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ABSTRACT. The structure of classN-deoxyribosyltransferase frobactobacillus heleticuswas determined

by X-ray crystallography. Unlike class IN-deoxyribosyltransferases, which accept either purine or
pyrimidine deoxynucleosides, class | enzymes are specific for purines as both the donor and acceptor
base. Both class | and class Il enzymes are highly specific for deoxynucleosides. The class | structure
reveals similarities with the previously determined class Il enzyme ft@uotobacillus leichmanni
[Armstrong, S. A., Cook, W. J., Short, S. A., and Ealick, S. E. (1$68)cture 4 97—107]. The specificity

of the class | enzyme for purine deoxynucleosides can be traced to a loop (resiet@®) A8hich shields

the active site in the class Il enzyme. In the class | enzyme, the purine base itself shields the active site
from the solvent, while the smaller pyrimidine base cannot. The structure of the enzyme with a bound
ribonucleoside shows that the nucleophilic oxygen atom of Glul01 hydrogen bonds to 'tleo®2
rendering it unreactive and thus explaining the specificity fedébxynucleosides. The structure of a
ribosylated enzyme intermediate reveals movements that occur during cleavag@laflyleesidic bond.

The structures of complexes with substrates and substrate analogues show that the purine base can bind
in several different orientations, thus explaining the ability of the enzyme to catalyze alternate
deoxyribosylation at the N3 or N7 position.

N-Deoxyribosyltransferases (DRTasSesatalyze the trans-  substrateZ). The sequences of the two classes of DRTases
fer of a 2-deoxyribosyl group from a donor deoxynucleoside are slightly similar (25.6% identical ihactobacillus hel-
to an acceptor nucleobase. DRTases can be divided into twoveticug (1). In the absence of an acceptor nucleobase, the
classes on the basis of their substrate specificity. The DRTaseDRTases display a nucleoside hydrolase activity. Both classes
| class [also called purine deoxyribosyltransferase (PTD)] of DRTases are found in variolsctobacillusspecies and
is specific for the transfer of deoxyribose between two participate in nucleoside recycling in these microorganisms.
purines (Pur— Pur) with the following preference for the These organisms lack purine and pyrimidine nucleoside
donor substratelj: deoxyinosine (dinoy deoxyadenosine  phosphorylases, which are utilized for nucleoside recycling
(dAdo) > deoxyguanosine (dGuo). The DRTase Il class [also in most organisms, and have evolved DRTases to scavenge
called nucleoside deoxyribosyltransferase (NTD)] catalyzes exogenous deoxyribonucleosides for their DNA synthesis.
the transfer of deoxyribose between either purines or Lactobacillusspecies can be divided into two classes on the
pyrimidines (Pur— Pur, Pur< Pyr, or Pyr< Pyr), but has basis of their requirement for deoxyribonucleoside. Those
a strong preference for deoxypyrimidines as the donor species requiring a source of deoxyribonucleosides express
DRTases and lack purine nucleoside phosphorylases, while
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Table 1: Summary of Data Collection, Processing, and Phasing Statistics

native native with Hg  native with Selno  native with dAdo  native with F-AraA  native with BrPur

resolution (A) 2.1 3.0 2.1 2.0 2.1 2.25
wavelength (A) 0.9794 0.9791 0.9791 0.9791 0.9791 0.9482
no. of reflections 265809 104544 453051 324335 294271 229510
no. of unique reflections 34997 12678 35106 40463 35292 28950
redundancy 7.5 8.2 13.0 8.0 8.3 7.9
completeness 98.0 (100) 99.9 (100) 98.1 (100) 97.6 (99.8) 98.7 (98.6) 98.9 (98.9)
Reym (%0)2° 5.0 (32.0) 6.2 (31.1) 6.6 (25.6) 6.8 (33.4) 5.8 (12.7) 5.5(28.1)
o2 8.0 (3.0) 7.7(2.4) 6.7 (2.8) 20(10.1) 22.0 (15.0) 20.0 (10.0)
phasing statistics

