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The T-arm of tRNA Is a Substrate for tRNA (m’U54)-Methyltransferase®*
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ABSTRACT: Fragments of Escherichia coli FUra-tRNA,"? as small as 15 nucleotides form covalent complexes
with tRNA (m°U54)-methyltransferase (RUMT). The sequence essential for binding includes position
52 of the T-stem and the T-loop and extends toward the 3’ acceptor end of FUra-tRNA. The in vitro
synthesized 17mer T-arm of E. coli tRNA V2!, composed of the seven-base T-loop and S-base-pair stem,
is a good substrate for RUMT. The K, is decreased 5-fold and k,, is decreased 2-fold compared to the
entire tRNA. The T-arm structure could be further reduced to an 11mer containing the loop and two base
pairs and still retain activity; the K, was similar to that of the 17mer T-arm, whereas k., was decreased
an additional 20-fold. The data indicate that the primary specificity determinants for the RUMT-tRNA
interaction are contained within the primary and secondary structure of the T-arm of tRNA.

tRNA (m*U54)-methyltransferase [EC 2.1.1.35, tRNA
(uracil-3-)-methyltransferase] catalyzes the methylation by
AdoMet of U54 all prokaryotic and most eukaryotic tRNAs.
The function of m3U (ribothymidine) in tRNA remains un-
certain, but it appears to improve the fidelity of protein syn-
thesis (Kersten et al., 1981), stabilize the structure of tRNA
(Davenloo, et al., 1979), and show a selective advantage in
Escherichia coli cell growth (Bjork & Neidhardt, 1975). The
catalytic mechanism of RUMT! is analogous to those of
dTMP synthase and the DNA (m*C)-methyltransferases
(Santi & Danenberg, 1984; Santi & Hardy, 1987, Wu &
Santi, 1987); it involves initial formation of a covalent Michael
adduct between an enzyme nuclophile, probably a Cys thiol,
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and the 6-position of the target US54 of tRNA to activate the
5-position for subsequent one-carbon transfer. We have re-
ported that, in the presence of AdoMet, RUMT and FUra-
tRNA form a covalent complex that can readily be monitored
by a gel-shift assay of RUMT on SDS-PAGE (Santi &
Hardy, 1987); free RUMT migrates as a 42-kDa protein,
whereas the covalent enzyme—tRNA complex migrates as a
65-kDa band (Santi & Hardy, 1987). It has been surmised
that in this complex the 6-position of FUra-54 is covalently
bound to the enzyme and the 5-position of FUra-54 is meth-
ylated.

! Abbreviations: FUra-tRNA Ve, tRNA, Y2 containing substitution
of Ura by FUra; AdoMet, S-adenosylmethionine; Py, pyrimidine; Pu,
purine; RUMT, E. coli tRNA (m’U54)-methyltransferase; SDS-PAGE,
sodium dodecy! sulfate-polyacrylamide gel electrophoresis, tlc, thin-layer
chromatography.
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Little is known about RUMT-tRNA interactions. How-
ever, the fact that RUMT methylates a single Ura residue in
most tRNAs suggests there are common structural features
of tRNAs that guide recognition and catalysis. Here, we
report studies directed at determining the minimal structure
of tRNA necessary for recognition by RUMT, with the aim
of ultimately understanding aspects of the protein-RNA in-
teraction. We show that fragments of the T-arm of FUra-
tRNA are sufficient to form covalent complexes with RUMT
and that the T-arm of tRNA serves as a substrate for the
enzyme.

