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ABSTRACT

tRNA—guanine transglycosylase (TGT) is a key enzyme involved in the posttranscriptional modification of tRNA

across the three kingdoms of life. In eukaryotes and eubacteria, TGT is involved in the introduction of queuine into

the anticodon of the cognate tRNAs. In archaebacteria, TGT is responsible for the introduction of archaeosine into the

D-loop of the appropriate tRNAs. The tRNA recognition patterns for the eubacterial ( Escherichia coli ) TGT have been
studied. These studies are all consistent with a restricted recognition motif involving a U-G-U sequence in a seven-

base loop at the end of a helix. While attempting to investigate the potential of negative recognition elements in
noncognate tRNAs via the use of chimeric tRNAs, we have discovered a second recognition site for the E. coli TGT
in the T®C arm of in vitro-transcribed yeast tRNA P"¢. Kinetic analyses of synthetic mutant oligoribonucleotides
corresponding to the T ¥C arm of the yeast tRNA "¢ indicate that the specific site of TGT action is G53 (within a U-G-U
sequence at the transition of the T W¥C stem into the loop). Posttranscriptional base modifications in tRNA Phe hlock
recognition by TGT, most likely due to a stabilization of the tRNA structure such that G53 is inaccessible to TGT. These

results demonstrate that TGT can recognize the U-G-U sequence within a structural context that is different than the
canonical U-G-U in the anticodon loop of tRNA  ASP_ Although it is unclear if this second recognition site is physio-
logically relevant, this does suggest that other RNA species could serve as substrates for TGT in vivo.
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INTRODUCTION codon loop of tRNAs with anticodon sequences of GUN
(tRNAs Asn, Asp, His, and Tyr) of most eubacteria and
eukaryotes. In higher organisms, queuine-containing
tRNA is further modified by a glycosylation of the cy-
clopentene diol with either mannose or galactose (Kasai
et al., 1976).

Akey enzyme involved in the incorporation of queuine
into tRNA is tRNA—guanine transglycosylase (TGT).
Much work has been done to characterize the eubac-
terial TGT (Escherichia coliand Zymonomas mobilis) in
terms of substrate recognition (Curnow et al., 1993; Cur-
now & Garcia, 1994, 1995; Nakanishi et al., 1994;
Hoops et al., 1995), mechanism (Reuter et al., 1994;
Romier et al., 1996b), and three-dimensional structure
(Romier et al., 1996a). Results from recent studies (Kung
& Garcia, 1998) suggest that there are no primary or
secondary structures other than the major determinant

_ , for TGT recognition (i.e., the U-G-U sequence within a
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To date, over 90 naturally occurring modified nucleo-
sides have been identified in RNA, with over 75 of
these found in tRNA (Limbach et al., 1994). In a num-
ber of cases, enzymes involved in the biosynthesis of
these modified bases have been identified and to vary-
ing degrees, characterized (Garcia & Goodenough-
Lashua, 1998a, 1998b). The exact physiological and
biochemical roles of most modified bases in vivo are
still largely unknown; however, at least one base mod-
ification changes the amino acid identity of the tRNA
(Muramatsu et al., 1988a, 1988b). Queuine (Q, 7-(4,5-
cis-dihydroxy-1-cyclopenten-3-ylaminomethyl)-7-deaza-
guanine) is one example of a hypermodified base. It is
present only in the wobble position (#34) of the anti-
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TGT. Although there appear to be no queuosine-
noncognate tRNAs that contain the U-G-U (in posi-
tions 33-35) sequence, there are many tRNAs with
either U-G-N or U-N-U sequences. It seems reason-
able to speculate that these tRNAs may have a signif-
icant degree of affinity for TGT given their similarity to
the queuosine-cognate tRNAs. If true, then queuosine-
noncognate tRNAs may be inhibitors of TGT in vivo,
presumably competitive with respect to tRNA. It is pos-
sible that these tRNAs may contain negative recogni-
tion elements (i.e., sequences that impair their ability to
bind to TGT) that would serve to minimize any inter-
action they might have with TGT and thereby eliminate
any competitive inhibition. One example of such a tRNA
is the yeast tRNAP"® (Fig. 1). This tRNA has the se-
quence U-G-A (33-35) in its anticodon loop.

To determine if there are any TGT negative recogni-
tion elements in yeast tRNAP"® a chimeric tRNA was
designed and characterized. This tRNA (SCF/D, Fig. 1)
is essentially the yeast tRNAP"® with the seven bases
of its anticodon loop replaced with the corresponding
bases of yeast tRNA*P [a queuosine-cognate tRNA
that we have previously characterized (Kung & Garcia,
1998)]. These specific tRNAs were chosen because
they both have been highly characterized. The X-ray
crystal structures for both tRNAs have been solved (for
yeast tRNAP"®: Robertus et al., 1974; Westhof et al.,
1988; for yeast tRNA*P: Dumas et al., 1985; Westhof
et al., 1985, 1988), and the relationship between vari-
ous tertiary nucleotides and the correct folding of yeast
tRNAP"® has been studied thoroughly (Behlen et al.,
1990; Sampson et al., 1990).

During the course of this study, we found that the in
vitro-transcribed yeast tRNAP"® [SCF(in vitro)], though
not a queuosine-cognate tRNA, is a substrate for E.
coli TGT. This unexpected discovery led to the inves-
tigation of the recognition of SCF(in vitro) by TGT. From
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this study a recognition motif (within the T¥C arm)
different from the one located in the anticodon stem/
loop region has been identified. Kinetic analyses (K,
Kear, and kg,/K,,) of synthetic mutant oligoribonucleo-
tides corresponding to the TWC arm of the yeast tRNA™"®
indicate that the site of TGT action is G53 (within a
U-G-U sequence at the transition of the TWC stem into
the loop).

