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ABSTRACT. Procaryotic tRNA-guanine transglycosylase (TGT) catalyzes the posttranscriptional base
exchange of the queuine precursor 7-aminomethyl-7-deazaguaning)(priéQthe genetically encoded
guanine at the wobble position of tRNAs specific for Asn, Asp, His, and Tyr. The X-ray structures of
Zymomonas mobili$GT and of its complex with pre{JRomier, C., Reuter, K., Suck, D., & Ficner, R.
(1996)EMBO J. 15 2850-2857] have revealed a specific prefinding pocket and allowed a proposal

for tRNA binding and recognition. We have used band-shift experiments in denaturing conditions to
study the enzymatic reaction performed by TGT. The presence of shifted protein bands after incubation
with tRNA followed by protein denaturation indicates a reaction mechanism involving a covalent
intermediate. Inspection of the X-ray structures and comparison of the different procaryotic TGT sequences
highlighted the conserved aspartate 102 as the most likely nucleophile. Mutation of this residue into
alanine by site-directed mutagenesis leads to an inactive mutant unable to form a covalent intermediate
with tRNA, proving that aspartate 102 is the active site nucleophile in TGT. To investigate the recognition
of the wobble guanine in the pre@inding pocket, we mutated aspartate 156, the major recognition
element for preq into alanine and tyrosine. Both mutants are inactive in producing the final product,
but the mutant D156A is able to form the covalent intermediate with tRNA in the first step of the reaction
mechanism in comparable amounts to wild-type protein. Therefore, the binding of the wobble guanine
in the preQ binding pocket is required for the cleavage of the glycosidic bond. The three mutants were
crystallized and their X-ray structures determined. The mutants display only subtle changes to the wild-
type protein, confirming that the observed biochemical results are due to the chemical substitutions rather
than structural rearrangements.

The hypermodified base queuine [Q: 7-[[(4&B-dihy- NH, NH,
droxy-2-cyclopentene-1-yl)amino]methyl]-7-deazagua- o c|H2 o (l;Hz
ninef is found in the first (or wobble) position of the HN TaT HN
anticodon of tRNAs specific for Asn, Asp, His, and Tyr, in J\ ﬁ J\
most procaryotes and eubacteria. Contrary to the other HN™ "N N ANA HNT N
modified bases which are synthesized on the tRNA level, preQ: Goo G
gueuine biosynthesis involves several steps beginning outside tRNApreQs 4
the tRNA and requires a base exchange on the tRNA. In
eucaryotes, where it is a nutrient, queuine is exchanged
directly with the genetically encoded guanine, found at the aueh
wobble position of the specific tRNAs, in a single enzymatic !
step (Katzeet al,, 1984). oH oH

In procaryotes, queuine is synthesizéd nao [for a QOH OQOH
review, see Slany and Kersten (1994)], presumably starting
from a GTP molecule which is transformed into the queuine NH NH
precursor preQ)7-aminomethyl-7-deazaguanine) (Figure 1). o (I:H2 0 cluz

HN ? HN%
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iﬂo\g}um Cliodelcyl Sqlf%tt?;)Pégg, pﬂlyacrylamldhe gel elethFODnCérgél'Ss; This precursor is exchanged with the guanine at the wobble
, molecular weight(s); , polymerase chain reaction; , P } ; .
N-2-(hydroxyethylpiperazinel -2-ethanesulfonic acid; Tris, tris(hy- position by the tRNA-guanine transglycosylase (TGT; EC
droxymethyf)aminomethane hydrochloride; EDTA, ethylenediamine- 2-4.2.29) enzyme (Okadet al, 1979). The tRNA-bound
tetraacetic acid. preQ is further modified into epoxyqueuine [0Q: N{

S0006-2960(96)02003-X CCC: $12.00 © 1996 American Chemical Society



Aspl102 as Active Site Nucleophile in TGT Biochemistry, Vol. 35, No. 49, 19965735

Table 1: Oligonucleotides Used in Mutagenesis

oligo sequence (80 3)?
T7 AATACGACTCACTATAGGGAG
T7reverse CTAGTTATTGCTCAGCGGTG
D102A_NMP GTCAAAATAGGCCGATCCCA
D102A_M¢ TGGGATCGGCCTATTTTGACGGCTAGCGGCGGGTATCAGG
D156A_NM AAGGCCATTACGATATCACTG
D156A_M CAGTGATATCGTAATGGCCTTTGCCGAATGCACGCCTTATCCAG
D156Y_NM AAGGCCATTACGATATCACTG =~
D156Y_M CAGTGATATCGTAATGGCCTTTUACGAATGCACGCCTTATCCAG

aThe mutated codon is underlinéd.NM, nonmutated® M, mutated.