MATERIALS AND METHODS

FUra-tRNA Y# was a gift from J. Horowitz (Department
of Biochemistry and Biophysics, [owa State University), and
the plasmid p67YFO used for preparation of tRNAP™ was
a gift from O. C. Uhlenbeck (Department of Chemistry and
Biochemistry, University of Colorado). T7 RNA polymerase
was isolated from E. coli BL21 harboring the plasmid
pAR1219 (J. J. Dann, Brookhaven National Laboratory,
Upton, NY) and purified as described (Grodberg & Dann,
1988) except that S-Sepharose (Pharmacia) was used as the
first column instead of Trisacryl SP. Oligonucleotides were
prepared at the UCSF Biomolecular Resource Center. [vy-
32P]ATP (3000 Ci/mmol) was from Amersham. RNase A
(Boehringer Mannheim), RNase T, (Sigma), and nuclease P,
(Boehringer Mannheim) digestion and cellulose tlc were
performed as described (Silberklang, et al., 1979). Urea—
PAGE was used for RNA purification (Ogden & Adams,
1987). RUMT was the purified preparation previously de-
scribed (Gu & Santi, 1990).

RNA Synthesis. T7 RNA polymerase catalyzed in vitro
RNA synthesis was performed with appropriate templates and
primers as described (Chu & Horowitz, 1989; Milligan et al.,
1987). Products were fractionated on 7 M urea—-20% poly-
acrylamide gels and eluted overnight with a buffer of 50 mM
KOAc, 20 mM EDTA, and 100 mM KCl at 4 °C. To remove
urea, about 1 A4, unit of oligoribonucleotide was applied to
a TSK-gel Toyopearl DEAE-650 C (Supelco) column (0.5 X
0.5 cm) previously equilibrated with 20 mM Tris-HCI buffer
pH 7.0, and 0.1 M NaCl; RNA was eluted with 0.5 M NaCl
in the same buffer and concentrated by precipitation with 3
volumes of ethanol. The RNAs were dissolved in a buffer of
10 mM Tris-HCl, pH 7.6, | mM EDTA, and 2 mM MgCl,,
heated to 80 °C for 3 min, and allowed to cool to room tem-
perature.

5~-Labeling of tRNA. In vitro synthesized tRNA was
treated with calf intestinal phosphatase (Boehringer Mann-
heim) to remove the 5’ triphosphate and labeled at the 5’ end
with polynucleotide kinase (New England Biolabs) and [v-
32P]ATP (3000 Ci/mmol)(Silberklang, et al., 1979). The
5’-end-labeled tRNA was resolved by electrophoresis on 7 M
urea—12% polyacrylamide gels.

Isolation of tRNA Fragments. Limited digestions of
FUra-tRNA were performed in deionized formamide at 100
°C for 2 min (Stanley & Vassilenko, 1978). After spin
evaporation and 5’-32P-labeling using polynucleotide kinase
and [y-32P]ATP, the ?P-labeled fragments were purified by
7 M urea—15% PAGE, excised, eluted, and then purified again
on 4 M urea—20% PAGE. For analysis, the labeled fragments
were hydrolyzed with nuclease P, and the 5-32P-labeled nu-
cleotides were identified by tlc on cellulose plates (Kodak).

Determination of Ribothymidine. Oligoribonucleotides (100
pmol) were methylated with RUMT (25 pmol) and excess
AdoMet (10 nmol) in 5 uL of the standard buffer for the
RUMT assay for 3 hat 15 °C (Santi & Hardy, 1987). The
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methylated product was hydrolyzed with RNase T, labeled
with [y-*’P]ATP and polynucleotide kinase, and digested with
nuclease P;; the 5-mononucleotides were analyzed by two-
dimensional tlc.

Gel Shift Assays. Gel shift assays of RUMT-FUra-tRNA
complexes on SDS-PAGE were performed as described (Santi
& Hardy, 1987). Typically, reaction solutions (40 L) con-
taining the 5’-32P-labeled fragment (ca. 2 X 10% cpm), 1 uM
RUMT, and 250 uM AdoMet in the binding buffer were
incubated at 15 °C for 3 h. A 20-uL aliquot was mixed with
an equal volume of 2X loading buffer (125 mM Tris-HCI, pH
6.8, 4% SDS, 1.5 M 2-mercaptoethanol, 20% glycerol, and
0.005% bromophenol blue), incubated at 95 °C for 3 min, and
analyzed by SDS~12% PAGE. The remaining 20 uL was
incubated with 1 uL of 1 ug/uL RNAse A (Boehringer
Mannheim) at 37 °C for 1 h, mixed and heated with an equal
volume of 2X loading buffer, and analyzed by SDS-PAGE.

