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ABSTRACT. The enzyme tRNA-guanine transglycosylase (TGT, EC 2.4.2.29) catalyzes a posttranscriptional
transglycosylation reaction involved in the incorporation of the modified base queuine [Q, @i€4,5-
dihydroxy-2-cyclopenten-1-ylaminomethyl)-7-deazaguanine] into tRNA. Previously, the crystal structure
of the TGT fromZymomonas mobiliwas solved in complex with pre@the substrate for the eubacterial

TGT) [Romier et al. (1996EMBO J. 15 2850-2857]. An aspartate residue at position 102 (position 89

in the Escherichia coliTGT) was proposed to play a nucleophilic role in an associative catalytic mechanism.
Although this is an attractive and precedented mechanism, a dissociative mechanism is equally plausible.
In a dissociative mechanism, aspartate 89 would provide electrostatic stabilization of an oxocarbenium
ion intermediate that is formed by dissociation of guanine. To clarify the nature of the catalytic mechanism
of TGT, we have generated and characterized four mutations of aspartate 8EInCthlETGT (alanine,
asparagine, cysteine, and glutamate). All four mutant TGTs were able to noncovalently bind tRNA, but
only the glutamate mutant was able to form a stable complex with the RNA substrate under denaturing
conditions that was comparable to wild type. Furthermore, the glutamate mutant was the only mutant
TGT that demonstrated significant activity. Kinetic parameters were determined for this enzyme and shown
to be comparable to wild type, revealing that the enzyme is considerably tolerant of the positioning of the
carboxylate. Under conditions of high enzyme concentrations and long time courses, the alanine, asparagine,
and cysteine mutants showed very low levels (ca&-fdll lower than wild type) of activity that were

linear with respect to enzyme concentration and dependent upon pH in a fashion similar to that of the
wild type. However, the observed initial velocities were too low to accurately deterkainand Kn,

values. We hypothesize that the activity observed for these mutants is most likely derived from host
strain TGT (wt) contamination. These results are most consistent with aspartate 89 acting as a nucleophile
in an associative catalytic mechanism.
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sulfonyl fluoride; SDS, sodium dodecyl! sulfate; PAGE, polyacrylamide [7-(4,5-is-dihydroxy-1-cyclopenten-3-ylaminomethyl)-7-
gel electrophoresis; TCA, trichloroacetic acid; htTGT (wt), histidine- deazaguanine, Figure 1]. In contrast, the TGT from archae-

tagged wild-type TGT. Histidine-tagged TGT mutant enzymes are T - .
referred to according to the following pattern: htTGT (D89A) (ie., Dacteria yields tRNA modified with the closely related base

aspartate 89 mutated to alanine). archaeosine (7-formamidino-7-deazaguanine, Figure 1).
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Ficure 1: Structures of queuine, archaeosine, preEpd preQ.
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FiGure 2: Proposed catalytic mechanisms of tRNguanine transglycosylase.

Despite the significant levels of sequence similarity nucleophile in a double displacement catalytic mechanism
(~40%) among the TGTs from the three domains, differences whereby its attack of the'<carbon of the ribose leads to
exist in the substrate specificity of the tRNA and/or the displacement of the guanine base (Figure 2).
heterocyclic base. In eubacteria, TGT catalyzes the exchange A similar associative mechanism has been previously
of a queuine precursor (prer-aminomethyl-7-deazagua- reported for other enzymes involved in cleavage of glycosidic
nine, Figure 1) for the guanine found in the wobble position bonds. 2-Deoxyribosyltransferase catalyzes the glycosidic
(position 34) of tRNAs that have an anticodon sequence of bond cleavage of 'Zeoxyribonucleosides. A glutamate
GUN (Asp, Asn, His, and Tyr). Once incorporated into residue has been identified to be the active site nucleophile
tRNA, preQ undergoes further chemical transformation of this enzyme 16, 17). Likewise, “retaining glycosyl
through at least two subsequent enzymatic steps to yield thehydrolases” catalyze the hydrolysis of glycosidic bonds with
final queuine modification( 2). In contrast, the eukaryotic  retention of configuration. These enzymes utilize the car-
TGT directly incorporates queuine into position 34 of cognate boxylate moiety from either glutamat&g8—21) or aspartate
tRNAs. In higher organisms, queuine is further modified by (22, 23) as the active site nucleophile. A second active site
glycosylation of the cyclopentene diol with either mannose carboxylate functions as a general acid/base by donating a
or galactose3d). The archaebacterial TGT differs from the proton to the leaving group and then abstracting a proton
previous two in both heterocyclic substrate and tRNA from the incoming water. Furthermore, a conserved aspartate
substrate. This TGT catalyzes the base-exchange reactionn pseudouridine synthase that is essential for activity has
of preQ (7-cyano-7-deazaguanine, Figure 1) for a guanine been proposed to act as a nucleophilic catalyst, attacking

found at position 15 in the D-loop of archaeal tRNAs ). the I-carbon of the ribose moiety@4).
The preQ is then presumably converted to archaeosine via The observation of a covalent complex between tRNA and
an uncharacterized chemical transformation. TGT is not sufficient to prove that this intermediate is on