(2,3-epoxy-4,5is-dihydroxy-2-cyclopent-1-yl)amino]jmethyl]-  hringer Mannheim. [8H]Guanine was from Amersham
7-deazaguanine] by th&adenosylmethionine-dependent Corp. Oligonucleotides were synthesized by the oligonucle-
enzyme QueA (Slanet al, 1993). Final conversion of otide service at EMBL.
epoxyqueuine to queuine is carried out by an unknown TGT and E. coli tRNA" Preparation. Zymomonas mobilis
enzyme in a vitamin B-dependent reaction (Frest al., TGT, either wild-type or mutants, was prepared as described
1988) (Figure 1). previously (Reuter & Ficner, 1995; Romiet al, 1996a)
TGT was first isolated fromEscherichia coliextracts  and stored at 4C as microcrystalline suspension. Prior to
(Okada & Nishimura, 1979) and the correspondigiggene use, a small sample of the microcrystals was redissolved in

cloned and sequenced (Reutdral, 1991). TheE. coli a high-salt buffer composed of 10 mM HEPES, pH 7.5, 10
protein was _overexpressed and purified _(Gaertial., 1993), mM MgCl,, and NaCl, up to the desired protein concentra-
and the anticodon stentoop together with the b4GzUss tion. The NaCl concentration was adjusted as low as possible

sequence was shown to be the only requirement, besideso obtain a total dissolution of the microcrystals (i.e., 400
magnesium, for recognition (Curnaat al, 1993; Nakanashi ~ mM for 1 mg/mL and 2 M for 12 mg/mL).E. coli tRNATY"-
etal, 1994; Curnow & Garcia, 1995). Two residues, serine (Gs,) was prepared as described previously (Reuter et al.,
90 and cysteine 265, have been shown to be potentially 1994) and stored at a concentration of 10 mg/ml in a buffer
involved in theE. coli TGT catalytic mechanism (Reutet composed of 5 mM cacodylate, pH 6.5, 2 mM MgGind

al., 1994; Chonget al, 1995). Recently, thiggt gene from 0.2 mM EDTA.

Zymomonas mobilisvas cloned and its product overex-  polyacrylamide Gel Electrophoresigsor polyacrylamide
pressed, purified, and characterized (Reuter & Ficner, 1995)-gel electrophoresis (PAGE), 1.4 of the TGT solutions (1
Both E. coliandZ. mobilisenzymes have a molecular mass mg/mL) was mixed with 1QcL of reaction buffer (10 mM
around 43 kDa, show 53% sequence identity, and have HEPES, pH 7.5, 10 mM MgGJ and 1 mM EDTA) and 2
similar kinetic parameters.Z. mobilis TGT has been uL of either distilled water or tRNA (10 mg/mL; i.e., 20-
crystallized and its structure solved at 1.85 A resolution fold excess of tRNA). The reaction mixtures were then
(Romieret al, 1996a,b). The enzyme has an unexpected jncubated 1 h at 37C. Following incubation, 7L of a
(Blo)g-barrel fold with a zinc binding domain insertion. gps loading buffer [60 mM Tris, pH 6.8, 10% (v/v) glycerol,
Soaking of the TGT crystals with the substrate prefyealed 2% (w/v) SDS, and 0.01% (w/v) Bromophenol blue] was
a specific preQ binding pocket at the C-terminal face of added to the reaction mixtures which were left for 1 h at 37
the barrel. These results together with the electrostatic °c tg allow proper unfolding. The samples were then
potential at the surface of the enzyme enabled the modelingappned, together with protein markers (Biorad), onto a SDS
of tRNA binding and recognition. Inspection of the experi- gel composed of a 4% stacking part (pH 6.8) and a 15%
mental and modeled structures lead us to propose a catalytiGunning part (pH 8.9). Electrophoresis was performed at 100
mechanism composed of two consecutivg2 Seactions v in the presence of a SDS running buffer composed of 25
involving the formation of a covalent intermediate. Only a mm Tris, pH 8.8, 200 mM glycine, and 0.1% (w/v) SDS.
few residues which might act as nucleophiles were found in Gels were stained with Coomassie brilliant blue R-250
the vicinity of the pre@ pocket, with aspartate 102 being (Biorad) followed by silver staining (Sigma).