RESULTS

Binding of full-length tRNAs to TGT
via native PAGE band shift

Previously we have shown that the E. coli TGT exists
as atrimer in solution and that it forms a monomer«tRNA
complex in the presence of tRNA that is observable by
a band shift (to lower M,) on native PAGE (Curnow &
Garcia, 1994; Reuter et al., 1994). Native PAGE band-
shift experiments were performed to investigate the
gross interaction between TGT and the tRNAs under
investigation (Fig. 2). [In these experiments, 3 uM TGT
were incubated with 42 uM tRNA (in the absence of
guanine) prior to electrophoresis.] The interactions of
unmodified yeast tRNAP"® and yeast tRNA*SP with TGT
were also studied as controls. As shown in Figure 2,
the presence of SCF/D causes the trimeric TGT (lane 1)
to dissociate and form a TGT monomerstRNA complex
(lane 4), a phenomenon similar to that which has been
observed for queuosine-cognate tRNAs (SCD in lane 2;
Kung & Garcia, 1998). The extent of band shifting re-
sulting from the coincubation of SCF/D with TGT is at
least similar to or even greater than those observed for
the queuine-cognate tRNAs ECY and SCD. These re-
sults suggest that the affinity between the hybrid tRNA
and TGT is not dramatically impaired by the presence
of the “body” of a noncognate tRNA. The band shift for
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FIGURE 2. Native PAGE of TGT and TGT<tRNA complexes-l. TGT (3 uM) was preincubated with tRNA (42 xM) in 10 mM
HEPES, pH 7.5, 10 mM MgCl,, and 1 mM EDTA at 37 °C for 30 min. Approximately 4 uL were loaded in each lane. A: The
gel stained with Coomassie blue to visualize the protein-containing bands. B: The gel stained with ethidium bromide and
visualized by UV-transillumination to identify RNA-containing bands. (Note that although the gel images are cropped, all

bands on the gels appear in the images.)

SCF/D exhibits a second, faint band at an M, lower
than that for the typical TGT monomer«tRNA band that
may be due to a small amount of monomeric TGT
present in the incubation. It is difficult to tell from the
ethidium-stained gel (Fig. 2B) if there is RNA present in
this band. SCD/F, the reverse chimera, exhibits little
binding to TGT (Fig. 2, lane 3). Results from the band-
shift experiment shown in Figure 2 also reveal that
unmodified SCF(in vitro), though not a cognate tRNA
for TGT, binds to the enzyme (lane 6).

Formation of a stable complex between
full-length tRNAs and TGT

Formation of a TGT*RNA complex that is stable to mild
denaturing conditions has been previously observed
(Romier et al., 1996b). (This complex is thought to be
formed by nucleophilic attack of the enzyme upon the 1’
carbon of G34, displacing guanine, and forming a co-
valent TGT—-RNA intermediate.) The formation of this
stable complex was monitored via denaturing-PAGE. A
band consistent with a stable complex (~70 kDa) is seen
for the queuosine-cognate tRNA SCD (Fig. 3, lane 2).
Bands consistent with stable complexes are also seen
for SCF/D and SCF(in vitro) (Fig. 3, lanes 4 and 6, re-
spectively). The bands for the stable complexes are fairly
faint, perhaps because of a low amount of stable com-
plex formed under these conditions or because of the in-
stability of the TGT«tRNA complex under the denaturing
conditions. Indeed we have observed that harsher de-
naturing conditions (e.g., boiling the samples) totally elim-

inates the stable complex band. No stable complex
bands are observed for SCD/F and SCF(in vivo) (Fig. 3,
lanes 3 and 5, respectively), consistent with these tRNAs
not being true substrates for TGT.
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FIGURE 3. Denaturing PAGE of TGT and TGT<tRNA complexes.
A 10-uL volume of TGT (3 wM) was preincubated with each tRNA
(42 M) in 10 mM HEPES, pH 7.5, 10 mM MgCl,, and 1 mM EDTA
at 37°C for 1 h. Ten microliters of SDS (5%), B-mercaptoethanol
(10%), and bromophenol blue (0.02%) were added to each sample
and they were incubated for an additional 1 h at 37 °C. Approximately
4 uL were loaded in each lane. The gels were stained with Coomas-
sie blue to visualize the protein-containing bands.
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Kinetic parameters of full-length
tRNAs with TGT

Kinetic results for SCF/D (Table 1) indicate that the
chimeric tRNAPMe-ASP - containing the queuine-cognate
anticodon loop, is a substrate for TGT with kinetic pa-
rameters comparable to those for the unmodified cog-
nate tRNAs(Kung & Garcia, 1998). The plots of the
initial velocity versus various tRNA concentrations for
SCF/D (Fig. 4A) indicate that Michaelis-Menten kinet-
ics are followed for this chimera. Surprisingly, kinetic
analyses also show that the unmodified SCF(in vitro) is
a substrate for TGT, albeit significantly poorer than the
gqueuosine-cognate tRNAs ECY and SCD (Table 1).
The presumably fully modified SCF(in vivo) and the
reverse chimera SCD/F had activities that were too low
to accurately determine the kinetic parameters.