Much work has been done to characterize the eubacterialthe normal reaction pathway. A dissociative catalytic mech-
TGT. Studies using the TGT fror&scherichia colihave anism can also be proposed for TGT catalysis whereby the
resulted in an understanding of the gross structural charac-aspartate residue provides electrostatic stabilization of an
teristics of the eubacterial TGTs as well as their substrate oxocarbenium ion transition state (Figure 2). Precedent for
recognition properties with regard to both the tRNgA-(L1) this type of mechanism is found in the nucleoside hydrolases.
and the heterocyclic bas&2). The crystal structure of the Like TGT, these enzymes facilitate cleavage of-IC
Zymomonas mobili§GT was solved at 1.85 A, revealing a glycosidic bonds. The transition states of the nucleoside
noncanonicalB/a)s -barrel fold (L3). Soaking of the crystals  hydrolases are characterized by protonation of the hetero-
with the heterocyclic substrate pre@lowed identification cyclic leaving group and extensive oxocarbenium ion
of the active site, which is located at the C-terminal face of character that is developed by the flattening of the ribofura-
the barrel {4). On the basis of this structure, it was suggested nosyl ring @5, 26). The nonbonding electrons of the
that aspartate 102 (aspartate &9, coli numbering) was incoming water are proposed to stabilize the positive charge.
positioned to play an important role in TGT catalysis. In the case of TGT, this role could be fulfilled by the
Interestingly, despite the substrate differences found acrosscarboxylate of aspartate 89.
the three TGT classes, this residue is invariant in all TGT It is equally possible that catalysis by TGT could be
sequences known to date. Romier et al. have demonstrateéchieved through either an associative or a dissociative
that replacement of aspartate 102 with alanine leads tomechanism. Therefore, to distinguish between these two
complete loss of enzymatic activity; furthermore, this mutant differing mechanisms and to gain a better understanding of
is unable to form a “covalent complex” with substrate tRNA the role of this active site aspartate, we initiated a more
as judged by SDSPAGE (15). Consequently, it was comprehensive mutagenesis study whereby aspartate 89 of
proposed that aspartate 102 was acting as an enzymidheE. coliTGT was mutated to alanine, asparagine, cysteine,
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nine), pD89C (cysteine), pD89E (glutamate), and pD89N

Table 1: Primers Used for Site-Directed Mutagerfesis .
(asparagine).

Mutagenic Primer Sequence (710 31 Generation of the Amino-Terminal His-Tag TGT Mutant
wT G GGG CCG ATC CTC ACC GAC TCC GGC GGC TTC CAG G Constructs.Mutant tgt genes were excised from pD89A,
pD89C, pD89E, and pD89N by double digestion witdd
Dg9A! G GGG CCG ATC CTC ACG GCC TCA GGC GGC TTC CAG G andHindlll. The tgt-containingNdd/Hindlll fragments were
separated from the parent plasmids on 1% SeaPlaque agarose
D89C* G GGG CCG ATC CTCACGTGC TCA GGC GGC TIC CAG G by gel electrophoresis. The bands corresponding to the
mutanttgt genes were excised from the gel and were treated
D§OE’ G GGG CCG ATC CTC ACT GAG TCC GGC GGETTC CAG G with one unit each of Gelase agarose digesting enzyme. Each
, of thetgt/Ndd/HindlIll fragments (8L) and similarly treated
D8ON* G GGG CCG ATC CTC ACG AAT TCC GGC GGC TTC CAG G pET28a (2uL) were ligated in 20uL reaction mixtures
a Complementary primers were used for QuikChange mutagenesis. containing 2 units of T4 DNA ligase. The ligation reactions
D89 and mutations are designated in bold. Restriction sizs 6!, were performed at 18C for 16 h. Each ligation reaction (3
2Pmll, °Ddd, “EcaRl) used for screening are underlined. L) was used to transform 150 of competen€. coli TG2

cells. The transformation reactions were incubated on ice
and glutamate. The results of the biochemical characterizationfor 30 min and then were heat shocked at°@2for 90 s.
of these four mutants are most consistent with an associativeThe transformed cells were spread on L-agar plates contain-
(nucleophilic) mechanism for TGT catalysis. ing 30 ug/mL kanamycin. Plasmids were isolated from a
maximum of five colonies per plate. Restriction digests (as

MATERIALS AND METHODS previously mentioned, Table 1) were used to verify the

ReagentsUnless otherwise specified, chemical reagents presence of the mutatdgt genes. The plasmids were named
were purchased from either Sigma or Aldrich. Agarose, pHD89A (alanine), pHD89C (cysteine), pHD89E (glutamate),
isopropyl/-p-thiogalactopyranoside (IPTG), and dithiothrei- and pHD89N (asparagine).
tol (DTT) were from Gibco BRL. SeaPlaque low melting Expression and Purification of Aspartate 89 TGT Mutants.
point agarose was from FMC BioProducts. THEI buffer pHD89A, pHD89C, pHD89E, and pHD89N (2L each)
was from Research Organics, and HEPES was from Unitedwere transformed into 156L of competentE. coli BL21-
States Biochemical. Restriction enzymes and Vent DNA (DE3) pLysS, and the transformed cells were spread on
polymerase were from New England Biolabs. Gelase agarosel-agar plates containing 30g/mL each of kanamycin and
digesting enzyme was from Epicenter. T4 DNA ligase, chloramphenicol. One colony per mutant was used to
kanamycin, and chloramphenicol were from Boehringer inoculate 3 mL of XTY media containing 30ug/mL
Mannheim. Plasmid pTGT5 was from a laboratory stock kanamycin and 3Qug/mL chloramphenicol. The cultures
(27), and plasmid pET28a was from Novagen. Epicurian Coli were grown overnight at 37C with shaking.
XL2-Blue ultracompetent cells were from Stratagene, TG2  Overnight cultures (50@QL each) were used to inoculate
cells were from a laboratory stock, and BL21(DE3) pLysS 500 mL of fresh 4 TY containing the appropriate concen-
cells were from Novagen. Bradford reagent was from Bio- tration of kanamycin and chloramphenicol. The cultures were
Rad. HisBind resin was from Novagen. THe coli tyrosyl incubated at 37C with vigorous shaking until the Qfgy
tRNA (ECY) transcript was prepared as described previously reached~0.60. Mutant TGT expression was induced by the
(10). [8-*H]Guanine (5-15 Ci/mmol) and [8*C]guanine addition of IPTG to each culture to a final concentration of
(50—60 mCi/mmol) were from Moravek. [8!C]Guanings- 1 mM. The cultures were allowed to incubate an additional
labeled tRNA (2.15 mCi/mmol) was prepared as described 2 h postinduction, after which time the cells were harvested
previously (2). DNA oligonucleotides for mutagenesis by centrifugation (4508, 15 min, 4°C).
(Table 1) were synthesized at the University of Michigan,  All purification steps were performed at°€. The cell
Biomedical Research Core Facility (UM-BRCF). pellets from the 500 mL cultures-(L.4—1.6 g wet weight)