Enzyme Assays. Assay reactions (60 pL) contained varying
concentrations of oligoribonucleotide or tRNA, 50 uM
[methylH]AdoMet (2 Ci/mmol), and 0.1 uM RUMT in the
standard buffer (50 mM Tricine, pH 8.4, 5 mM DTT, 2 mM
MgCl,, 1 mM EDTA, 40 mM NH,C], and 20 mM spermi-
dine) were incubated at 15 °C (Santi & Hardy, 1987). Al-
iquots (18 L) were removed at 1, 2, and 30 min and allowed
to permeate DEAE-cellulose filter disks, and the disks were
washed five times with 2 mL of cold 50 mM glycine hydro-
chloride (pH 2.3) and then two times with 2 mL of cold
ethanol The filters were dried and counted under Aquasol 11
(New England Nuclear). Activity measurements were made
during initial velocity, usually at 2 min. The lower limit of
detection of methylation (control levels) was estimated to be
about 0.01 pmol. Kinetic parameters were assessed by non-
linear least-squares fit of the data to the Michaelis-Menten
equation and the data displayed as double-reciprocal plots.

RESULTS AND DISCUSSION

In our initial approach, we wished to determine whether
fragments of degraded FUra-tRNA retained the ability to
form covalent RUMT-RNA complexes. The work began
when we attempted to analyze the RUMT-FUra-tRNA V!
complex by using 5’-end-labeled FUra-tRNA that was pre-
pared by in vitro transcription. The calf intestinal phosphatase
preparation used to remove the 5’ triphosphate of the FUra-
tRNA was contaminated with a RNase. After 5’-labeling with
polynucleotide kinase and [y-3?P]JATP, [5-*?P]tRNA and
about 20 radioactive RNA fragments of varying size were
resolved on 7 M urea—20% PAGE. Six of these fragments that
varied from 15 to 40 nucleotides were arbitrarily chosen,
eluted, incubated with excess RUMT and AdoMet, and tested
for the formation of covalent complexes by the SDS-PAGE
gel shift assay followed by autoradiography. Surprisingly, most
of the fragments chosen, including one of 15 nucleotides in
length, caused a shift in RUMT mobility to about 48~55 kDa
on SDS-PAGE. Also, the complex formed with the 15-nu-
cleotide fragment could be converted to a 42-kDa band by
RNase A treatment prior to SDS-PAGE. We concluded that
fragments of FUra-tRNA as small as 15 nucleotides could
form covalent complexes with RUMT.

We next designed an experiment to define the minimum
linear sequence of FUra-tRNA extending from the 3’ end that
would bind to RUMT. In vitro transcribed FUra-tRNA, V!
was subjected to limited partial digestion in deionized form-
amide (100 °C for 2 min) to cause approximately one cleavage
per molecule, and the free 5’ends were labeled with [y-32P]-
ATP and polynucleotide kinase (Stanley & Vassilenko, 1978);
this produced a series of 5'-labeled fragments extending from
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FIGURE 1: Methylation of in vitro transcribed tRNAP (@), 1 7mer
T-arm (O), 11mer T-arm (Q), and U54C 17mer T-arm (A, non-
substrate) derivatives. Assays were as described under Materials and
Methods with 1.5 uM RNA, 25 uM [methyl-*H]AdoMet, and 0.2
uM RUMT in 100 uL; the control omitted RNA and was subtracted
from data points. Twenty-microliter aliquots were removed and
assayed.