the most properly placed to play this role. Construction of the TGT Mutants D102A, D156A, and
To further characterize the reaction performed by TGT, p156y, DNA manipulations and fragment isolations were
we have analyzed TGHRNA complexes by gel electro-  performed according to well-established methods (Sambrook
phoresis in denaturing conditions. Evidence of a covalent g al, 1989). The construction of the mutants was performed
intermediate prompted us to mutate aspartate 102 by site—by polymerase chain reaction (PCR; Ha al, 1989)
directed mutagenes_is_ to assay its role in catalysis. Aspartatefouowing a protocol already described (Reuétral, 1994).
156, a major recognition element for pre@as also mutated e external primers used were T7-specific primers. The
to study the role of the pre(inding pocket in the specific  jnside primers were only partially overlapping, with only one
recognition of the wobble guanine. Here we report the o them containing the mutated codon (Table 1). To
biochemical and structural characterization of the TGT inimize errors produced by PCR, only the first half of the

mutants D102A, D156A, and D156Y. mutated gene (which contains the mutation) was used for
ligation. This fragment was obtained by digestion of the
MATERIALS AND METHODS PCR fragments with botiNcd and EcadRl restriction
Reagents. All chemicals were purchased from Sigma enzymesZ. mobilis tgtgene has a singlEcadRl restriction
unless stated. Restriction endonucleases were from Newsite). The second half of the gene was obtained by digestion
England Biolabs and DNA-modifying enzymes from Boe- of the wild-type gene with botBcdRl andBanH] restriction
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A BC DEF G H I Table 2: Data Collection and Refinement Statistics
mutant D102A D156A D156Y
774 %Da — | E i = Il constants
ce
662kDa —»-| = g - - a(A) 90.7 90.2 90.4
b (A) 63.7 64.5 64.3
450 kDa —b-| =y -.-_--.- c(A) 72.5 72.0 72.0
& B (deg) 96.4 96.9 97.2
resolution (A) 2.6 2.2 2.2
31.0 kDa —p» | == — completeness (%) 98.8 97.7 93.6
Royn? (%) 6.5 3.7 3.8
. . . .- resolution range (A) 6:02.6 6.0-2.2 6.0-2.2
21.5 kDa —p» - R—factoP (%) 20.4 20.3 19.9
R-free® (%) 27.6 24.6 25.0
rms to wild-typé (A) 0.17 0.15 0.19

FiIGURE 2: Silver-stained SDSPAGE of wild-type TGT and TGT - - - -
mutants D102A, D156A, and D156Y, in the absence or presence *Rym= 2|l — O3], wherel is the observed intensity aridllis

of tRNAT(Gs,). Lane A, molecular mass standards; lane B, TGT- the average intensity for multiple measuremehiEhe R-free (Bringer,
(wt); lane C, TGT(wt) plus tRNA; lane D, TGT(D102A); lane E, 1992) was calculated from a random selection of reflections constituting
TGT(D102A) plus tRNA; lane F, TGT(D156A); lane G, TGT- ~10% of the data; thék-factor was calculated with the remaining
(D156A) plus tRNA; lane H, TGT(D156Y); lane |, TGT(D156Y) intensities The rms value was calculated with all main-chain atoms
plus tRNA; lane J, molecular mass standards. including the G.