Construction of Aspartate 89 TGT Mutantdutants of were resuspended in 15 mL of lysis buffer (20 mM Tris
aspartate 89 were generated from the wild-tipeoli TGT HCI, pH 7.9, 500 mM NaCl, 5 mM imidazole, 100M
expression plasmid (pTGT5) using QuikChange site-directed PMSF). The cellular suspensions were incubated on ice for
mutagenesis (Stratagene). Briefly, dl0reactions containing 30 min to allow for lysis by the pLysS-encoded T4 lysozyme,
800 ng of plasmid pTGT5, 150 ng each of the respective after which time the cellular debris was pelleted by ultra-
mutagenic primers, and 3 units of Vent DNA polymerase centrifugation (10000§) 1 h, 4°C). The supernatant was
were subjected to 15 PCR cycles of the following temper- sterile filtered with a 0.22Zm syringe filter (Millipore) and
ature sequence: 9 for 1 min, 50°C for 1 min, and 72 applied to a column packed with nickel-charged -Bisd
°C for 5.5 min. Following digestion with 20 units @pnl resin that had been equilibrated with 6 mL of lysis buffer.
for 1 h, 10uL of the PCR product was transformed into Following the loading of the supernatant, the column was
100 uL of ultracompetent Epicurian Coli XL2-Blue cells washed with 20 mL of lysis buffer, followed by 15 mL of
according to vendor’s protocols. The transformed cells were wash buffer (20 mM TridHCI, pH 7.9, 500 mM NaCl, 60
spread on L-agar plates containing B@/mL ampicillin. mM imidazole). The amino-terminal His-tagged TGTs were
Harvested plasmid DNA was screened for the desired eluted from the column with 15 mL of elution buffer (20
mutation by restriction digestion with the enzymes noted in mM Tris-HCI, pH 7.9, 500 mM NaCl, 350 mM imidazole)
Table 1. DNA sequencing (UM-BRCF) was used to verify and collected in 1 mL fractions. EDTA was added to each
the absence of undesired mutations in each ofgheutant fraction (10 mM final concentration) in order to chelate any
genes. The mutant plasmids were designated pD89A (ala-nickel that may have leeched from the column.
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Fractions containing the mutant enzymes of interest were  Kinetic AnalysesSteady-state kinetic parameters for the
identified by the presence of a 44 kDa band on SIPAGE. htTGT (wt) and the htTGT (D89E) mutant were determined
The fractions were pooled and subjected to 15 h dialysis at pH 7.3 and 8.5 using the guanine-exchange assay. Studies
against 25 mM HEPES, pH 7.3, 2 mM DTT, 1 mM EDTA, at pH 7.3 were performed in 100 mM HEPES as described
and 100uM PMSF. Immediately following the initial 15 h  above, while those at pH 8.5 were performed in a constant
dialysis, the enzyme fractions were dialyzed for 24 h against ionic strength buffer [L00 mM 4-ethylmorpholine, 51 mM
two changes of equilibration buffer (25 mM HEPES, pH 7.3, 2-(N-morpholino)ethanesulfonic acid, 51 mM diethanol-

2 mM DTT, 100uM PMSF). Enzymes were concentrated amine] 8).
using ultrafiltration spin columns (BioMax 10 K, Millipore). For the htTGT (wt), pH 7.3, the tRNA and guanine
The final concentration of each mutant TGT was determined concentrations ranged from 0.075 to 4. [8-*H]Guanine
with the Bio-rad protein assay kit based on the Bradford (162 mCi/mmol) was used as the heterocyclic substrate. The
method using BSA standards. The TGT mutants, hereafterenzyme concentration was 25 nM. For the htTGT (D89E)
referred to as htTGT (D89A), htTGT (D89C), htTGT mutant, pH 7.3, the tRNA concentration ranged from 0.1 to
(D89E), and htTGT (D89N), were stored in liquid nitrogen 10 «M, and the guanine concentrations ranged from 0.1 to
until needed. 20 uM. [8-**C]Guanine (56.6 mCi/mmol) was used as the
tRNA Binding: Natie PAGE.To assess the noncovalent heterocyclic substrate. The enzyme concentration was 50 nM.
binding of theE. coli tyrosyl-tRNA (ECY) substrate to the  In both cases, the total reaction volume was 400
mutant TGTs, native PAGE band-shift assays were per- Kinetic parameters at pH 8.5 were determined using
formed as previously describdd, 8). Briefly, 3 uM TGT [8-1“C]guanine (56.6 mCi/mmol) as the heterocyclic sub-
was incubated with a 10-fold excess of ECY at°&/for 1 strate. For htTGT (wt), the tRNA and guanine concentrations
h in a reaction mixture containing 10 mM HEPES, pH 7.3, ranged from 0.075 to 10M. The final enzyme concentration
1 mM MgCl,, and 10 mM DTT. The reaction mixtures were was 25 nM in reaction mixture volumes of either 800 or
then analyzed by native PAGE using-85% gradient 400uL. For htTGT (D89E), the tRNA concentration ranged
polyacrylamide gels (Pharmacia). Approximately¥ of from 0.075 to 2Q«M, and the guanine concentration ranged
each reaction was loaded on the gel and run under nativefrom 0.1 to 40uM. The enzyme concentration was 50 nM
conditions following the vendor's protocols. Following in reaction volumes of either 800 or 40dL.
electrophoresis, the gels were first stained by ethidium Initial velocities @is) were obtained from linear regression
bromide for tRNA visualization and then by Coomassie blue of guanine incorporation versus time for various concentra-
for protein visualization. tions of both the tRNA substrate and the guanine substrate