To investigate the very low level of activity observed
for SCF(in vivo) and SCD/F, the relative initial veloci-
ties of guanine incorporation were determined for a
series of tRNAs at a single concentration of 25 uM
(Table 2). The results indicate that the activities for
SCF(in vivo) and SCD/F are very low (~1%) and are
roughly equal to the guanine incorporation seen for a
totally noncognate tRNA (tRNAM from Archaeoglobus
fulgidus).

Binding of minihelical RNA analogs to TGT
via native PAGE band shift

Minihelical RNA analogs corresponding to the TWC arm
of SCF [extended to ensure stability of the helix at the
assay temperature of 37 °C (Curnow & Garcia, 1995)]
were generated (Fig. 5) via chemical synthesis. The
ability of TGT to recognize these minihelical RNAs was
determined by native-PAGE band-shift assay as dis-
cussed above for the full-length tRNAs. Panel A of Fig-
ure 6 shows that all of the minihelical RNAs elicit the

TABLE 1. Kinetic parameters for several tRNA analogs.

Kb Keal™® Keatl Kim relative
Analog (M) (1073es71) (107 3es LepM™Y)  Kpar/Ki®
ECY? 3.63 (0.44) 4.92(0.19)  1.36 (0.22) 1
scpd 1.85 (0.42) 6.74 (0.42) 3.65 (1.06) 2.7
SCF/D 0.36 (0.15) 0.83 (0.09) 2.32 (1.20) 1.7
SCF(in vitro) 8.97 (2.54) 0.73 (0.10)  0.08 (0.03) 0.058
SCF(in vivo) n/d® n/d n/d n/d
SCD/F n/d n/d n/d n/d

aStandard errors are shown in parentheses.

bKinetic parameters are determined from the average of two
[ECYMH and SCF(in vitro)], three [ECY and SCFMH(TWC)], or four
(SCF/D) replicate determinations of initial velocity data.

¢The relative k.a/Kn was calculated relative to that for ECY.

dKinetic parameters for ECY and SCD were taken from Kung &
Garcia (1998).

¢Not determined. The activities for the fully modified SCF(in vivo)
and SCD/F were too low to determine kinetic parameters (see Table 2).
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characteristic band shift when incubated with TGT. This
indicates that all of the minihelical RNAs bind to TGT
under the conditions of the assay.

Formation of stable complex between
minihelical RNA analogs and TGT

Formation of stable complexes between TGT and the
minihelical RNA analogs was monitored via denaturing-
PAGE as discussed above for the full-length tRNAs.
Bands consistent with a stable complex (~50 kDa) are
clearly seen for all of the minihelical RNAs with the
exception of SCFMH(TW¥C) (G53C) (Fig. 6B, lane 5).
Owing to the fact that this stable complex is presumed
to be a mechanistic intermediate, this strongly sug-
gests that although SCFMH(TWC) (G53C) can bind to
TGT noncovalently, it is not a substrate. We note that
the stable complex bands for the minihelical RNAs are
much stronger than those for the full-length tRNAs
(Fig. 3). The reason for this is unclear, although it is
possible that the smaller minihelical RNAs form a more
stable (to the denaturing conditions used) stable com-
plex with TGT than the full-length tRNAs. Alternatively,
the proportion of enzyme in the stable complex at any
one moment may be higher for the minihelical RNAs. If
product release were overall rate-limiting for the TGT
reaction, then the smaller k., observed for the mini-
helical RNA versus the full-length RNAs (Tables 1 and
3) would be consistent with a higher population of the
covalent intermediate.

Kinetic parameters of minihelical RNA
analogs with TGT

Kinetic analyses were also performed on the miniheli-
cal RNA analogs (Fig. 7). These results (Fig. 7 & Table 3)
reveal that SCFMH(TW¥C), SCFMH(TWC) (G51C), and
SCFMH(TWC) (G57A) are substrates for TGT, with ki-
netic parameters somewhat poorer than those for a
similar oligoribonucleotide (ECYMH) corresponding to
the anticodon arm of ECY that we have previously char-
acterized (Curnow & Garcia, 1995). Figure 7 shows
that these minihelical RNAs follow Michaelis-Menten
kinetics, albeit with relatively large error bars (most likely
due to the higher errors associated with lower levels of
activity). Consistent with the results of the denaturing-
PAGE analysis, SCFMH(TW¥C) (G53C) was found to
have no detectable activity at concentrations up to
25 M and incubation times up to 4 h.

Inhibition of TGT by SCFMH(T ¥C) (G53C)

Native-PAGE analysis indicated that SCFMH(TWVC)
(G53C) can bind to TGT, however it is not a substrate
for TGT. This suggests that SCFMH(TW¥C) (G53C)
should be able to inhibit the TGT reaction (presumably
competitive with respect to tRNA). To address this issue,
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FIGURE 4. Michaelis-Menten analyses of unmodified yeast tRNAP®-AP chimera (SCF/D) and yeast tRNAP" [SCF(in
vitro)]. A: SCF/D; B: SCF(in vitro). The averages of data points obtained from two or four independent determinations are
plotted. The curves represent fits of the data calculated by nonlinear regression. Error bars are generated from the standard

deviation within each point.

the ability of SCFMH(TWC) (G53C) to inhibit the TGT
reaction with ECYMH was investigated. For practical
reasons (largely due to the quantities of SCFMH (TWC)
(G53C) required) we were not able to determine a true
K; for SCFMH(TW¥C) (G53C). However, the ICg, for
SCFMH(TWC) (G53C) inhibition of TGT activity with
0.5 uM ECYMH was determined to be ~150 uM
(Fig. 8). Assuming that the inhibition mode is compet-
itive with respect to ECYMH, one can estimate K; for
SCFMH(TW¥C) (G53C) using the following equation:

ICs0 = Ki ([S]/Km + 1)

where [S] = 0.5 uM, and K, = 4.68 uM (Table 3). This
gives an approximate K; of 135 uM.