Riso” 27.6 25.4

no. of heavy atom sites 3 3

figure of merit 0.49 0.21

phasing power 1.47 0.45

2Values for the outer resolution shell are given in parenthésRgm = 3 5illi — IIVY OC) wherellCis the mean intensity of thi reflections

with intensitiesl; and common indicieh, k, andl. ¢ Rso = ||[Fpu| — |Fe||/|Fp|, WhereFp andFpy are the structure factor amplitudes for the native
and derivative crystals, respectivef\Phasing power= [F/EL) whereFy is the heavy atom structure factor aids the lack of closure error.

in the absence of PTD, dino would not be catabolized MATERIALS AND METHODS

efficiently by NTD alone. Crystallization of PTD.PTD was purified as previously
_The transferase reaction catalyzed by DRTase proceedsjescribed ). The purified protein was buffer exchanged into
via a ping-pongrbi-bi mechanism 4) and involves the 29 mM MES (pH 8.0) and concentrated to 20 mg/mL using
formation of a deoxyribosytenzyme intermediate. The 54 Amicon micron centrifugal concentrator. Initial crystal-
stereospecificity of the glycosyl transfer, which results in jization conditions for native PTD were determined using
formation of only thef anomer of the nucleoside, has been the sparse matrix screens, Crystal Screen 1 and Crystal
exploited in synthesizing a large number of nucleoside gcreen 2 (Hampton Research). Several conditions yielded
analogues. Of particular interest are 2-hal@@oxypurine  crystals that varied in quality, and the optimized conditions
nucleosides §) and 2,3-dideoxynucleosides, which have \yere found to be 2.0 M ammonium sulfate and 100 mM
implications in the treatment of AIDS and cance€s 7). s (pH 8.0). The crystals were grown at room temperature
Previous studies revealed that an active site glutamic aC'dusing the hanging-drop vapor diffusion technique. Drops (4
residue serves as the attacking nucleopf@)e The deoxy- |y containing a 1:1 mixture of protein and reservoir
ribosyl transferase reaction is mechanistically similar to the gqjutions were optimal for crystal growth. Diffraction quality
double displacement reaction identified in the retaining class crystals grew over a period of-4 days. Under these

of glycoside hydrolases that catalyze analogous reaCtiO”Sconditions, PTD crystallizes in the tetragonal space group
with retention of stereochemical configuration and also utilize P452,2 with the following unit cell dimensionsa = 80.7 A
the carboxyl group from a glutamyl or an aspartyl residue 5nq ¢ = 186.2 A. Each asymmetric unit contains three
as the active site nucleophil®, (10). monomers corresponding to a calculated solvent content of
The structure oL. leichmanniNTD (PDB entry 1F8X) 60%. 2-Deoxyadenosine, BrPur, Selno, andd2oxy-2-
was previously determined to 2.5 A resolutiohl), The  fluoro-3-p-arabinofuranosyladenine (F-AraA) were soaked
structure showed that NTD is a hexamer in its native state into the crystals at concentrations of-2 mM for ap-
and is composed of identicat18 kDa subunits. The  proximately 24 h. A mercury derivative of PTD was prepared
monomer fold is a single double-woundedf domain by soaking PTD crystals in 108M methylmercury benzoate.
composed of a five-strandgisheet flanked by four helices. Data Collection and Processinghe native and derivative
Although there is one active site per subunit, each completedata sets were collected at NE-CAT beamline 8-BM at the
catalytic center requires participation from a neighboring Advanced Photon Source (APS) using a Quantum 315
subunit, and the hexameric enzyme packs as a trimer ofdetector (Area Detector Systems Corp.) in the binned format.
dimers. A cryoprotectant solution of 20% glycerol in the mother
In this study, we determined the structure of PTD from  liquor was used to prevent damage during freezing. An X-ray
helveticusto 2.0 A resolution, alone and complexed with absorption spectrum in the vicinity of the Se K-absorption
various ligands. The rarity of PTD, as well as its low level edge was determined for the PF3elno complex crystal
of sequence homology with other known proteins, made it by recording the X-ray fluorescence as a function of
an attractive target for structure determination. The ribosy- wavelength. Diffraction data were then collected at the peak
lated, esterified PTD intermediate was also prepared andof the spectrum (0.9791 A), for both the Selno and Hg
crystallized in an effort to better understand the structural derivatives. The data were measured fro%cillations with
mechanism. The question of the specificity of NTD and PTD 10 s exposure times, with a crystal to detector distance of
toward 2-deoxynucleosides was addressed by determining 300 mm. To minimize systematic errors, Bijovet pairs were
the structure of 6-selenoinosine (Selno) complexed with acquired close in time by collecting the data ihvBedges
PTD. The structure of 6-bromopurine (BrPur) complexed followed by a wedge having inverse beam geomegryH
with PTD was also determined to examine the tendency of 180°). A total of 9C° of data were collected for each set.
DRTases to transfer the deoxyribosyl group to the N3 or The DENZO suite of programs was used for integration and
N7 position of the acceptor purine base instead of to the scaling of the datal@). Final data processing statistics are
usual N9 position12, 13). shown in Table 1.