Denaturing PAGE: Coalent Complex Band-Shift Assay. (while holding the other substrate at a constant, saturating
The abilities of htTGT (wt) and htTGT (mutants) to form a concentration) and converted to reciprocal seconds by
stable complex with tRNA were assessed by a denaturingdividing by the enzyme concentration (25 or 50 nM) and
PAGE band-shift assay. Enzymey(M) was incubated with ~ the aliquot volume (150 or 7QL). kear and Kn were
a 4-fold excess of d&ECYMH (20 uM), a minihelical determined by nonlinear regression analysis of plots of initial
analogue of ECY consisting of the anticodon stem and loop velocities (reciprocal seconds) versus substrate concentration.
substituted with a deoxyguanosine located at position 34, in  Hydrolysis of 8-}*C]Guanine from tRNATo probe the
the presence of 400M 9-methylguanine at 37C for 1 h ability of htTGT (wt) and htTGT (mutants) to catalyze the
in a 10uL reaction mixture containing 10 mM HEPES, pH hydrolysis of guanine from position 34 of substrate tRNA
7.3, and 1 mM MgCl. SDS buffer (10uL, 60 mM Tris in the absence of the heterocyclic base, “washout assays”
HCI, pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol were performed as follows. Enzyme (250 nM final concen-
blue) was added to the reaction mixtures, and the incubationtration) was introduced to reaction mixtures (330 total
was continued at room temperature for an additional 1 h. volume) containing 10 mM HEPES (pH 7.3), 20 mM MgCl
Aliquots (4uL) of each reaction were loaded onto a gradient 10 mM DTT, and 1Q:M tRNA labeled with 8-f*C]guanine
8—25% polyacrylamide gel and run under denaturing condi- at position 34. The reaction mixtures were incubated at 37
tions following the vendor’s protocols (Pharmacia). The gel °C, and aliquots (5@L) were withdrawn ovea 3 htime
was stained with Coomassie blue to visualize the protein. course. As a control, duplicate reaction mixtures were

Activity ScreenA previously described guanine-exchange prepared with the addition of 50M guanine and similarly
assay (TGT assay) was used to assess the activity of eaclassayed to ensure guanine “washout” could be observed. The
of the aspartate 89 TGT mutants with slight modifications aliquots were processed, and the radioactivity remaining in
(8, 11). Enzyme (250 nM-2 uM final concentration) was  the tRNA was quantitated via LSC as described above.
introduced to a 55@L reaction mixture of 100 mM HEPES  Hydrolytic activity was assessed by plots of guanine remain-
(pH 7.3), 5 mM DTT, and 20 mM MgGlcontaining 2QquM ing versus time. Assays were performed in duplicate.

ECY tRNA and 20uM [8-1“C]guanine (39.8 mCi/mmol). pH Dependence of the TGT Guanine Exchange A33wy.
The reaction progress was monitored over a time course ofrelationship between the pH of the reaction mixture and the
4 h. Aliquots (70 uL) of each reaction mixture were enzyme activity was explored for all aspartate 89 mutants.
withdrawn at designated time points, quenched in 2 mL of Reaction conditions were similar to those used in the activity
5% TCA, and filtered over glass fiber filters (GF/C filters, screen with the exceptions of pH and buffer system. pH
Whatman). Filters were washed with 5% TCA, rinsed with values ranged from 7.3 to 9.0. HEPES buffer was used for
ethanol, and dried. The radioactivity was quantitated by liquid the pH 7.3 reactions, while a previously described constant
scintillation counting (LSC). Enzyme activity was determined ionic strength buffer [L00 mM 4-ethylmorpholine, 51 mM
from plots of guanine incorporation versus time. Assays were 2-(N-morpholino)ethanesulfonic acid, 51 mM diethanola-
conducted in replicate. mine] was used in the higher pH reactiorZ8)( Enzyme
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1

mM MgCl,, and 1 mM DTT at 37C for 1 h. Approximately 4L

was loaded in each lane. Lanes: 1, tRNA alone; 2, htTGT {wt)
tRNA; 3, htTGT (D89A)+ tRNA,; 4, htTGT (D89C)+ tRNA; 5,
htTGT (D89E)+ tRNA; 6, htTGT (D89N)+ tRNA. (A) The gel

was stained with Coomassie blue to visualize the protein-containing
bands. (B) The gel was stained with ethidium bromide and
photographed on a UV transilluminator to visualize tRNA-contain- | & i i

ing bands. FiGURE 4: SDS-PAGE of the htTGTRNA stable complex. htTGT
activity was monitored owea 4 htime course as described and D89 mutants (»M) were preincubated with tRNA (d&
above. Enzyme activity at each pH was determined through ECYMH, 20u4M) in a 10 uL reaction mixture containing 10 mM

: : A HEPES, pH 7.3, 1 mM MgGJ and 1 mM DTT at 37°C for 1 h.
linear regression of the plot of guanine incorporated versus Following the addition of 10:L of SDS buffer, reactions were

time. Specific activities were obtained by dividing the slope jncubated for an additiohd h atroom temperature. (A) Native
of the plots by the TGT concentration (250 A\ «M) and TGT (wt) and htTGT (wt) with ECY and d-ECYMH. Lanes:

the aliquot volume (7QuL). Assays were conducted in 1, native TGT (wt) alone; 2, native TGT (wt) ECY; 3, native