TABLE 2. Relative initial velocities of guanine incorporation into tRNAs
at 25 uM.

Relative initial velocity®

tRNA (%)
ECY 100
SCD 100
SCF/D 3
SCD/F 0.5
AFAP 0.3
SCF(in vitro) 7
SCF(in vivo) 15

aThe relative initial velocities were determined under the following
conditions: 250 nM TGT, 20 uM guanine, with aliquots taken over
time ranges of 0—12 min (ECY) up to 0—4 h (SCD/F).

PAFA is an in vitro transcript of the tRNA® from A. fulgidus. It
contains no UGU sequences. This was used as a totally noncognate
tRNA controlling for nonspecific TGT activity.

This demonstrates that although SCFMH(TWC)
(G53C) is not a substrate for TGT, it does bind to the
enzyme in the same site as (or at least competitively
with) the substrate RNAs. This strongly suggests that
the inactivity of SCFMH(TWC) (G53C) is due to the
absence of guanine at position 53, indicating that this is
the site of TGT action.

DISCUSSION

Our initial goal in this study was to investigate the pos-
sibility of the existence of negative recognition ele-
ments within queuine-noncognate tRNAS. In our context,
negative recognition elements are specific sequence/
structural motifs that prevent queuine-noncognate
tRNAs from being recognized by TGT. To do this, we
constructed a chimeric tRNA consisting of the body of
tRNAP"® and the anticodon loop of tRNA”P | Native-
PAGE band-shift experiments reveal that this chimeric
tRNA (SCF/D) does indeed bind to TGT in a fashion
qualitatively similar to that of queuine-cognate tRNAs.
Additional band-shift experiments performed under gen-
tle denaturing conditions show that a stable complex is
formed between SCF/D and TGT. This stable complex
is thought to be a covalent intermediate in the TGT
reaction (Gradler et al., 1999; Romier et al., 1996b). A
reverse chimeric tRNA consisting of the body of tRNAASP
and the anticodon loop of tRNAP"® was constructed
and this tRNA (SCD/F) exhibited little detectable bind-
ing to TGT.

In vitro kinetic studies indicate that SCF/D is indeed
a substrate for TGT with kinetic parameters similar to
those for queuine-cognate tRNAs (ECY & SCD; Kung
& Garcia, 1998). The kinetic parameters for SCF/D are
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FIGURE 5. Secondary structures of unmodified yeast tRNAP"® [SCF(in vitro)] and its T¥C stem/loop minihelix analog
[SCFMH(TWC)]. Nucleotide sequence (boxed) of SCFMH(TWC) is taken from the T¥'C stem/loop and part of the acceptor

stem of SCF(in vitro).

slightly different than those for SCD, both K, and k..
are lower. One possible explanation for this is that the
chimeric tRNA may bind tighter to the enzyme. This
implies a higher binding energy and thus a lower dis-
sociation constant for the chimeric tRNA. The stabiliza-
tion of the TGT+tRNA complex in the ground state may
result in a larger activation energy for the reaction if the
transition state is not stabilized equivalently. This would
yield a smaller k., because of a larger energy barrier.

TGT + SCFMH(TYC) (G53C)
TGT + SCFMH(TYC) (G57A)

TGT + SCFMH(TYC)
- TGT + SCFMH(TYC) (G51C)

 TGT + ECYMH

origin —

TGT trimer —>

TGT*minihelix —

It has been proposed that a conformational change in
the anticodon loop may be necessary for G34 to reach
the TGT active site (Romier et al., 1996a). If indeed,
SCF/D does bind TGT more tightly in the ground state,
this proposed conformational change could be im-
peded. This then would provide a molecular mecha-
nism for the increased energy barrier and reduced k_,;.
Alternatively, because the TGT assay used to kineti-
cally evaluate the tRNAs is a guanine-for-guanine ex-

TGT + ECYMH
TGT + SCEMH(TYC)

TGT + SCFMH(TYC) (G51C)
TGT + SCFMH(TYC) (G53C)
TGT + SCFMH(TYC) (G57A)

TGT

<— origin

<€ TGT-minihelix
-« TGT

FIGURE 6. Native and denaturing PAGE of TGT and TGTeminihelical RNA complexes. Gels were run as in Figures 2—4
with the exception that the gel in B was silver stained. A: Native-PAGE; B: Denaturing-PAGE.
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FIGURE 7. Michaelis-Menten analyses of the minihelical RNAs. A: SCFMH(T¥C); B: SCFMH(T¥C) (G51C);
C: SCFMH(TW¥C) (G57A). The averages of data points obtained from two, three, or four independent determinations are
plotted. The curves represent fits of the data calculated by nonlinear regression. Error bars are generated from the standard

deviation within each point.

change reaction, a higher affinity between a substrate
tRNA and the enzyme also means a slower product
release step. As a result, the turnover of the enzyme
would be reduced, and thus a lower k., would be ob-
served if the product dissociation step is rate limiting.
Although this is not known for TGT, rate-limiting prod-
uct release has been demonstrated for ribonuclease P
(Beebe & Fierke, 1994), an enzyme that also involves
tRNA as a product.

