terminal end of helixt6. The elements

involved in the formation of the second interaction surface (dimer84nd C-D) are colored in green and include the N-terminal end

of the loop connecting strangB3 and helixa3, the C-terminal end of helig4 and the following short loop, and helix6. The C&* ion

is depicted as a yellow sphere, and the ligand is represented as a ball-and-stick model. The figures were generated with the programs
MOLSCRIPT 61) and RASTER3D %2).

One YbeK molecule is present in the crystal asymmetric 156—161). YbeK allows more extensive interactions between
unit, and a tetrameric assembly is generated through the 222hese monomers compared to the correspon@ingscicu-
point group symmetry of the orthorhombic space group lata IU-NH (754 A?) and YeiK (1071 &) monomers. The
(Figure 1). The existence of YbeK as a homotetramer in larger buried surface is due to a different orientation of the
solution is supported by results from gel filtration chroma- loop connecting strand$8 and 39, moving toward the
tography and DLS experiments. The intersubunit contacts interacting subunit. The second and less prominent subunit
are mediated by interactions between the same secondarynterface is established between monomersBfand C-D,
structure elements involved in tetramer formation in IU-NHs with 848 A? of the accessible surface area buried in each
and in YeiK @1, 22, 44). The intersubunit interactions are  monomer upon dimer formation and is comparable with what
mainly hydrophobic and complemented with several hydro- was observed for the IU-NH fror@rithidia and the YeiK
gen bonds. A total of 1562 Pof the accessible surface is enzyme (851 and 891 2A respectively). Superposition
buried in each monomer upon formation of the @ or B—D between tetramers of various group | NHs brings forth even
dimers (Figure 1). This interface includes {b&—/£9 region larger differences. In fact, when a YbeK tetramer and a YeiK
(residues 261276) and the loop connecting the C-termi- tetramer are superimposed, matching the atoms from a single
nal end of stran@5 to the N-terminal of helba6 (residues monomer only, with a rmsd of 1.11 A for 2930Catoms,
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polar interactions with the hydrophilic substituents in pyri-
midine rings.

The outermost portion of the active site of YbeK is not
well defined, since no electron density was associated with
residues Tyr226, His227, Lys228, Asp229, and Glu230,
which are part of the C-terminal portion of helx9.
Moreover, the side chains of residues Phe222, Phe223,
Leu224, and Glu225 are more flexible compared to the rest
of the protein, as judged by the quality of the electron density
and the average temperature factors (45?5chmpared to
a 14 R averageB-factor for protein atoms in the structure).
Five residues belonging to the crossover loop connecting the
structural element83 anda3 (Asp79, Asn80, Val81, His82,
Gly83) are also missing in the final model. Structural
alignments of YbeK with the protozoan IU-NHs indicate that
these amino acids are likely interacting with the nitrogenous
base of the substrate. Indeed, the homologous regions of the

\

\

FIGURE 2: A dynamic switch between the open and closed NH |U-NH from C. fasciculataare also disordered in the ligand-

structures. Close-up view of the active site of YbekK, vfthtrands P .
shown as blue arrows angthelices as yellow ribbons. Residue free structure but become ordered upon binding of a transition

His13 can adopt two distinct conformations, and when it assumes State-like inhibitor £3). The closed conformation of NHs
the conformation depicted in cyan, it prevents the repositioning of plays a dual role in providing binding interactions with the
Phe223, part of the highly flexible heli®9, in the active site. substrate and shielding the reaction center from the solvent.

tCr:]on\igerr]scle_ly, whenl:—ﬁslﬁ ifgointing away (g|epfi0t%dhin2%§erlll) from Thys, the residues omitted in the YbeK model are probably
ead nelix, a Small pocket becomes avallaple 1or Fne , allowing : P P . .
the bending of the helix toward the substrate. The figure was flexible because of their involvement in interactions with

generated with the programs MOLSCRIPFLY and RASTER3D the nucleobase that is not present in the YbeK/ribose
(52). complex.