various 5 nucleotide ends to the 3’ acceptor terminus. Ra-
dioactive fragments of length 21-28 nucleotides were purified
by 7 M urea—15% PAGE and then 4 M urea-20% PAGE, and
their identities were verified by 5’-end-group analysis (Sil-
berklang, et al., 1979). The analysis demonstrated high purity
of each of the radioactive fragments, with only minor con-
tamination. The isolated fragments were then tested for co-
valent binding to RUMT in the presence of AdoMet by the
SDS-PAGE gel shift assay. We found that fragments con-
taining 25 or more nucleotides from the 3’ end formed covalent
complexes with RUMT, but fragments containing 24 nu-
cleotides or less from the 3’ end did not. Thus, the recognition
sequence is contained within nucleotides from position 52 to
the 3’ end A76 and contains the methylation site at residue
54; the first two residues of the putative binding sequence, G52
and G53, are involved in forming two complementary base
pairs of the T-stem of tRNA adjacent to the loop. This result,
together with the aforementioned finding that a sequence of
only 15 nucleotides can bind to RUMT, indicates that the
essential binding sequence exists within the T-arm (G52-A66)
of FUra-tRNA, Y2,

We next prepared a 17-base oligoribonucleotide corre-
sponding to the T-arm of tRNA,Y?! (nucleotides 49-65 of
tRNA, YL 5-pppGGCGGUUCGAUCCCGUC) and tested
it as a substrate for RUMT. The enzyme catalyzed the
transfer of the methyl group of [methyl-*H]AdoMet to this
oligoribonucleotide (Figure 1); the 17mer T-arm U54C mu-
tant, which is not a substrate, is also shown. The product of
a reaction taken to completion was hydrolyzed with RNase
T,, labeled with [y-32P]ATP and polynucleotide kinase, di-
gested with nuclease P, and analyzed by two-dimensional tlc.
The spots were excised and counted, and ribothymidine was
shown to be present in an amount that corresponds within
experimental error to stoichiometric reaction at U54 (calcu-
lated, A/U/T = 1/3/1; found, A/U/T = 1.1/3.4/1.0). The
T, of the 17mer was determined to be 45 °C, so it is rea-
sonable to conclude that the stem—loop structure binds to the
enzyme under the assay conditions.

Kinetic properties of the T-arm 17mer were measured at
pH 8.4 and 15 °C with 50 uM [methyl-*H]AdoMet (Table
1); a low assay temperature was used to ensure predominance
of hairpin structures. Under these conditions, K, for the
T-arm was about 6-fold higher and k_, was about 3-fold lower
than for unmodified yeast tRNAP*, The k., /K,, is 17-fold
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Table I: Kinetic Parameters for Methylation of RNAs with RUMT?

substrate K | 2 kea/ K
tRNAPhe 0.8 5.5 6.9
17mer T-arm 5.0 2.0 0.40
I lmer T-arm 4.0 0.090 0.023

“Reactions were performed as described under Materials and
Methods.
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FIGURE 2: Consensus sequence of T-arm of tRNA derived from the
structures of E. coli tRNAs. Dark shading indicates complete con-
servation of base, light shading indicates conservation of Py or Pu,
and no shading indicates nonconserved positions.

lower for the T-arm (0.40 uM™" min™") than for t(RNAP" (6.9
uM™ min™"), indicating a higher specificity for tRNA than
for the T-arm alone. These results show that other aspects
of the structure of tRNA may play a role in interactions with
RUMT, but the primary specificity determinants are contained
within the primary and secondary structure of the T-arm.

The T-arm could be further truncated to 11 bases consisting
of only the loop and two adjacent base pairs of the stem
(nucleotides 52-62 of tIRNA,¥?; 5-pppGGUUCGAUCCC)
and still retain activity (Figure 1). For the 11mer, the K, was
about the same as the 17mer, but kg, and k., /K, values were
decreased about 20-fold. We determined that the T, of the
I Imer was 38 °C and concluded that the stem—loop is the
predominant secondary structure at the temperature used for
enzyme assays. Substrate activity of the 1 lmer is in accord
with aforementioned results from covalent binding of FUra-
tRNA fragments to RUMT, which indicated a requirement
for G52 on the 5" end of fragments containing the 3’ acceptor
end. Thus far, the 11mer is the smallest sequence we have
found that is methylated and the smallest known oligoribo-
nucleotide that is a substrate for a RNA modifying enzyme;
smaller fragments have not yet been tested because of diffi-
culties in preparation (Milligan et al., 1987).