2386 Biochemistry, Vol. 43, No. 9, 2004

Anand et al.

Table 2: Final Refinement Statistics

native native with Selno native with dAdo native with F-ArA native with BrPur

resolution (A) 25-2.1 25-2.3 25-2.0 25-2.1 25-2.3
no. of non-hydrogen atoms 4054 4013 4135 4198 4059
no. of protein atoms 3763 3794 3709 3863 3845
no. of water molecules 291 162 272 281 184
no. of ligand atoms - 57 54 54 30
no. of reflections in refinement 33508 55196 33646 34823 28333
no. of reflections in test set 3334 5432 3367 3471 2818
R-factor (%} 22.7 23.3 22.8 22.8 22.5
Reree (%0)° 27.3 274 26.9 25.7 26.9
rms deviation from ideal geometry

bonds (A) 0.006 0.006 0.006 0.008 0.008

angles (deg) 1.24 1.23 1.23 1.34 1.35

aR-factor= 3 nul|Fobd — K|Fcaied |/ kil Fobd, WhereFops and Feacq are observed and calculated structure factors, respecti@ly. is calculated
over a subset of reflections (10%) excluded from all stages of refinement.

MIRAS PhasingThe selenium and mercury atom positions inclusion of the anomolous scattering signal for both mercury
were determined using SnBL%—17), which utilizes the and selenium. There are three molecules in the asymmetric
Shake-and-Bake dual space direct methods of Hauptman andinit related by a noncrystallographic 3-fold axis. The main
co-workers. The DREAR suite of programE3| was used chain atoms for all 167 residues in PTD were traced, but no
to calculate the normalized anomalous differenaeg)(to side chain atoms could be built for residues4l The overall
3.0 A resolution in the case of mercury and to 2.5 A structure of PTD is very similar to the previously determined
resolution in the case of selenium. Three mercury and threestructure of NTD {1). PTD, like NTD, is a hexamer in which
selenium positions corresponding to each monomer in thethe monomer consists of a central core structure with a five-
asymmetric unit were found. These sites were used to definestranded parallgd-sheet, flanked by four helices. The major
the noncrystallographic 3-fold axis. The mercury and sele- differences between PTD and NTD are in the loop regions.
nium positions were input into CN.9). Isomorphous and A superposition of 95 residues of PTD with NTD using
anomalous differences for both mercury and selenium were PROFIT @2) gave an rms deviation of 1.7 A. The major
used for phasing. The initial map was further averaged usingstructural difference is a 12 A shift of the loop of residues
noncrystallographic symmetry (NCS) in the RAVE suite of 48—62 in PTD, near the active site, which corresponds to
programs 20). residues 46:60 in NTD. This difference results in an active

Model Building and Refinemenall model building for ~ Site volume for PTD of 411.9 Acompared to a volume of