Two distinct conformations have been previously observed
the same atoms from the corresponding other monomers ofin NH structures, an open ligand-free form or a closed ligand-
each protein show rmsds of 2.00, 3.73, and 5.28 A. Thesebound stateZ3). These structures differ in the conformation
values reflect a displacement of each monomer with respectof the loop connecting strang3 to helix a3 and of helix
to their counterparts. Even larger differences are measureda9 that in the closed form shield the catalytic site from the
when the I[U-NHs fronC. fasciculata(1.09, 3.16, 4.25, and  bulk solvent. The structure of YbeK with bound ribose
7.23 A for 285 @ atoms) orL. major(1.16, 2.99, 4.43, and  resembles the features of the open NH conformation, with
5.32 A for 278 @ atoms) are similarly superimposed with the f3—a3 loop and C-terminal end of heli#9 flexible,
the YbeK tetramer. For comparison, rmsd values of 0.8, 1.26,that become ordered only in closed structures where an
1.28, and 2.61 A are calculated for a total of 298 &oms inhibitor (23), a substrate4®), or a substrate mimic2(Q) is
when comparing the two IU-NHSs that share a highly similar bound at the active site, reflecting a possible functional role
quaternary structure. Thus, despite the fact that the samen substrate entry. From the present open structure of YbeK
tertiary structure elements are responsible for the tetramer-bound to ribose, it thus appears that the interactions with
ization of CU- and IU-NHSs, the tetrameric assemblies differ the ribose moiety of the substrate are not sufficient for
noticeably. inducing a complete transition to the closed form of the

The Actie Site of YbeKThe active site of YbeK is located enzyme and that interactions between the nitrogenous base
in a cavity at the topological switchpoint of the cgtesheet, and the enzyme mediate the stabilization of the closed form.
lined by residues in strang$l, 52, 4, andp5 and from Hence, the “closed” YeiK/glycerol complex that was previ-
helicesa2 ando9. A C&" ion is bound at the bottom of the  ously described is therefore probably induced by other factors
site, coordinated by the protein through the side chain such as crystal lattice contacts stabilizing this conformation.
carboxylates of Asp10, Aspl5 (bidentate), and Asp241 and The transition between the open and closed form in NHs is
the main chain carbonyl oxygen of Thr124. THe @hd 3- thus of seminal importance for binding of substrates, for the
hydroxyl groups of the ribose that was cocrystallized with shielding the reaction center from the free solvent, and also
the protein and one ordered water molecule complete thefor product release. The mechanistic details of the structural
octacoordination sphere of the metal. The portion of the “switch” mediating this transition are yet unknown. A
active site of YbeK involved in Ga coordination is highly possible mechanism in group | NHs is suggested by the dual
similar to all known NHs, underlining its conserved and conformation of the side chain of His13 observed in YbeK
crucial role in NH function. The outer half of the cavity is (Figure 2). When His13 is pointing in the active site, its
likely responsible for the interactions between the enzyme imidazole ring prevents the positioning of Phe223 deep in
and the nitrogenous base of the nucleoside substrates. Thishe binding pocket, in the conformation characteristic of
portion of the active site of YbeK is lined by the hydrophobic closed NH structures, thus forcing the “open” confor-
side chains of amino acid residues Ala78, Trpl59, and mation of helixa9. The second conformation of Hisl13,
Phel65 that could provide binding interactions with the pointing away from the active site, frees the space for the
hydrophobic moiety of the bound nucleoside substrate. The phenyl ring of Phe223 and allows the relocation of tfe
hydrophilic side chains of residues Lys231 and His240 helix toward the binding site. In the YeiK structure the
extend toward the center of the binding pocket, poised for identical His residue is observed only in the conformation



Structure of a Product-Bound Bacterial Nucleosidase Biochemistry, Vol. 45, No. 3, 2006/79
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Ficure 3: Interactions of YbeK with thex and 8 anomers of ribose. (A) Stereoview of the active site interactions between YbeK and
p-ribose. (B) Same as in (A) for the boundribose molecule. Hydrogen-bonding interactions and calcium coordination are depicted as
dashed lines. Proteitligand distances differing between the two anomers are highlighted (distances expressed in A), and the corresponding
bonds are colored in cyan. Figures generated with DINO (http://www.dino3d.org).

pointing away from the active site, consistent with the closed one of the products of the hydrolytic reaction. During the
form adopted by the enzyme?l). In the Crithidia and crystallographic refinement it became apparent that both the
LeishmanialU-NHs, the His is replaced by a Leu residue o andg anomeric forms of the pentose were bound to the
that undergoes a similar movement in the transition betweenYbeK molecules in the crystal. Although these two forms
the unliganded and ligand-bound structures. In these isozymesare in fast equilibrium in solution, it is clear from the various
the structural homologue of Phe223 is a Tyr residue that is NH structures that the hydrolytic reaction occurs with
endowed with highly similar steric and hydrophobic proper- inversion of configuration at Cland that thus the.-ribose
ties. Thus, the high-resolution structure of YbeK provides represents the true product of the reactidah, @2, 24, 45).
the first insights in the nature of the structural events that Both anomers are similarly accommodated in the active site
guide the transition from the open to the closed form in group of YbekK, with the O5, O3, and O2 hydroxyls establishing
| NHs. several specific hydrogen bonds mediated by conserved
Implications for Product Release in NHSingle crystals residues. In the unliganded NH structures, the hydroxyl
of YbeK were successfully grown in complex witkribose, groups of ligands are substituted by ordered solvent mol-
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apo IU-NH IU-NH/pAPIR YbeK/ribose apo IU-NH