Having shown that the determinant for recognition is present
within the T-arm of tRNA, we compared the sequences of over
40 tRNAs from E. coli that are substrates for the methyl-
transferase (Sprinzl et al., 1987). This allowed us to deduce
a consensus sequence for recognition and catalysis by RUMT
(Figure 2). We reasoned that the nonconserved residues of
the T-arm of tRNA pobably do not provide information re-
garding specificity, unless some unrecognized feature of their
context was involved. By this rationale, and the observed
substrate activity of the 11mer, we excluded the first three
nonconserved base pairs of the stem and the nonconserved base
at position 59 as being important in recognition; of course,
these could play roles in higher order structure important for
binding that are base-independent, such as the helical hairpin
structure and conformation of the loop. Thus, the consensus
sequence for methylation derived from tRNA homology and
the result reported here includes only 11 bases: the Pu52-Py62
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and G53-C61 base pairs adjacent to the loop; U54, US55, C56,
and A S8, which are completely conserved components of the
loop; and Pu57 and Py60 as semiconserved bases in the loop.
This sequence may contain elements necessary for tRNA
function other than methylation, so the consensus sequence
for methylation may be less stringent.

Recently, it was reported that tRNA analogues comprising
short helical hairpins that resemble the acceptor stem and a
T-arm (minihelix) or the acceptor stem and a 6~7-base loop
(microhelix) of tRNAA®R or tRNAHS are charged in vitro by
E. coli Ala- or His-tRNA synthetase (Francklyn & Schimmel,
1989, 1990; Shi et al., 1990). The finding that the 17 base
T-arm of tRNA, and analogues containing as little as 11 bases,
can serve as a substrate for RUMT represents another example
of a truncated tRNA that serves as a substrate for an enzyme
that uses tRNA as substrate. The small size of the oligo-
ribonucleotide substrates of RUMT will greatly facilitate
detailed studies of the enzymatic reaction.

It is intriguing to speculate that the consensus sequence
described here might also provide the specificity required for
other modifications that occur on the T loop, such as formation
of pseudouridine at position 55 and 1-Me-A at position 58.
Also, the T-arm consensus sequence for methylation of E. coli
tRNA is found in all eukaryotic tRNAs that contain ribo-
thymidine, and it is reasonable to suggest that the eukaryotic
counterpart of RUMT has a similar specificity. A search of
the Genbank data base for RNA sequences other than tRNA
revealed several RNAs that contain the aforementioned 11-
base T-arm consensus sequence for methylation (Figure 2).
In the bacterial sublibrary, three such matches were seen for
E. coli; intriguingly, one was in the coding sequence for EF-G
(fus) and the other two were in the coding sequences for EF-Tu
(tufA and tufB). lt is interesting and possibly relevant that
RUMT may be tightly bound to one or more RNAs in crude
extracts of E. coli (Ny et al., 1988). In the structural sub-
library, no E. coli non-tRNA matches were found. In the
eukaryotic case, many matches were found in non-tRNA se-
quences known to be expressed as RNA, including rRNA (e.g.,
a conserved sequence in 18S RNA), other noncoding cellular
RNAs [e.g., 7SL RNA (Schizosaccharomyces pombe) and
4.5S RNA (mouse)], viral small RNAs [e.g., VAI (adeno-
virus)], and mRNAs for cellular (e.g., glutathione peroxidase
and myoglobin) and viral (e.g., HSV-1 DNA polymerase)
proteins. RNA pol I11 transcripts in particular were frequent
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sources of matches to the consensus, which may be attributed
to the fact that the consensus sequence in the tRNA isin a
region that in the DNA is an internal RNA pol III promoter.
Ribothymidine would have gone undetected in most of these,
since the sequences were deduced from DNA sequencing.
Provided the appropriate secondary structure is adopted,
modification of such sequences could occur, serving a thus far
unrecognized function for tRNA modification enzymes.
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