native PTD was performed using the computer program O 220.1 & in NTD (23). Other loops that show significant
(21) The G trace was built through clear stretches of structural differences include residues #I25 in PTD,
electron density at 3.0 A resolution for the monomer, and Which correspond to residues 11620 in NTD, and a loop
two additional subunits were generated using NCS. The sidecomprising residues 620, which correspond to residues
chains were then included where possible and left as13—16 in the NTD structure.
polyalanine for the rest of the model. Successive rounds of 2-Deoxyadenosine Complék.the PTD-dAdo complex,
rigid body refinement, simulated annealing, temperature the nucleoside is clear in th&, — Fc density at a contour
factor refinement, and model building in conjunction with level of 3o (Figure 2A). The deoxyribosyl moiety is tightly
phase extension to 2.1 A enabled the tracing of all 167 amino@nchored through hydrogen bonding between theaddim
acid residues. The NCS constraints were kept on for initial and the OD1 and OD2 atoms of Asp75, with distances of
rounds of refinement and were slowly relaxed and finally 2.82 and 2.64 A, respectively. The Qiom also hydrogen
removed in the final round. Water molecules were included bonds to the OD1 atom of Asn128# from the neighboring
in subsequent rounds of refinement based on the criteria thagubunit with a distance of 2.66 A. The Qtom is anchored
the peak in difference electron density maps was greater tharin position by the OE1 atom of Glu101 and the backbone
30 and the water molecule formed at least one hydrogen hitrogen atom of Ser14, with hydrogen bonding distances
bond with a protein, ligand, or solvent atom. of 2.50 and 3.06 A, respectively. The adenine base is held
The structure of native PTD was used as a molecular in position by hydrogen bonding interactions between N3
replacement model in determining the structures of all PTD and thg OD2 atom of Asp75 and the N7 _atom and a
complexes. The PTD complexes were refined using a similar €-términal oxygen atom of Tyrl67#-COOH, with distances
minimization and fitting cycle as described above for the Of 2:62 and 2.85 A, respectively. The N6 atom hydrogen

unliganded PTD structure. The standard topology, link, and bonds to a water molecule with a distance of 2.75 A. Pheds,
parameter files in CNS were modified to include the which is disordered in the native PTD structure, makes a
definition of a ribosylated glutamate residue for describing m-stacking interaction with the adenine ring.

GIu101. The final data refinement statistics are presented in _RiPosylated PTD Intermediatén F, — F. map contoured
Table 2. at 3.4 showed that in the structure of PTD treated with

F-AraA, the N-glycosidic bond is broken and the'-2
fluoroarabinose is covalently bound to the OE2 atom of
Glul01 (Figure 2B). The ribosyl group in the ester inter-
Unliganded PTDThe three-dimensional structure of PTD mediate retained the Géxosugar pucker observed in the
(Figure 1) was determined by using two derivatives with PTD—dAdo complex structure. The sugar position is shifted

RESULTS
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135 12 84

129 17

134 107 81

Ficure 1: (A) Structure of the hexamer of PTD. Each functional
dimer consists of a bottom (magenta) and a top (blue) monomer.
(B) Monomeric structure of PTD. (C) Topology diagram of PTD.
This figure was prepared using MOLSCRIPZ6( and Raster3D
(27, 28).

toward Glu101 by approximately 1.3 A for formation of the

covalent bond, while the position of the adenine base remains

fixed. In the ribosylated PTD intermediate, the 'Gom

remains anchored in position by Asp95 and shows almost

no movement relative to the PFRIAdo complex. The O5
atom gains a hydrogen bond to the hydroxyl oxygen atom
of Tyrl7 relative to the dAdo complex. This tyrosine is on
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a flexible loop that becomes ordered during the formation
of the intermediate. The O&tom moves slightly closer to
the backbone nitrogen of Serl4 and hence forms a tighter
hydrogen bond. The carboxylate group of Glu101 moves
closer to the sugar in the intermediate structure so that the
O3 atom of the sugar is within hydrogen bonding distance
(2.63 A) of the OE1 atom of Glu101. In the process, Glu101
loses the hydrogen bonding interaction with Tyrll, which
was present in the substrate-bound complex. The major
movement of the sugar ring occurs in the @2d O4 atoms,
which are not involved in hydrogen bonding interactions in
either the PTB-dAdo complex or the intermediate and'C1
which form a covalent bond with the OE2 atom of Glu101.

The ribosylated PTD intermediate also shows clear density
in anF, — F. map for the cleaved adenine base. In this case,
the adenine base is flipped in the active site such that N1,
rather than N3, is hydrogen bonded to Asp75. In addition,
the OE1 oxygen of Asp75 is within hydrogen bonding
distance (2.92 A) of the N6 atom of the base. The N6 atom
is also 3.10 A from a water molecule, which in turn is 3.15
A from the backbone oxygen of Gly44.