Ficure 4: The catalytic cycle of group | NHs. Schematic representation of various enzyme states in a catalytic cycle of nucleoside hydrolysis.
In the unliganded NH structure (E S and E+ R states, enzyme shown in gray) the active site is occupied by water molecules (depicted
as small empty circles), coordinating the?Cé#on and hydrogen bonded to specific amino acid residues. Binding of the nucleoside substrate
(uridine shown here) results in displacement of the ordered solvent and the closur@®fth& loop and of thex9 helix (regions depicted

as black triangles) to shield the reaction center from the bulk solve®/T5). Following release of the nitrogenous base (uracil), the
structure transitions to the open form-fg, allowing access to the active site to the solvent molecules to facilitate product release. NH
structures characterized in the individual states are listed.

ecules, hydrogen bonded to the same protein residues. Thesallows access of the catalytic cavity to the bulk solvent.
amino acids include Aspl14, Asn39, Thr124, Asn158, Glul164, Hence, the competition of water molecules for the subsites
Asnl66, and Asp241 of YbeK and have been proposed tooccupied by the ribose hydroxyls bound via hydrogen bonds
be crucial in ribosyl discrimination and in aiding the to the enzyme is a likely mechanism for product release in
geometric distortion to reach the transition state of the NHs (Figure 4).

hydrolytic reaction. Moreover, the O2nd O3 hydroxyl Modeling the YbeK/Pyrimidine Base Interactiornihe
groups complete the coordination sphere of the catalyfi¢ Ca exact mechanisms employed by CU-NHs for implying
of YbeK and restrain the conformational freedom of the pyrimidine specificity and leaving group activation are at
ligand. The differences in the contacts between YbeK and the present unknown. Protonation of the nucleobase is
theo- andj-ribose molecules are limited to the interactions believed to be a recurring catalytic strategy in NHs to
between the Asn39 OD1 and ND2 with the 'Gtom and facilitate leaving group departure. For the IU-NH fratn

the Asp241 OD1 and OD2 with the Oatom, with the fasciculata His241 was proposed as the general acid,
a-ribose molecule involved in shorter hydrogen bonds with protonating the N7 of the hypoxanthine leaving grodg)(

the protein (Figure 3). The nucleophilic water molecule in In the purine-specific IAG-NH fronT. vivax an alternative

all NH active sites so far characterized is located-33 A to general acid catalysis was proposed. Here, the combination
from the C1atom, opposite to the scissile N-glycosidic bond. of a parallel aromatic stacking interaction with an active site
This distance is maintained in YbeK for tiffieanomer (3.3 tryptophan and an intramolecular ®sHC8 hydrogen bond
A), whereas for thex form the C1 atom is further apart  raises the K, of the nitrogenous base sufficiently in the
from the nucleophile (3.6 A). In the YbeK crystal structure active site to allow direct proton transfer from the solvent
the catalytic water molecule is fully occupied, thus implying (47, 48). A very recent kinetic isotope effect study on uridine
thata-ribose and the nucleophile can simultaneously occupy hydrolysis by theE. coli RihC/YaaF protein suggests that
the active site. Before the present study it was yet unknown the pyrimidine nucleobase could also be activated through
whether ribose release from the NH active site was a enzyme-mediated interactions at the O2 ata@l9).(As an
consequence of less favorable enzyme product interactionsalternative to leaving group protonation, a mechanism could
or because of competition by the bulk solvent. Overall, the also be envisioned where hydrogen bond donor(s) on the
YbeK/product interactions do not differ significantly from enzyme stabilize the developing negative charge on the
the contacts between the sugar and the enzyme in thenitrogenous base, as is the case in the uracil DNA glycosy-
IU-NH/inhibitor or IAG-NH/substrate complexes. In all of lases §0).