- ¢ TGT-RNA minihelix
- = - = TGT

triplicate. TGT (wt) + dG3,ECYMH; 4, htTGT (wt) alone; 5, htTGT (wt)
+ ECY; 6, htTGT (wt) + dGs-ECYMH. (B) htTGT (wt) and
RESULTS htTGT (mutants) complexed with d6ECYMH. Lanes: 1, htTGT

gwt) alone;2, htTGhT (Wt)—i—(ng4-I§CY(I;/IH; 3, htTGT (D8hQA)+
Construction, @erexpression, and Purification of the D89~ 4G+ECYMH; 4, MTGT (D89C) + dGsECYMH; 5, htTGT
Mutants.The desired glutamate (D89E), asparagine (D89N), (DBIE) + dGor ECYMH; 6, TGT (D8IN)+ dGos ECYMH.
cysteine (D89C), and alanine (D89A) mutations of position
89 were introduced into the. coli TGT (wt) via site-directed tRNA Binding to Wild-Type and Mutant TG T$he ability
mutagenesis of thégt gene from the expression plasmid of the htTGT (wt) and mutant htTGTSs to bind substrate tRNA
pTGT5 7). The resulting mutartgt genes were sequenced was assessed via native PAGE. Under native PAGE condi-
to confirm the presence of only the desired mutation. tions, wild-type TGT migrates to an apparéftof ~130000,
From the resulting plasmids, mutant TGT expression was consistent with a trimeric quaternary structure9). When
first attempted in thégt™ bacterial strairk. coli AK12(DE3) incubated with saturating levels of tRNA substrate, the TGT
pLysS. Because it does not contain a chromosomal copy ofband shifts to an appareht: of ~70000, which is consistent
the tgt gene, thisk. coli strain is routinely used in our  with a monomer TGTtRNA complex. As shown in Figure
laboratory to generate mutants of tecoli TGT. However, 3A (lanes 2-6), the htTGT (wt) and the aspartate 89 mutants
using this strain, only TGT (D89E) was successfully over- have bands corresponding to the T&INA complex. These
expressed. bands all contain tRNA as evidenced by the coincidence of
Previous experience in our laboratory suggested thatethidium bromide staining (Figure 3B, comparing lane$2
generation of the TGT mutants might be achieved by with lane 1).
attaching an amino-terminal histidine tag and expressing in  Covalent Complex Band-Shift Assaljhe presence of a
atgtt bacterial strain (i.e., BL21). To append the 6-histidine- stable TGFTtRNA complex has previously been observed
tag sequence to the mutant enzymes, dgtimutant was under SDS-PAGE conditions 15). Although it has yet to
excised from the corresponding pTGT5 plasmid via double be established that this complex represents a true enzyme
restriction digestionNdd and Hindlll) and ligated into a tRNA covalent intermediate, a correlation has been observed
complementarily digested pET28a plasmid. Restriction en- between the formation of this complex and enzymatic activity
zyme digestions, as indicated in Table 1, were used to (11). Interestingly, the histidine-tagged wild-type TGT does
confirm the presence of each mutdgt gene in pET28a.  not exhibit a covalent complex band with either full-length
From the resulting plasmids, the four mutant TGTs were tRNA (data not shown) or the minihelical RNA, ECYMH
successfully overexpressed in the bacterial host BL21(DE3) (Figure 4A). Under mild denaturing conditions, both native
pLysS. The wild-type TGT was also expressed with an TGT (wt) and htTGT (wt) demonstrate the ability to form
appended amino-terminal His tag in the same bacterial strain.this complex with the tRNA analogue, d&CYMH, as
Each htTGT (mutants and wild type) was purified to evidenced by the observable 50 kDa band (Figure 4A). None
homogeneity by nickel affinity chromatography (data not of the htTGT mutants exhibited a covalent complex band
shown). Typical enzyme yields averaged between 12 andwith ECYMH (data not shown). However, htTGT (D89E)
16 mg of protein/L of cell culture. did exhibit this complex with dg-ECYMH (Figure 4B). It
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Table 2: Specific Activities of His-Tagged TGTs at pH 7.3 Table 3: Kinetic Parameters for htTGT (wt) and htTGT (D89E) at
specific activityt relative pH7.3 and 8.5
(10°6sY) specific activity rel rel
Km? K

TGT (wtp 2202 (30) T SR AL 8

htTGT (wt) 1290 (30) 1 @M)  (10%sh)  uMTY  uMTY) s

htTGT (D89E) 570 (80) 0.44 - —

htTGT (D89C) 8.9 (0.36) 0.0069 RNA tRNA and Guanine Kinetics at pH 7.3

htTGT (D89N) 8.7(2.1) 0.0067 hTGT W) 0.12 (0.04) 1.21 (0.07) 10.1(3.4) 1 1

htTGT (D89A) 6.2(3.5) 0.0048 htTGT (D89E) 0.11(0.03) 0.71(0.03) 6.45(1.78) 0.64  0.59

aSpecific activities for the wild-type and D89E htTGTs were guanine
determined in triplicate at 50 nM enzyme and 20 substrate. The htTGT (wt)  0.10(0.03) 1.21(0.07) 12.1(3.7) 1 1
specific activities for the D89A, D89C, and D89N mutants were htTGT (D89E) 2.61(0.33) 0.59(0.02) 0.23(0.03) 0.02  0.49
determined in triplicate at the following enzyme concentrations: 250 tRNA and Guanine Kinetics at pH 8.5
nM, 500 nM, 1uM, and 2uM. The values reported are the average of tRNA
all determinations with the standard error in parenthe’sgke specific htTGT (wt) 0.39 (0.07) 5.85(0.29) 15.0(2.8) 1 1
activity for TGT (wt) is taken from Chong et al4g). htTGT (D89E) 0.51 (0.14) 0.93 (0.06) 1.82(0.51) 0.12 0.16

guanine
o - htTGT (wt)  0.57 (0.05) 7.57 (0.17) 13.3(1.2) 1 1

appears that the histidine tag reduces the stability of the htTGT (D89E) 6.32 (1.41) 0.75(0.05) 0.12(0.03) 0.009 0.09
covalent complex with “normal” RNA substrates. ThegdG aStandard errors are in parentheses.