PTD—Selno ComplexThe structure of the PTBSelno
complex shows that the nucleoside is shifted away from
attacking nucleophile Glu101 with respect to the substrate
dAdo. The sugar pucker for Selno is '@hdoinstead O4
exoas observed for the substrate and intermediate complexes.
The distance from the Chtom to the OE2 atom of Glu101,
in the case of Selno, is 4.0 A as compared to 3.2 A for dAdo.
The N7 position of the base is still anchored by the
carboxylate oxygen atom of the terminal Tyr167#-COOH
from the neighboring subunit, which is 2.8 A away, and the
OS5 atom is anchored by OD1 and OD2 of Asp95, which
are 2.8 and 2.6 A away, respectively. However, the hydrogen
bond with Asp128 from the adjacent residue is no longer
present in this complex, and Asp75 hydrogen bonds to the
02 atom of Selno instead of hydrogen bonding with the
N3 atom of the base, as in the case of the substrate, dAdo.
The O2 atom also hydrogen bonds to the OE2 atom of
Glul01 and Tyrll with hydrogen bonding distances of 2.5
and 3.1 A, respectively. Tyr11 also hydrogen bonds the OE2
atom of Glu101; however, this distance, which was 2.6 A
in the dAdo complex, has now increased to 3.1 A in the
Selno complex. The O&tom is still anchored in place by
the OE1 atom of Glu101.

PTD—BrPur Complex The BrPur complex structure
shows density for the base at a contour level ob3rRan
Fo — Fc map. Compared to the PFHaAdo substrate
complex, the base has rotated by approximatef/i@Ghe
active site such that N7 now occupies the normal position
of N3 and the OD1 carboxylate of Asp75 is now within
hydrogen bonding distance (2.7 A) of the N7 atom. The plane
of the adenine base remains the same, arstacking
interactions with Phe45 are retained. The N9 and N3
positions are hydrogen bonded to a structurally ordered water
molecule. The bromine in position 6 is facing the active site
cleft and is 3.8 A from Tyr17.

DISCUSSION

Mechanistic ImplicationsPTD and NTD catalyze the
transfer of a 2deoxyribosyl group from a nucleoside and
an acceptor nucleobase. Previous mechanistic studies show
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that the reaction proceeds via a ping-petgbi mechanism nistically similar to the double displacement reaction identi-
involving a covalent deoxyribosylenzyme intermediate and  fied for the retaining class of glycoside hydrolas&g)(In
results in retention of the anomeric configuration of the the case of PTD, Glul01 serves as an active site attacking
nucleoside product). The deoxyribosyl transfer is mecha- nucleophile. The crystal structure of PTD complexed with
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Ficure 2: Stereoview of the active site of PTD. (A) Tl — F. density for the substrate dAdo is shown contoured at.3RB) The F,
— F¢ density for the ribosylated ester intermediate covalently bound to Glu101 is shown contoured. §€3.%heF, — F. density for
selenoinosine is shown contoured at®.@) TheF, — F. density for bromopurine is shown contoured ats3.This figure was prepared
using BOBSCRIPTZ9, 30) and Raster3D27, 28).