endonucleases. Both fragments were Iigated ove_rnight atguanine in the prebinding pocket. The three mutants were
14 °C together with a pET-9d vector previously digested constructed by site-directed mutagenesis @@l 1989)
with both Ncd and BanHl restriction enzymes. Sequence as previously described fd. coli TGT mutants (Reuteet
analysis was performed by the EMBL sequencing service g|. 1994). The mutated genes were inserted into a pET-9d
using an automatic sequencer (Vagsal, 1995). vector and overexpressed, and their products were purified
ACtiUity AssayS.The determination of the TGT Wlld-type as reported previ0u3|y (Reuter & Ficner, 1995; Rongéer
and mutant activities was performed as described previouslyal,, 1996a). The mutants could all be purified by preparative
(Reuter & Ficner, 1995). crystallisation, as for the wild-type, indicative of a proper
Structure Determination.The three mutants were crystal- folding of the enzyme.
lized and data collection performed under cryogenic condi-  Characterization of the Mutants by Agity Assays and
tions as described previously (Romier al, 1996a). The  Denaturating Gel ElectrophoresisActivity assays using
structures were refined by several cycles of energy minimi- wild-type TGT as positive control showed a total loss of
zation, using X-PLOR (Bmger, 1992), and manual correc-  activity for the three mutants. As is evident from the lack
tions, using TURBO-FRODO (Roussel & Cambillau, 1992). of a band-shift under denaturing conditions, the D102A
mutant is not able to form a covalent intermediate with its
RESULTS tRNA substrate whereas the two other mutants still bind
Study of Wild-Type TGTIRNA Complexes in Denaturing covalently tRNA (Figurg 2). Surprisi.ngly, in the case of_the
Conditions. In order to assess the possible formation of a D156A mutant, an additional band is observed at a higher
covalent intermediate during TGT reaction, wild-type T6T ~ Molecular weight. So far no explanation could be given for
tRNA complexes were studied in denaturing conditions. this band. However, when incubating the reaction mixtures
Wild-type TGT was first incubated at 3T for 1 h in the in the SDS loading buffer at 58 rather than at 37C, this .
presence or in the absence Bf coli tRNA™(Gs,). Fol- band was not observed any more whereas the other shifted
lowing incubation, a SDS-containing buffer was added to Pands are still observed (data not shown).
the reaction mixtures which were then left 1 h at®87 The Structural Characterization.The X-ray structures of the
choice of such a temperature was made to prevent hydrolysisthrée mutants have been determined and refined (Table 2).
of the putative covalent bond between the protein and the The three structures display only minor changes compared
tRNA. For similar reasons, né-mercaptoethanol was added t0 the wild-type structure. The three mutations are clearly
to the SDS denaturing buffer. Analysis of the denatured confirmed by the electron density maps (Figure 3). One
samples by SDSPAGE clearly shows the presence of Importantchange concerns the D156A and D156Y mutants
shifted protein (estimated to about 10% of the total protein Where the side chain of aspartate 102 breaks the hydrogen
loaded) after incubation with the tRNA (Figure 2). This Pond network it formed with the side chains of asparagine
result confirms that the TGT reaction involves the formation 0. histidine 73, and glutamine 107, and flips toward the
of a covalent intermediate. preQ binding pocket. In the case of the D156Y mutant,
Construction and Purification of the MutantsThe  aspartate 102 is seen forming a hydrogen bond with the

structures oZ. mobilisTGT and of its complex with preQ  hydroxyl group of tyrosine 156 (Figure 3).

have been previously solved by X-ray crystallography

(Romier et al, 1996a,b). Assuming the formation of a DISCUSSION

covalent intermediate during TGT reaction, structural inspec- So far, the catalytic mechanism of procaryotic tRNA-
tion highlighted aspartate 102 as the putative nucleophile guanine transglycosylases is poorly understood. The deter-
(Romieret al, 1996b). To verify this hypothesis, this residue mination of the structure oZ. mobilis TGT by X-ray
was mutated into alanine. Additionally, aspartate 156, which crystallography (Romieet al, 1996a,b) revealed that TGT

is found at the bottom of the pre@®inding pocket hydrogen-
bonding the 1-NH and 2-Njgroups of pre@ was mutated
into alanine and tyrosine to study the binding of the wobble

adopts an irregulap{o)s-barrel fold. Soaking of the crystals
with the preQ substrate showed the presence of a specific
preQ binding pocket at the C-terminal face of the barrel.
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Ficure 3: Stereoview of the %, — F. electron density maps of TGT wild-type and mutants. All maps are contoured at (A% Residue
102, TGT(wt); (B) residue 102, TGT(D102A); (C) residue 102, TGT(D156A); (D) residue 102, TGT(D156Y); (E) residue 156, TGT(wt);
(F) residue 156, TGT(D156A); (G) residue 156, TGT(D156Y).
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Furthermore, the electrostatic potential at the surface of the o
protein is characterized by a bipolar charge distribution with N SINH
a negatively charged region in the center of the barrel and a <9 J

S . . . N ;‘( NH, Guanine RO
positively charged region on the zinc subdomain located

above the barrel plane. Altogether, these results enabled the °\l _L, O~¢
modeling of a TGTFtRNA complex where the anticodon

stem-loop phosphate backbone is recognized by the posi-
tively charged region, whereas the anticodon is recognized
by the negatively charged region inside the barrel (Romier
et al, 1996b).