these structures, the ribose hydroxyls are hydrogen bonded To obtain further information on the residues that could
at the same spatial position where ordered solvent is presenbe involved in interactions between the nitrogenous base of
in the unliganded NH structures. The ribosyl moiety of nucleosides and YbeK, both for catalysis and specificity, we
substrate45) or transition state inhibitor2@) bound to NHs superimposed its active site with the corresponding active
is distorted toward a C4endo conformation that departs sites of the IU-NH fromC. fasciculatain complex with the
significantly from the low-energy C2or C3-endo pucker- inhibitor pAPIR and of thee. coli CU-NH YeiK (Figure 5).

ing, a consequence of the enzymatic forces employed for The latter structures are representative of the closed confor-
ground-state destabilization. The YbeK-bound ribose also mation. Both hydrophilic and hydrophobic residues line the
adopts closely related conformations (@thdo/O1-exo for outer part of the catalytic site, balancing the requirement of
the a, CI'-exo/O4-endo for the anomer), indicating that  stabilizing the aromatic base and discriminating between
the enzyme/ribosyl interaction does not change dramatically purine and pyrimidine bases. Amino acids His240 and His82
during a NH catalytic cycle. These findings imply that the of YbeK are the only conserved, ionizable active site residues
enzyme/base interactions mediate the higher affinity of between YbeK and YeiK. In YbeK, His240 could interact
nucleoside substrates compared to ribd€}. (Moreover, in through its imidazole moiety with the O2 carbonyl of the
the present study we observed the reaction product ribosepyrimidine ring. This histidine is the structural homologue
bound to the open NH structure, a protein conformation that of His241 of the IU-NH ofC. fasciculataand of His239 of
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Ficure 5: Models for CU-NH/nucleoside substrate interactions.
(A) Schematic of the active site residues of YbeK and their
interactions with the substrate uridine. (B) Schematic of the active
site residues of YeiK and their interactions with the substrate
uridine. In both panels, dashed lines represent putative hydrogen-
bonding and polar interactions that can aid in the discrimination of
pyrimidine nucleoside substrates and contribute to leaving group
stabilization. A direct interaction between His82 and the N1 atom
of uracil could take place after N-glycosidic bond hydrolysis. Both
models were obtained through superposition of the YbeK or YeiK
structure with theC. fasciculatalU-NH complexed with the
transition state-like inhibitor pAPIR2@). The uridine molecule was
modeled as the IU-NH-bound inhibitor.

YeiK. In the IU-NH this residue has been proposed to act
as the general acid for the protonation of the purine ring,
hence facilitating leaving group departu43). However,

in YeiK His239 has been proposed to play a role in the
positioning of the nucleic base in a conformation that
enhances ground-state destabilization or to allow proton
transfer from another general acidl]. Residue His82 of
YbeK, part of the flexibles3—a3 loop, could also make a
direct interaction with the nucleic base. Remarkably, muta-
tion to alanine or asparagine of both (conserved) histidine
residues in YeiK does not result in variations kg (21).

This suggests that the negative charge developing at the

pyrimidine base is stabilized by other means and/or by
different residues in CU-NHs.

Residue His227 is part of the disordered C-terminal end
of helix a9 and aligns with GIn227 of YeiK. This residue
in YeiK has been proposed to interact with the N3 and O4
atoms of uridine via a bidentate hydrogen bond and to
provide a crucial interaction in discriminating between the
uridine and cytidine substrates. Since His227 of YbeK cannot
be involved in the same type of interaction with the base, it
is clear that different mechanisms are employed by CU-NHs

to discriminate between substrates. Among the other residues

of YbeK that could interact with the pyrimidine base, Lys231
is a candidate to complete the upper part of the active site
of YbeK. Lys231 is probably the structural homologue of

Biochemistry, Vol. 45, No. 3, 2006/81

Tyr231 of YeiK and could interact with the uracil ring of
the uridine substrate via a hydrogen bond to the O4 carbonyl
oxygen. In the observed open conformation of YbeK, Lys231
is quite distant from the base~(0 A). However, as
established for the protozoan IU-NH, binding of substrate
could trigger a complex conformational rearrangement of the
YbeK structure. This transition could permit an appropriate
hydrogen-bonding geometry that would favor the keto group
of uridine over the amino group of cytidine, as inferred from
the Ky values. In summary, the active site residues in the
a9 helix of CU-NHs YbeK and YeiK, supposed to encode
the enzymatic substrate specificity via specific enzyme/base
interactions, differ considerably in the two enzymes. This
finding suggests that qualitatively different interactions are
effectively exploited by CU- over IU-NHs to selectively
discriminate pyrimidine and purine nucleosides in the
catalytic process. A systematic mutagenesis approach will
be required in order to define the biochemical basis for the
substrate specificity in group | NHs.
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