An alternative explanation is provided by the discov-
ery of a second TGT recognition site within the tRNAP"®
TWC arm discussed below. This second site involves a
less productive interaction with TGT (that is k.4 is lower,
see below). If this second site is active within the chi-

meric tRNA (SCF/D) then the kinetic parameters that
we have determined would represent a combination of
kinetic parameters for both sites and could then yield
apparent K,, and k., lower than those for queuine-
cognate tRNAs. Support for this second mode of inter-
action with TGT comes from the observation of a
second, faint TGT*SCF/D complex band in the native-
PAGE band-shift experiment. The second band (mi-
grating to a slightly lower M,) could be due to a
conformationally different complex (and hence a slightly
different migration under native-PAGE conditions) be-
tween TGT and a second site in SCF/D. In any event,
these results suggest that there are no negative TGT
recognition elements in the body of tRNA”"®, a queuine
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TABLE 3. Kinetic parameters for minihelical RNAs.

K2P Kool Keatl Kim relative
Analog (M) (107 3%es71) (10 Bes LeyyM 1) Kead Kin®
ECYMH 4.68 (1.61) 2.32 (0.26) 0.50 (0.23) 0.37
SCFMH(TWYC) 1.57 (0.49) 0.19 (0.01) 0.12 (0.05) 0.088
SCFMH(TWC) G51C 1.41 (0.42) 0.14 (0.01) 0.10 (0.04) 0.074
SCFMH(TWC) G53C NAd NA NA NA
SCFMH(TW¥C) G57A 1.64 (0.40) 0.27 (0.02) 0.16 (0.05) 0.12

aStandard errors are shown in parentheses.
bKinetic parameters are determined from the average of two (ECYMH), three [SCFMH(TWC)
and SCFMH(TWYC) (G57A)], or four [SCFMH(TW¥C) (G51C)] replicate determinations of initial

velocity data.
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®The relative k.o/Km was calculated relative to that for ECY (Table 1).
9No detectable activity at concentrations up to 25 uM.

noncognate tRNA, although this is somewhat con-
founded by the second recognition site.

Control experiments with in vitro-transcribed tRNAP"®
[SCF(in vitro)] have surprisingly shown that this un-
modified, queuine-noncognate tRNA is recognized by
TGT. In vitro assays with TGT show that even though
the kinetic parameters for SCF/D are significantly lower
than those for queuine-cognate tRNA, this tRNA is a
true substrate, exhibiting Michaelis-Menten kinetics. The
reverse chimeric tRNA SCD/F exhibits very low activity
with TGT. Control experiments with a totally noncog-
nate tRNA, tRNAM2 from the archaeon A. fulgidus, sug-
gestthat TGT is capable of catalyzing guanine exchange
into noncognate tRNAs in a nonspecific manner. This
occurs under fairly extreme conditions of high enzyme
concentration (~0.25 uM) and long incubation times
(up to 4 h) with about 1% of the normal TGT activity. (It
should be noted that under optimal conditions, TGT is
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FIGURE 8. Inhibition constant plot for the inhibition of TGT by
SCFMH(TWC) (G53C). The averages of data points obtained from
three independent determinations are plotted. The curve represents
a fit of the data calculated by nonlinear regression. Error bars are
generated from the standard deviation within each point.

a relatively slow enzyme (k.o ~5 X 1072 s1). Practi-
cally, this makes it very difficult to accurately determine
activities below 1% of that for wild-type enzyme and
substrates under Michaelis-Menten conditions, although
single-turnover kinetic studies should be possible.) We
conclude that the activity observed for SCD/F is due to
a nonspecific incorporation of guanine into tRNA by
TGT, and that this tRNA is not a true substrate for TGT.

These results indicate that a TGT recognition site
must exist in the body of tRNAP"® that is absent in the
body of tRNA”P. Previous studies (Nakanishi et al.,
1994; Curnow & Garcia, 1995) have elucidated a min-
imal TGT recognition motif that consists of a U-G-U
sequence in a loop at the end of a double helical stem.
Manual inspection of the tRNAP" and tRNA*P se-
guences reveal that a sequence (U-G-U-G-U) exists in
the stem-loop junction of the T¥C arm of tRNAP"®. This
sequence does not exist in the tRNA?P, It is reason-
able to speculate that TGT retains its specificity for a
U-G-U sequence, but within the tRNAP"® it has recog-
nized that sequence in a different part of the tRNA
molecule. To test this hypothesis, we chemically syn-
thesized and characterized an oligoribonucleotide
(SCFMH(TWC) corresponding to the T¥C arm of
tRNAP® [with a four-base extension of the helix into the
acceptor arm to impart stability of the helix at our assay
temperature of 37°C (Curnow & Garcia, 1995)]. This
minihelical RNA is indeed a substrate for TGT, exhib-
iting Michaelis-Menten kinetics. This demonstrates that
TGT can recognize a site within the T¥C arm of tRNAP"®
and strongly suggests that this represents the site of
TGT activity within tRNAP"®, Three mutant SCFMH
(TWC) minihelical RNAs were designed, synthesized,
and characterized to determine the precise position of
TGT activity within SCFMH(TWC). These mutants in-
volved the inversion of base pairs G51:C63 (G51C mu-
tant), G53:C51 (G53C mutant), and the mutation of
G57 in the loop to A (G57A mutant). The results of TGT
activity assays and native and denaturing-PAGE analy-
ses are all consistent with G53 being the site of TGT
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activity. The ability of the SCFMH(TWC) G53C mutant
to inhibit TGT-catalyzed incorporation of guanine into
the minihelical substrate ECYMH indicates that this an-
alog can still bind to TGT even in the absence of the
guanine at position 53, albeit significantly more poorly
than G53-containing analogs. This is consistent with
the native-PAGE results that also indicate that the G53C
mutant binds to TGT. It is tempting to speculate that
any minihelical RNA will bind to TGT, however previous
results (Curnow & Garcia, 1995; Nakanishi et al., 1994)
along with the data reported here indicate that TGT
requires the U-G-U sequence for recognition. Substi-
tution of any of these three bases results in dramati-
cally reduced recognition [note that the estimated K;for
the G53C mutant is ~100-fold higher than K, for the
wild-type SCFMH(TWC)]. The most striking observa-
tion regarding the present report is that the U-G-U se-
guence can reside in a different structural context than
was previously believed and can still be recognized by
TGT. We are currently investigating the precise struc-
tural context requirements for recognition. Preliminary
results suggest that the U-G-U sequence is recognized
in only a few specific positions within a seven-base
loop/helix structure (S.T. Nonekowski & G.A. Garcia,
unpubl.).