The crystal structure of queuosine, the nucleoside of
gueuine, shows that th&configuration is preserved at the
ribose C1 (Yokoyamaet al, 1979). A direct nucleophilic
attack of the glycosidic bond by pre@an therefore be THz 'Iin
excluded. Consequently, ayB or two consecutive & cH, ©O CH, ©
reactions could be catalyzed by the enzyme. The former =~ " NNH T~ ONNH
mechanism is unlikely due to the presence of many water fo AN, fo A PN,
molecules in the center of the barrel and to the absence of a %
site in the pre@ pocket vicinity where the ribose could be O<¢ . 0¢
hidden from the solvent. Since the TGT reaction does not l /°
require additional energy provided by GTP or ATP, the
second proposed mechanism most likely involves the forma- o
tion of a covalent intermediate. Inspection of the structures %_ |
shows that only four conserved residues may act as nucleo-
philes: histidine 73, aspartate 102, aspartate 280, and cysteine Asp102
281. Although histidines and cysteines are considered betterFicure 4: Proposed catalytic mechanism with aspartate 102 as the
nucleophiles than carboxylates, only aspartate 102 was closective site nucleophile. The carboxylate group of the aspartate first
enough o the precinding pocket (0 act as a nucleophie. 2056 1S ST it 0 1 Cormert ermede @

We have preser_lted here eVIdenC.e that 'Fhe Catalytlcattacks then the Chtorr?, leading to the firr)1al prQQnogified tRNA.
mechanism of TGT involves a covalent intermediate. Analy-
sis of the wild-type TGFtRNA complex by gel electro-
phoresis in denaturing conditions shows the presence of
shifted protein bands (Figure 2). The presence of two shifted
bands might be due to partially digested tRNA. To
investigate whether aspartate 102 was the TGT active site
nucleophile, this residue was mutated into alanine by site-
directed mutagenesis, and the D102A mutant was assaye
for its ability to form a covalent intermediate. In this case,
no shifted protein bands were observed in denaturing
conditions (Figure 2), and the mutant was found to be totally
inactive. No changes were observed in its crystal structure,
which could account for the _Ioss of activity or its inability Figure 4 for atom numbering). The mechanism of this
to form a covalent intermediate. Altogether, these results R .

. : .~ deprotonation is still to be clarified.
confirm the role of a nucleophile played by aspartate 102 in
the catalytic mechanism of TGT. Even though carboxylates [n our original proposal for the reaction mechanism, we
are considered as poor nucleophiles, nucleoside 2-deoxyri-2ssumed that the wobble guanine is recognized in the,preQ
bosyltransferase, which catalyzes the same kind of reaction,binding pocket prior to the cleavage of the glycosidic bond
also has a catalytic mechanism involving a covalent inter- by aspartate 102. To verify this hypothesis, we mutated
mediate and makes use of a carboxylate (Glu98) as nucleo-aspartate 156, the major recognition element for preQ@
phile (Porteret al,, 1995; Porter & Short, 1995; Sheet al., mutation into alanine was designed to prevent proper binding
1996). The structure of this enzyme has recently been solvedof either guanine or preQand a mutation into tyrosine was
(Armstronget al, 1996), but its fold and the environment made to block the pocket. Both mutants are totally inactive
of the nucleophile are not comparable with those of TGT. in producing the final product, but they are still able to form

In E. coli TGT, two residuesserine 90 and cysteine a covalent intermediate with tRNA in the first step of the
265—have been shown to affect the catalytic activity of the reaction mechanism (Figure 2). However, while the amount
enzyme (Reuteet al, 1994; Chonget al,, 1995). However, of shifted protein for the D156A mutant is similar to the
both mutants retain some activity when mutated into alanineswild-type, it is almost not detectable in the case of the D156Y
which excludes their role as active site nucleophiles. The mutant. This clearly implies that the pre(ocket is
location of the corresponding residues in the structurg.of  involved in the binding of the wobble guanine. The presence
mobilisTGT suggests a structural role for the side chains of of some covalent complex, which is however hardly detect-
both residues. able on the silver-stained gel, with the D156Y mutant