containing minihelix is a substrate for TGT and has been
noted to form a strong covalent complex (as evidenced by a
larger degree of band shifting and a more intense shifted
band) B0; Nonekowski and Garcia, unpublished). A manu-
script is in preparation that fully describes this.

which was only decreased by about a factor of 2 compared
to the htTGT (wt). As a result, the catalytic efficiency (as
defined byk../Km) was decreased by ca. 50-fold for guanine
but only 2-fold for tRNA at pH 7.3. However, at pH 8.5,

On the basis of experience in our laboratory, the observa-
. - the ket Of the htTGT (D89E) was reduced by a factor of ca.
tion of a covalent complex with htTGT (D89E) suggests that 10-fold compared to htTGT (wt). Coupled with the slight

this mutant is active and the lack of complexes for the other ; ; . -
mutants would indicate that they have dramatically impaired increase irky, values at pH 8.5, the catalytic eff|_0|ency of
(or no) activity. htTGT (D89E) was decreased 100-fold for guanine and 10-
Activity Screen of the Aspartate 89 Mutants: Guanine- fold for tRNA,' .
Exchange Assaithe htTGT mutant enzymes were assessed DU€ {0 their low degree of activity, even under normally
for their ability to catalyze the guanine-exchange reaction saturatlng §ub_strate conditions, it was not feasible to perform
using saturating amounts of tRNA and I&]guanine detailed kinetic analyses on the htTGT (D89N), htTGT
substrates. In this assay, the htTGT (wt) demonstrated activity(P89C), and htTGT (D89A) enzymes. _ _
comparable to that of the native TGT (Table 2). This suggests PH Studies of the Aspartate 89 Mutarithie relationship
that the presence of the amino-terminal histidine tag did not between specific activity and reaction pH was explored for
have a negative impact on enzyme catalysis. The htTGT NMTGT (D89E), htTGT (D89N), htTGT (D89C), and htTGT
(D89E) exhibited activity that was about 2-fold less than that (D89A). The specific activity of each mutant was measured
of the htTGT (wt) (Table 2). Over a time course of 4 h, the atpH 7.3, 8.0, 8.5, and 9.0. On the basis of results shown in
htTGT (D89N), htTGT (D89C), and htTGT (D89A) also Figure 6A, it is apparent that the activities of_ htTGT (D89A),
exhibited guanine-exchange capability. However, the activity NtTGT (D89C), and htTGT (D89N) are optimal around pH
of these enzymes was reduced by about 3 orders of8.5. Furthermore, the observed pattern of pH dependence
magnitude compared to htTGT (wt) and htTGT (D89E) Versus activity appears to be very similar in all three cases.
(Table 2). The observed activity for these three htTGT Similar pH dependencies are also observed for htTGT
mutants was demonstrated to be linear with respect to(D89E) (Figure 6B) and htTGT (wt) (Figure 6C).

enzyme concentrations ranging from 250 nM toM (data Hydrolysis of 8-f‘C]Guanine from tRNAOTGT (D89A),
not shown). This is consistent with the covalent complex htTGT (D89C), and htTGT (D89N) were investigated for
band-shift assay results above. their ability to act as @-specific hydrolases using a washout

Kinetic Analysis of the His WT and Asp89 Mutattmetic assay. In this assay, the “deguanylation” of substrate tRNA
parameters for the htTGT (wt) and the htTGT (D89E) at pH by each htTGT was probed in the absence of heterocyclic
7.3 and 8.5 were determined by nonlinear fits to the Substrate. Ovea 3 htime course, no & hydrolysis was
Michaelis—Menten equation (Figure 5, Table 3). At pH 8.5, observed with any of the mutant htTGTs. In comparison,
the htTGT (wt) exhibited a 56-fold increase irk.a: when radiolabel washout was observed with htTGT (wt) in the
compared to pH 7.3. In contrast, the increase in reaction pH presence of both [8'C]guaningslabeled tRNA and saturat-
had little effect on the, of the htTGT (D89E) K, values Ing guanine.
varied slightly between the two pH values, with the higher
pH of 8.5 exhibiting increaseld, values for both enzymes. DISCUSSION

At either pH, the most profound effect of the D89E
mutation was observed in th&, value for guanine, which Previously, Romier et al. have proposed a double displace-
was increased by a factor of 26 compared to the htTGT (wt) ment mechanism for catalysis by TGT that is characterized
at pH 7.3 and by a factor of 11 at pH 8.5. Both enzymes by the formation of a covalent enzymebosyl (tRNA)
exhibited similaiK, values for tRNA at either pH. The D89E  intermediate 14). On the basis of its position in the crystal
mutation did not significantly affect the, value at pH 7.3, structure of the&Z. mobilisenzyme, aspartate 102 (aspartate
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Ficure 5: Michaelis-Menten plots of htTGT (wt) and htTGT (D89E) at pH 7.3 and 8.5. The averages of data points obtained from three
independent determinations are plotted. The curves represent fits of the data calculated by nonlinear regression. Error bars were generated
from the standard deviation within each point. Panels: (A) htTGT (wt) tRNA (ECY) kinetics; (B) htTGT (wt) guanine kinetics; (C) htTGT
(D89E) tRNA (ECY) kinetics; (D) htTGT (D89E) guanine kinetics.
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Ficure 6: pH dependence of htTGT specific activities. Enzyme activity at each pH was determined through linear regressibtiroe

course of guanine incorporation versus time as described in Materials and Methods. Specific activities were obtained by dividing the slope
of the plots by the enzyme concentration (250-n2M) and the aliquot volume (78L). Error bars are the standard deviation of triplicate
determinations. Panels: (A) htTGT (D89A), htTGT (D89C), htTGT (D89N); (B) htTGT (D89E); (C) htTGT (wt).