To further investigate the recognition of this site by
TGT, we obtained fully modified tRNAP"® [SCF (in vivo)]
from yeast. In contrast to the in vitro-transcribed tRNAs
that we have studied, this tRNA contains the normal
modified nucleosides found in yeast tRNAs. We should
note that yeast tRNAs do not contain queuine, nor does
yeast express TGT; however the yeast tRNAs that cor-
respond to the queuine-cognate tRNAs (Tyr, Asp, Asn
and His) are essentially equivalent to the E. colitRNAs
as substrates for the E. coliTGT (Kung & Garcia, 1998).
Our results show that SCF(in vivo) does not bind ap-
preciably to TGT nor is it a true substrate for TGT,
although it does display nonspecific activity. The differ-
ential activity of SCF(in vitro) versus SCF(in vivo) is
presumably due to the presence of modified nucleo-
sides in SCF(in vivo). The T¥C arm of tRNA is posi-
tioned at the outer edge of the “elbow” region of tRNA.
For TGT to recognize the TWC arm of SCF, the bases
of the U-G-U sequence must be sufficiently flexible to
interact with the enzyme. This region contains a num-
ber of modified nucleosides that are involved in tertiary
interactions that stabilize the three-dimensional struc-
ture of the tRNA molecule (Kim et al., 1974; Robertus
et al., 1974). We propose that because of the presence
of modified bases, SCF(in vivo) is too stable for TGT to
gain access to the bases of the TW¥C arm. This pro-
posal is not without precedent. The phenylalanine-tRNA
synthetase from yeast has been found to recognize a
truncated (D-loop missing) tRNAP"® only when the mod-
ified base m’G46 is missing (Renaud et al., 1979).
Recently, Giegé and coworkers have suggested that
this is because of a destabilization of the tRNA (in the
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absence of m’G46) that “would provide greater struc-
tural flexibility to the fragment, which is supported by
UV melting data (Renaud et al., 1979), and therefore
better adaptability to the synthetase” (Wolfson et al.,
1999). While we have shown that this fully-modified
tRNA is not a true substrate for TGT, it is possible that
such tRNAs (or other RNA species) may serve as sub-
strates in vivo where TGT could recognize the tRNA at
an intermediate stage of its maturation before the in-
terfering modified bases have been introduced. In-
deed, Grosjean and coworkers have characterized a
pseudouridine synthase that only acts on precursor
tRNAs containing an intron in the anticodon loop
(Szweykowska-Kulinska et al., 1994).

The results presented here demonstrate that tRNA-
guanine transglycosylase is capable of incorporating
guanine into other sites in tRNAs and potentially other
RNA species in addition to queuosine-cognate tRNAs.
(Itis very likely that this alternative RNA recognition will
also hold for preQ, incorporation, the physiological re-
action catalyzed by the E. coli TGT.) Santi and cowork-
ers have found that the methyltransferase responsible
for the methylation of U54 to rT54 in tRNA (RUMT) is
capable of methylating a site in 16S rRNA in vitro (Gu
et al., 1994). This site is similar in sequence and sec-
ondary structure to the TWC arm of tRNA. Although
this methylation was not found to occur in vivo, both
Santi’s results and the results presented here strongly
suggest that at least these two tRNA modifying en-
zymes may introduce modified bases into other RNAs.
Ofengand and coworkers have also identified a pseudo-
uridine synthase that recognizes both tRNA (position
32) and ribosomal RNA (position 764 in 23S rRNA) in
vitro and in vivo (Wrzesinski et al., 1995). These find-
ings along with the present report suggest that we
should look beyond the posttranscriptional modification
of tRNA alone for potential physiological roles of mod-
ified bases and the enzymes that are involved in their
biosyntheses.