The results presented here confirm the catalytic mechanismsuggests that alternative conformations of the anticodon loop
proposed on the basis of the crystal structure determinationenable aspartate 102 to come close to thep@sition. The
of TGT (Romieret al, 1996b) (Figure 4). In this mecha- determination of the crystal structure of TGT in complex

Asp102 H  asproz

PreQq

o 0 o o
R H R H

nism, the carboxylate group of aspartate 102 first attacks

the wobble guanosine at the ‘Cdtom, leading to guanine

release and formation of a covalent bond between the

aspartate side chain and the ribose iragonfiguration. It

has not been shown so far whether this attack is facilitated
y some other mechanisms as, for instance, a protonation
f the leaving guanine. The second reaction catalyzed by

TGT is the substitution of aspartate 102 by prel@ading

to the formation of the final pre@modified tRNA. It has

been proposed (Hoopst al, 1995) that deprotonation of

preQ nitrogen N9 occurs before it attacks the' @fom (see
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with tRNA should help in clarifying the mode of binding Garcia, G. A., Koch, K. A., & Chong, S. (1993) Mol. Biol. 231
for the anticodon loop. 489-497.

Finally, another structural and functional aspect concerns HOF}S('lgég?(ggtr’,eH%%’nggon’ R. M., Pullen, J. K., & Pease, L.
the conformation of the aspartate 102 side chain. In the wild- : : .
type protein, the carboxylate of this aspartate is involved in Hoiggfl, 3(31' %’3;23\’{1553?;?’ L. B., & Garcia, G. A. (19%ipchem-
a hydrogen—bonding _ngtwork formed by the.side chains of Katze, J_’ R.. Godinz, .U., Smith, D. L., Cheng, C. S., &
asparagine 70, histidine 73, and glutamine 107. The McCloskey, J. A. (1984Biochemistry 231171-1176.
structures of the D156A and D156Y mutants reveal that the Nakanishi, S., Ueda, T., Hori, H., Yamazaki, N., Okada, N., &
aspartate 102 side chain is rotated by almost® 18®ard Watanabe, K. (1994). Biol. Chem. 26932221-32225.
the preQ binding pocket (Figure 3). This conformational Okada, N., & Nishimura, S. (1979). Biol. Chem. 2543061
change might be due to the missing repulsive charge of 3066. _ _ _ _
aspartate 156. We have previously postulated that, in order©%ada, N., Noguchi, S., Kasai, H., Shindo-Okada, N., Ohgi, T.,

to perform its catalytic role, aspartate 102 must break its g(())?tg,. T & Nishimura, S. (1979). Biol. Chem. 2543067

hydrogen bonding network and flip toward the wobble poer, b, g, T, & Short, S. A. (1995) Biol. Chem. 27015557~
guanosine (Romiegt al., 1996b). We assumed that binding 15562.

of one of the uracils of the recognized43;4Uss sequence Porter, D. J. T., Merrill, B. M., & Short, S. A. (1999) Biol. Chem.
may perturb this network, freeing the carboxylate of the 270 1555}+-15556.

aspartate. However, the structures of the TGT mutants Reuter, K., & Ficner, R. (1995). Bacteriol. 177 5284-5288.
D156A and D156Y reveal that such a flip is possible without Reuter, K., Slany, R., Ullrich, F., & Kersten, H. (199L)Bacteriol.
prior perturbation of the hydrogen-bonding network. It may 173 2256-2264.

; ; Reuter, K., Chong, S., Ullrich, F., Kersten, H., & Garcia, G. A.
therefore be possible that such a flip also occurs spontane (1994) Biochemistry 3370417046,

ously in presence of the wobble guanosine, even though 8zomier, C., Ficner, R., Reuter, K., & Suck, D. (199upteins:

complementary action is always possible. Struct., Funct., Genet. 2416-519.
Romier, C., Reuter, K., Suck, D., & Ficner, R. (199 BO J.
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