dAdo reveals several structural features that are consistenthe planarity requirement of the oxocarbenium transition
with the proposed mechanism. state. If the sugar pucker places'@i or below the plane,
The deoxynucleoside is oriented for catalysis by several stretching of the glycosidic bond conflicts with creation of
hydrogen bonds. In the PFBdAdo complex, the Clatom a planar intermediate.
is 3.2 A from the OE2 atom of Glu101 with a nearly ideal Ribosylated Enzyme Intermediage-Deoxy-2-fluorogly-
trajectory for attack. The deoxyribose is oriented by two cosides with a good leaving group at positionate slow
strong hydrogen bonds from O Asp75 and an additional  alternative substrates for numerous glycosidases. After the
hydrogen bond from O5to Asnl128# of a neighboring loss of the leaving group, the electron-withdrawing fluorine
subunit. The O3atom is hydrogen bonded to one carboxylate atom at position 2of the sugar favors the covalently bound
oxygen atom of Glu101, while the other oxygen atom serves intermediate and destabilizes the oxocarbenium-like transition
as the nucleophile. The positioning of the carboxylate group state. In many cases, thed@oxy-2-fluoroglycopyranosyt
by O3 of the sugar is reminiscent of the way the phosphate enzyme intermediate accumulates, thus inactivating the
nucleophile is positioned by O3in purine nucleoside  enzyme 10). The stability of these intermediates with
phosphorylase2d, 25). The attachments to O&nd O35 p-glucosidasef-galactosidasegxo 1,4-glucanaseende-
create an anchor about which the ribosyl group pivots during 14-glucanase, ang1,4-xylanase is so high that a proteolytic
the cleavage and formation of tiNeglycosyl bond. digest of the inhibited enzyme yields a peptide fragment
The cleavage of the N9C1' glycosidic bond most likely  containing a modified glutamyl residue. In the case of NTD
occurs via an oxocarbenium-like transition state in which from L. leichmannj a covalently modified enzyme inter-
negative charge accumulates on the purine ring and positivemediate was isolated using treatment with-fidronucleo-
charge accumulates on the'€04 bond of the sugar. The side followed by hydrolysis2). We used a similar strategy
C-terminal carboxylate group of Tyrl67# of an adjacent to inactivate PTD and determine the crystal structure of the
monomer is positioned to protonate N7. This is consistent ribosylated enzyme intermediate. The key interactions of the
with site-directed mutagenesis studies that show negligible ribosylated enzyme intermediate are shown in Figure 2B.
transferase activity when Tyrl67 is truncat&). (An only The crystal structures of the PFRIAdo complex and the
40% loss of activity is observed for the Y167F mutant, ribosylated enzyme intermediate provide two snapshots along
demonstrating that it is the C-terminal carboxylate rather than the reaction coordinate. Comparison of these structures
the side chain that is necessary for catalysis. The delocal-suggests that the carboxylate OE1 atom of GlulO1 is
ization of the negative charge in the purine ring may be anchored by a hydrogen bond with the'@8m of the sugar.
further assisted by protonation of the N3 atom by Asp75. As the reaction proceeds, the OE2 atom of Glul01 pivots
Mutation of Asp75 to alanine results in a 100-fold loss of by approximately 5% about the anchored OE1 atom and
activity (8). Both of these active site carboxylate residues attacks the C1atom of the nucleoside substrate. The
are proposed to be protonated. They are surrounded bymovement of the carboxylate OE2 atom results in the loss
hydrophobic residues, including Phe45, Phel6, Phe43, Tyrl1,0f a hydrogen bond with the phenolic oxygen atom of Tyr11.
Tryl6, Trp67, and Met125, and thus, the loclLjis likely Tyrll then donates a new hydrogen bond to Asp75, which
to be shifted upward. if protonated donates a hydrogen bond to N3 of the purine
The sugar pucker also facilitates deoxynucleoside bondbase. Once the glycosidic bond begins to stretch, an
cleavage. In the PTBdAdo complex, the dAdo adopts a oxocarbenium ion forms and is trapped by Glu101, resulting
high-energy O4exo pucker. This sugar pucker places the in inversion of configuration at C1Both the O5 position
C1 atom above the plane defined by'C@4, and C4. As and O3 position of the sugar are tightly anchored and
theN-glycosidic bond begins to stretch during bond cleavage, undergo very little movement, while the major movement
the C1 atom moves into the C204' —C4 plane, satisfying of the ribosyl moiety occurs at the G104, and C2
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Ficure 3: PTD active site with bound ligands. Key active site residues and hydrogen bonding patterns are shown for complexes with (A)
dAdo, (B) ribosylated intermediate and adenine, (C) Selno, and (D) BrPur.
positions. Like the substrate nucleoside, the enzyme-boundO2 atom of the sugar. Thus, the presence of the sugar O2
ribose also has a strained '@ko conformation. atom not only occludes the active site nucleophile but also
Specificity of PTD for 2DeoxyriboseAlthough PTD and destabilizes the transition state by breaking a key hydrogen
NTD accept most naturally occurring nucleosides as well as bonding interaction. The loss of interactions to the purine
many with modified bases, the enzymes are highly specific base also shows up in thB-factor analysis of the two
for 2'-deoxyribosyl groups. A comparison of the PFBAdo compounds. Th8-factor of dAdo is 21 & which is lower
and PTD-Selno structures provides an explanation for the than the averag®-factor value of 30 & for the enzyme,
specificity of these enzymes fot-Beoxynucleosides (Figure ~ while theB-factor for Selno is 42 A which is substantially
3). While the PTD-dAdo complex shows good geometry higher than that of the enzyme. Finally, the sugar pucker in
for catalysis, the PTBSelno complex shows important the case of Selno is G2&nda This sugar conformation is
differences in hydrogen bonding patterns. The presence ofboth energetically more favorable than'é@%oand, for the
a hydroxyl group at the C2position results in hydrogen reasons given above, stereochemically unfavorable for
bonds to both carboxylate oxygen atoms of Glul01l: O3 catalysis.
shows the normal hydrogen bond, but'@2the sugar now Specificity of PTD for Purine Nucleosidddnlike NTD,
hydrogen bonds to the carboxylate oxygen atoms that servesvhich utilizes both purine and pyrimidine donors and
as the nucleophile. To accommodate the additional hydroxyl acceptors, PTD is highly specific for-eoxynucleosides
group into the active site of PTD, Selno moves farther away with purine bases. Comparison of the structures of PTD and
from Glul01 with a distance between the'@iom of the NTD shows that although the overall core is conserved, there
sugar and the carboxylate OE2 atom of 4.0 A. The shift of are structural differences that may account for the differences
the Selno molecule also results in the loss of the interaction in specificity. Figure 4 shows the differences in. @ositions
with Asp75, which now forms a hydrogen bond with the when NTD is superimposed on PTD. The plot shows two
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deviation of 0.97 A.
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residue. In the case of NTD, this loop closes over the opening
of the active and thus shields it from the surrounding