89, E. coli numbering) was implicated as the potential the amino terminus. The histidine tag was included in order
enzymic nucleophile that is involved in the formation of this to be able to efficiently separate the mutant enzymes from
intermediate 14, 15). Evidence for a TG®RNA covalent any host-derived wild-type TGT. It should be noted that the
complex was provided by the observation of an approxi- amino terminus of TGT is on the opposite side of the enzyme
mately 70 kDa band on SDSPAGE under mild denaturing  from the active site; therefore, the His tag is not expected to
conditions. Furthermore, an alanine mutant of this aspartateaffect activity. We have generated the wild-type TGT with
was shown to be inactive and unable to form the T&NA the appended histidine tag and confirmed that its activity is
covalent intermediate complex, thereby demonstrating the comparable to that of the wild-type enzyme (Abold and
importance of aspartate 102 in the catalytic mechanism of Garcia, unpublished). All four aspartate 89 TGT mutants
TGT. exhibited similar expression and purification behavior (data
Although this evidence is consistent with nucleophilic reviewed but not shown). Furthermore, each aspartate 89
catalysis by aspartate 102, a dissociative type mechanism inmytant TGT was able to bind substrate tRNA, thereby ruling
which aspartate 102 acts to stabilize an oxocarbenium ion gyt the possibility that the mutations resulted in a change of
intermediate on the normal reaction pathway cannot be e gross conformation of the enzyme (Figure 3).

dismissed. This type of mechanistic intermediate has previ- - -
ously been demonstrated for other enzymes that are involved The htTGT (D89E) mutant exhibited levels of activity that

in the scission of €N glycosidic bonds. Examples include were just slightly _Iower than those of the htTGT (wt) at pH
the nucleoside hydrolase€5 26, 31-33). It should be 7.3, the pH at which TGT has predomlnan_tly been assayed.
pointed out that the observation of the T&BRNA covalent ~ [fowever, at pH 8.5, the two enzymes displayed a larger
intermediate would not be inconsistent with this mechanism. différence in activity. Kinetic parameters determined at both
The covalent intermediate is observed only when the enzymePH 7.3 and pH 8.5 (Figure 5 and Table 3) reveal thaitae
is incubated with a large excess of tRNA for relatively long ©f NTTGT (wt) at pH 8.5 was greater than at pH 7.3. In
time periods. Under these conditions, it is certainly possible contrast, theke: of htTGT (D89E) varied only slightly -
that the aspartate could covalently trap the oxocarbeniumPetween the two pHs. Aside from the differences in catalysis,
intermediate. In our laboratory, we have observed a higherthe htTGT (D89E) also demonstrated an increasiirfor
degree of covalent adduct formation with minihelical RNAs guanine. The significant differences in activity between
(11). However, these minihelical RNAs serve as poorer NtTGT(wt) and htTGT (D89E) suggest that the glutamate is
substrates (e.g., lowek.,) in the TGT reaction when ot optimally positioned for catalysis, consistent with the
compared to their full-length counterparts. These observationsmodels in Figure 7. On the surface, the level of activity of
are consistent with the idea that a longer lived oxocarbeniumthe D89E mutant appears to be consistent with either
ion (that may occur if it is involved in the reduction ka.) mechanism. However, Muraki et al34) found that a
would be trapped more efficiently by the aspartate residue. glutamate mutant of aspartate 53 in human lysozyme
To determine if catalysis by TGT occurs via an associative exhibited a similar activity reduction relative to wild type
or dissociative mechanism, we have generated four differentand concluded that a nucleophilic mechanism was at least
mutations of aspartate 89 in the coli TGT: asparagine, partly involved in catalysis. The activity of the htTGT
cysteine, glutamate, and alanine. These mutants were con{D89E) mutant reveals a considerable tolerance for the
structed with an appended histidine tag (six histidines) at positioning of the carboxylate in the TGT active site.
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TGT (D89C) TGT (D89E)

FiGure 7: Active site of theZ. mobilisTGT: wild type versus models of cysteine and glutamate mutants of aspartate 89. Models of the

Z. mobilisTGT active site containing preQvere generated from coordinates provided by Dr. Ralf Ficner. The cysteine (as the thiolate)

and glutamate mutants of aspartate 89 were made and displayed using MOE (Molecular Operating Environment, Chemical Computing
Group Inc.) on a SGI Octane 2 workstation. The orientations of the cysteine and glutamate side chains were adjusted to remove any steric
conflicts.