MATERIALS AND METHODS

Reagents

Restriction enzymes were from New England Biolabs and
Boehringer Mannheim. T4 polynucleotide kinase was from
either Gibco BRL or New England Biolabs. The G, C, A, and
U RNA phosphoramidite monomers were purchased from
PerSeptive Biosystems. The yeast tRNAP"® (fully modified)
was purchased from Sigma. 8-[1*C]-guanine (56 mCi/mmol)
and 8-[3H]-guanine (10 Ci/mmol) were from Moravek Bio-
chemicals. T7 RNA polymerase and TGT were overexpressed
and purified as described previously (Grodberg & Dunn, 1988;
Garcia et al., 1993; Chong & Garcia, 1994). Oligodeoxynucle-
otide syntheses and DNA sequencing were performed at the
University of Michigan, Biomedical Research Resources Core
Facility.
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Construction of chimeric tRNA in vitro
transcription clones

The chimeric yeast tRNAP"e-AsP gene (SCF/D) possesses the
anticodon loop of the tRNA*P and the body of the tRNAP"®,
whereas the reverse chimera (SCD/F) contains the anti-
codon loop of the tRNAP"® and the body of the tRNAASP, The
in vitro-transcription clones for these chimeric tRNAs were
each constructed from two PCR primers (FOR1 and REV1 or
FOR1 and REV2) and an oligodeoxynucleotide (SCF-D or
SCD-F) containing a T7 promoter and the chimeric tRNA
gene (SCF-D or SCD-F) as previously described (Kung &
Garcia, 1998) with the following modifications. For SCF-D,
the PCR reactions were annealed at 61°C, the restriction
enzyme Afllll was used to cut the PCR products. pTZ18U
was blunt-ended with Smal followed by restriction by Afllll
and T4 polynucleotide kinase phosphorylation prior to sub-
cloning and ligation. For SCD-F, the PCR reactions were an-
nealed at 45°C, the restriction enzymes EcoRI| and BamHI
were used to cut the PCR products and the vector pTZ18U.
In both cases, the restriction fragments were isolated, ligated,
and transformed into E. coli TG2 cells as previously de-
scribed (Kung & Garcia, 1998). Plasmid preparations (QlAprep
Spin Column, QIAgene) from randomly picked colonies were
further screened using restriction enzyme digestions
[Eco0109I for pSCF/D and Ear| for pSCD/F)]. The sequences
of the selected plasmids (hamed pSCF/D and pSCD/F) were
confirmed by dideoxy sequencing using pTZSEQ (Table 4)
as the primer (performed at the University of Michigan, Bio-
medical Research Resources Core Facility).

Preparation and purification of the
full-length tRNA transcripts

The unmodified chimeric tRNAs (SCF/D and SCD/F), the
unmodified Saccharomyces cerevisiae tRNAP™ [SCF (in vitro)],
and the queuine-noncognate tRNA2 (AFA) were generated
via T7 RNA polymerase catalyzed in vitro transcription using

TABLE 4. Sequences of synthetic oligodeoxynucleotides.

F-L. Kung et al.

the linearized plasmids (pSCF/D, pSCD/F, p67FY0, and pAFA,
respectively) as the templates for run-off transcription and
purified by anion exchange chromatography as previously
described (Kung & Garcia, 1998). The tRNAP" in vitro tran-
scription clone, p67FY0 (Sampson & Uhlenbeck, 1988), was
a gift from Dr. O.C. Uhlenbeck (Department of Chemistry and
Biochemistry, University of Colorado, Boulder). The in vitro
transcription clone for the totally nonqueuosine-cognate
tRNAA2 from A. fulgidus (pAFA) was provided by Jeffrey Kit-
tendorf (unpublished work from this laboratory). Concentra-
tions of tRNAs were determined spectrophotometrically using
the extinction coefficients at 260 nm calculated from the base
composition of each transcript and corrected for the hypo-
chromicity effect (HCF = 1.3-1.4). Approximately 0.5 mg of
each tRNA was obtained per milliliter of transcription reac-
tion. Native PAGE (data not shown) indicates that each of the
tRNAs has been purified to homogeneity.

Chemical synthesis of minihelical RNAs

Minihelical RNAs were synthesized by automated chemical
synthesis performed on an Expedite nucleic acid synthesis
system using the manufacturer’s protocols and reagents
(model 8909, PerSeptive Biosystems). The synthetic oligo-
nucleotides were cleaved from the CPG supports by treat-
ment with 1.5 mL of ethanolic ammonium hydroxide [3:1 (v/v)
30% NH,4OH:ethanol) and then base deprotected by heating
at 55°C for 8 to 16 h. The crude RNA oligos were then 2'-
hydroxyl deprotected by treatment with 600 nL of 1 M tetra-
butylammonium fluoride (TBAF) in tetrahydrofuran (THF)
(Aldrich) at room temperature for 24 h. The reactions were
quenched by adding 600 uL of 1 M triethylammonium ace-
tate (TEAA). The RNAs were then desalted by passing through
an Oligonucleotide Purification Cartridge (OPC cartridge, Per-
kin Elmer Applied Biosystems Division) following protocols
provided by the manufacturer. Oligos were eluted from the
OPC cartridges with 1 mL of 50% acetonitrile and then dried
by vacuum centrifugation at room temperature. The pellets

Length Tm®
Oligo Sequence (5'-3")? (number of bases) (°C)
SCF-D CCCACATGTAATACGACTCACTATAGCGGATTTA 101 n/a®
GCTCAGTTGGGAGAGCGCCAGATTGTCGCTCTG
GAGGTCCTGTGTTCGATCCACAGAATTCGCACCA
FOR1 CCCACATGTAATACGACTCAC 21 62
REV1 TGGTGCGAATTCTGTGGATCG 21 64
SCD-F CCCACATGTAATACGACTCACTATAGCCGTGATA 100 n/a®
GTTTAATGTGCAGAATGGGCGCCTGAAGAGTGC
CAGATCGGGGTTCAATTCCCCGTCGCGGCGCCA
REV2 CTATAGGGAATTCCTAGACCTGGCGCCGCG 30 96
(38)
pTZSEQ ACGCCAGGGTTTTCCCA 17 54

aT7 promoter region is underlined, the anticodon loop regions are in bold, and the outlined bases in REV2 overlap with