environment. However, in the case of PTD, this loop adopts
a conformation that leaves an approximately 12 A opening
compared to NTD. Binding of purine nucleosides results in

active site shielding; however, the smaller pyrimidine base
does not.

The substrate binding geometry and key active site residues
apart from the 4862 loop are very similar in both enzymes
(Figure 5A). Figure 5B shows the superposition of the active
site residues of NTD and PTD. Both active sites are lined
with three acidic residues, which are implicated in substrate
binding and catalysis. This hydrophilic core is shielded by a
shell of hydrophobic residues, including tryptophan, me-
thionine, tyrosine, and phenylalanine. Although both enzymes
have this hydrophobic shell, there are some subtle differences
between the two enzymes in this region. In most nucleoside
binding enzymes, the nucleoside base is stabilized by a

distinct regions that have significant differences between the sr-stacking interaction. In the case of PTD, Phe45 stacks next
two structures. The first region spans the loop region in PTD to the purine nucleoside base and is present on a flexible
(residues 4862), which serves as an active site flap. In the loop that becomes ordered on substrate binding. Phe45 is
case of NTD, this loop contains GIn46, one of the key active further positioned for a face-to-face interaction with the
site residues which hydrogen bonds to both purine and purine base by other hydrophobic residues, including Phel6,
pyrimidine bases. This stabilizing interaction is lost in the Phe43, and Tyrl7. However, in the case of NTD, Trp12,
case of PTD because the equivalent residue is a glycinewhich aligns with Phel6 in PTD, makes an edge-on
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Ficure 5: Comparison of the structures of PTD and NTD. (A) Superposition of tag&ings of PTD (red) and NTD (blue). (B) Comparison
of the active site residues of PTD (red) and NTD (blue). The pseudouridine molecule is from the NTD structure.
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Ficure 6: Different orientations of the purine base in the PTD active site. The four panels show the purine base and hydrogen bonding

schemes for (A) the ribosylated intermediate with bound adenine, (B) 6-bromopurine, (C) deoxyadenosine, and (D) 6-selenoinosine. Panels

B—D show the ribosylated intermediate from panel A for reference. This figure was prepared using MOLS@BIBAd( Raster3DZ7,

28).
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interaction with the purine base. Thus, the angle of the bonds to Serl4, Tyrl7, Asp95, Glu101, and Asn128#. Thus,
mr-stacking interaction is more favorable in PTD than in NTD. although the PTD is highly selective for purine deoxynucleo-
This suggests that base stacking is more critical in PTD, andsides, the transfer of the deoxyribosyl moiety can occur at
is able to compensate for the missing glutamine residue, several positions on the purine base.

which hydrogen bonds to both purines and pyrimidines in

the active site of NTD. Tha-stacking interaction in the case = REFERENCES
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