The htTGT (D89N), htTGT (D89C), and htTGT (D89A) the heterotrimer would not differ much from the homotri-
mutant enzymes exhibited very low levels of guanine meric mutant since each heterotrimer would contain at least
exchange activity. Theses activities, observed avghtime one histidine-tag sequence.
course, were linear with respect to enzyme concentrations Interestingly, of the four mutant TGTs studied, only the
ranging from 250 nM to M. However, the activity of each  D89E could be expressed intgt™ bacterial strain. While
mutant is roughly 3 orders of magnitude lower than that the significance of this is unclear, it was intriguing to
observed with wild-type enzyme and the D89E mutant. hypothesize that perhaps the D89A, D89C, and D89N
Considering this, it seems unlikely that an oxocarbenium ion mutants might act as{ztRNA specific hydrolases, thereby
transition state occurs in the normal TGT reaction pathway. displacing G, from cognate tRNA species in vivo. Given
Nonetheless, the fact that any activity was observed for thesethis, expression of the mutant TGTs would be expected to
three mutants warranted further investigation. Two possibili- have a direct negative impact on protein translation by
ties that might account for the observed activity of the htTGT disrupting the anticodon sequence of queuine-cognate tRNAs.
(D89N), htTGT (D89C), and htTGT (D89A) enzymes were However, we did not observe any in vitros£hydrolytic
considered. First, it is possible that the observed activity is activity in the absence of guanine av& 3 htime course.
intrinsic to each of these enzymes. Although the correspond- A detailed analysis of the kinetic parameters for the htTGT
ing D102A mutant inZ. mobiliswas found to be inactive  (D89N), htTGT (D89C), and htTGT (D89A) would be useful
(15), it was not reported if the experiments probed for very in determining if wild-type TGT contamination were the
low level (ca. 168-fold lower than wild type) activity. It is source of the activity. Unfortunately, the activities observed
possible that a water molecule could substitute for the with each of these mutant enzymes were too low to
aspartate 89 carboxylate, resulting in a very reduced activity. accurately determine th&; values. The dependence of
It is also possible that these mutants may have an alteredspecific activity upon pH was similar for all three mutants
chemical mechanism that is more like the dissociative as well as wild type and htTGT (D89E) although at much
mechanism in Figure 2; however, this is not consistent with higher levels of activity, with pH 8.5 being the optimum in
the observed pH profile for the cysteine mutant (discussed all three cases (Figure 6). Furthermore, we have observed
below). variations in specific activity from different preparations of

Second, the more likely possibility is that the observed these three TGT mutants. (Three independent preparations
activities of the htTGT (D89A), htTGT (D89C), and htTGT  of each of the low-activity mutants were assayed at the pH
(D89N) mutants are the result of contamination due to optimum of 8.5. The specific activities varied by factors of
chromosomally derived TGT (wt) from the bacterial host. 2—5-fold while the standard deviations within the determina-
As mentioned previously, each of the aspartate 89 mutantstions were 16-20%.) This is consistent with the activities
was constructed with an amino-terminal histidine tag in order of these mutants being due to wild-type TGT contamination
to provide a means to separate them from any host-generatedhat varies somewhat from preparation to preparation. The
wild type. It is important to note that studies performed in observation that htTGT (D89C) has a pH profile similar to
our laboratory have demonstrated that the wild-type recom- that of the other mutants and wild-type TGT suggests that
binant TGT exhibits a trimeric quaternary structure that deprotonation of the cysteine thiol has little effect on
dissociates into a monomeric form upon tRNA bindiffg (  catalysis. This is again consistent with the associative
29). It is unclear if the trimeric structure is realized in vivo. mechanism, where a cysteine thiolate would not be able to
Nonetheless, it is possible that the observed activity of the substitute for the aspartate 89 carboxylate. Although the
htTGT (D89N), htTGT (D89C), and htTGT (D89A) mutants cysteine side chain does possess nucleophilic character,
could be the result of chromosomally derived wild-type mutagenic studies of retainirfyglycohydrolases suggest that
monomers that have been integrated into the trimeric it cannot assume the role of a nucleophilic glutam&ts). (
structure of the mutant TGTs, essentially forming a hetero- However, it is not unreasonable to believe that the thiolate
trimer. It seems plausible that the purification properties of anion of a cysteine residue could serve to stabilize an
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oxocarbenium ion. If catalysis by TGT were to proceed mutant side chains generally occupy similar positions relative
through a dissociative mechanism, it is likely that cysteine to the native aspartate. The sulfur, modeled as the thiolate,
stabilization of an oxocarbenium ion intermediate would be of the cysteine mutant occupies virtually the same position
most efficient at higher pH where the cysteine would be in as the carboxylate of the wild-type aspartate, suggesting that
the thiolate form. This suggests that the D89C mutant shouldthe position of the thiolate should not impair its ability to
have a pH-activity profile that is significantly different from  stabilize an oxocarbenium ion intermediate. It is apparent
the wild type and other mutants if the dissociative mechanism that the carboxylate moiety of the glutamate side chain is
is operative, which was not observed. One caveat to ouroriented differently when compared to that of the aspartate
conclusion is that the K, of the cysteine thiol could be side chain. However, this model and the crystal structure it
perturbed in the active site to a value higher than the highestis derived from do not include the tRNA substrate. Therefore,
pH studied (9.0). Attempts to probe cysteing. g in TGT it is impossible to predict with any certainty how this
via spectrophotometric and other means have been con-difference in placement of the carboxylate would affect
founded by the fact that the wild-tyge coli TGT contains enzymatic activity.
eight cysteines (Goodenough-Lashua and Garcia, unpub- The very low levels of activity exhibited by the alanine,
lished). asparagine, and cysteine mutants strongly suggest that the
If the TGT reaction pathway proceeds via electrostatic dissociative mechanism is not utilized by TGT. The pH
stabilization by aspartate 89 in a dissociative mechanism, studies and the variant activities of the replicate enzyme
then the D89E and the D89N mutants should exhibit preparations are consistent with this low activity being due
significant levels of activity. Glutamate is an obvious to very small (ca. 0.1%) contamination by TGT (wt). This,
isoelectronic replacement of aspartate. Asparagine is ancombined with the near-wild-type activity of the htTGT
isosteric replacement, and while it would not be expected to (D89E) mutant, is most consistent with an associative
stabilize the positive charge associated with the oxocarbe-mechanism for TGT and a nucleophilic role for aspartate
nium ion as well as the carboxylate of aspartate, owing to 89.
the electron density in the amide group of asparagine, some
stabilization could conceivably occur. Alternatively, if as- ACKNOWLEDGMENT
partate 89 serves as a nucleophile in an associative mecha-
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