SCD-F.

bThe determinations of Tm, based on the following formula: Tm (°C) = 4(number of G + number of C) + 2(number of A +

number of T), are for PCR primers only.
®n/a: not applicable.
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were resuspended in 100 uL ddH,O, ethanol precipitated,
and then resuspended in 300—800 uL of 10 mM HEPES,
pH 7.4, and 0.5 mM MgCl,. Concentrations of the minihelical
RNAs were determined spectrophotometrically using the ex-
tinction coefficients at 260 nm calculated from the base com-
position of each RNA. The extinction coefficients were later
corrected for the hypochromicity effect (HCF = 1.3).

Polyacrylamide gel electrophoresis (PAGE)

Native and denaturing polyacrylamide gel electrophoresis was
performed on a PhastSystem (Pharmacia) as previously de-
scribed (Curnow & Garcia, 1994, 1995). Purity and homo-
geneity of the tRNAs were assessed via native polyacrylamide
gel electrophoresis (data not shown).

To assess noncovalent binding of the tRNAs to TGT, native
PAGE band-shift assays were performed as follows: 3 uM
TGT were preincubated with 42 M tRNA at 37 °C for 30 min
in a reaction mixture containing 10 mM HEPES, pH 7.4, 10 mM
MgCl,, and 1 mM EDTA. The reaction mixtures were then
analyzed by native PAGE using 8-25% gradient polyacryl-
amide gels (Pharmacia). The gels were first stained by ethid-
ium bromide for tRNA visualization and then by Coomassie
blue for protein visualization (Fig. 2).

The ability of the tRNAs to form a stable complex with TGT
[presumed to be a covalent intermediate in the TGT reaction
(Romier et al., 1996b)] was probed via denaturing PAGE band-
shift assays as follows: 3 uM TGT were preincubated with
42 uM tRNA at 37 °C for 30 min in a reaction mixture con-
taining 10 mM HEPES, pH 7.4, 10 mM MgCl,, and 1 mM
EDTA. Ten microliters of SDS (5%), B-mercaptoethanol (10%),
and bromophenol blue (0.02%) were added to each sample
and they were incubated for an additional 1 h at 37 °C. Ap-
proximately 4 uL were loaded in each lane. The gels were
stained with Coomassie blue to visualize the bands contain-
ing protein (Figs. 4 and 7A). The gel in Figure 6B was silver
stained following the vendor’s (Pharmacia) protocols.

Kinetic analyses

A guanine incorporation assay (TGT assay) was used to ob-
tain the steady-state kinetic parameters (Tables 1 and 3) as
previously described (Curnow & Garcia, 1995; Kung & Gar-
cia, 1998). The concentrations of tRNAs ranged from 0.14 to
20 uM for SCF(in vitro), from 0.0325 to 5.2 uM for SCF/D,
and from 0.13 to 52 uM for ECYMH and SCFMH(T¥C) and
its analogs. Initial velocities (v;s), obtained from linear regres-
sion of guanine incorporation versus time for various concen-
trations of tRNA substrates, were plotted against substrate
(tRNA) concentrations (Figs. 5 and 8). Assays were con-
ducted in replicate (n = 2, 3, or 4; see Figs. 5 and 8). The
average of data points (v;) and the error bars generated from
the standard deviation within each point were plotted. A con-
trol experiment, in which the initial velocity for E. coli tRNA™"
at saturating concentration (26 wM) was obtained, was per-
formed for each assay to normalize the specific activity of
TGT from assay to assay. V,ax and K, were obtained by
nonlinear regression of the hyperbolic plots. k., was ob-
tained by dividing the V.« value by the TGT concentration
(i.e., 250 nM in all TGT assays) and the aliquot volume (70 or
100 L depending upon the level of activity).
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The activities for SCF(in vivo) and SCD/F were too low to
accurately determine kinetic parameters. For comparison,
the relative initial velocities of guanine incorporation were
determined for a series of tRNAs (Table 2). The tRNA con-
centrations were all at 25 M with 250 nM TGT, 20 uM 8-[**C]-
guanine in 100 mM HEPES, pH 7.4, 20 mM MgCl,, and
10 mM DTT. Aliquots were taken at various points over time
ranges from 12 min (ECY) to 4 h (SCD/F). The tRNA-labeled
AFA is an in vitro transcript of the tRNA2 from A. fulgidus. It
contains no UGU sequences. This was used as a totally
noncognate tRNA controlling for nonspecific TGT activity.

Inhibition of TGT by SCFMH(T ¥C) (G53C)

The ability of SCFMH(TWC) (G53C) to inhibit the TGT reac-
tion was assessed by monitoring the initial rate of TGT-
catalyzed guanine incorporation into ECYMH (at 0.5 M) under
the standard condition described above at concentrations of
SCFMH(TWC) (G53C) varying from 10 to 250 uM. The ICsq
for SCFMH(TWC) (G53C) was calculated from a nonlinear
regression of the percent inhibition data (averages of three
independent experiments) to the following equation:

% inhibition = 100 X [inhibitor]/(ICs, + [inhibitor]).
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