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Abstract The tertiary structure of Ascaris suum mitochondrial
tRNA%e(‘}U was examined by nuclear magnetic resonance
analysis using its transcript, since tRNA%%U, lacking the
D arm and possessing a truncated T arm, is the shortest of all
the known tRNAs. Most basepairs in the proposed secondary
structure of tRNAJY,; were shown to exist, but the connector
region comprising the truncated D loop and the extra loop was
flexible. This flexibility, would enable adjustment of the mutual
distance between the 3’-terminus and the anticodon consistent
with that of usual tRNAs. Thus, tRNAS"UCU appears to
function in a similar way to that of usual tRNAs in the
ribosome. © 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

All nematode mitochondrial (mt) tRNAs except for
tRNAsS" are known to possess extremely unusual secondary
structures lacking the entire T arm [1-6]. tRNAsS", compris-
ing tRNAPL, and tRNAYL, (see Fig. lc) [1-3,6], however,
possess the T arm but lack the D arm, as do all other meta-
zoan mt tRNAsL ; [7-9]. Furthermore, the T arm of nem-
atode mt tRNAsS" is extremely short (consisting of 10-13
residues). Thus, these tRNAs look to be the most simplified
structures. In particular, Ascaris suum mt tRNA%eéU, whose
chain length is 54 mer, is one of the shortest of all the tRNAs
so far elucidated [9]. It has been reported from mt genome
research that brachiopod mt tRNAYL, (lacking the D arm
[10]) and spider mt tRNAV# (lacking the T arm [11]) also
consist of 54 residues; however, these tRNAs have not been
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detected at the RNA level. The nucleotide sequence including
modified nucleotides of A4. suum mt tRNAffEU (Fig. 1a) has
already been determined, and its higher order structure ana-
lyzed using enzymatic probing [4]. A structural study using
computer modeling on metazoan mt tRNAsS" lacking the
D arm suggested that the acceptor—anticodon interstem angle
is larger than the rectangle which the normal L-shaped tRNA
takes, if it is assumed that the mutual distance between the 3'-
terminus and the anticodon was preserved [12]. In that com-
puter modeling, the interstem angle of nematode Caenorhab-
ditis elegans mt tRNAL , was extremely large [12].

The higher order structures and biological properties of
such tRNAs with extremely short chain lengths have not
been adequately clarified. In this work, A. suum mt tRNASE
was analyzed by nuclear magnetic resonance (NMR) spectros-
copy to obtain more detailed information about its tertiary
structure. At first, NMR spectra of A. suum mt tRNAISJeéU
synthesized by T7 RNA polymerase were analyzed to assign
iminoproton signals. Then, unassigned residues were labeled
site-specifically with a stable isotope so as to enable the as-
signment of the unknown iminoproton signals and also to
investigate the tertiary interactions. Together with the bio-
chemical data obtained in this study, including the binding
of the tRNA to bacterial elongation factor Tu (EF-Tu), the
structural features of A. suum mt tRNAYYL, can be deter-
mined.

2. Materials and methods

2.1. Purification of native A. suum mt tRNAf,"éU

A. suum total tRNAs were prepared from the body wall muscle of
A. suum as described [4]. A. suum mt tRNAJL; was isolated from
total tRNAs by the selective hybridization method [13] using a solid-
phase DNA probe (obtained from Sci-Media, Japan) possessing a
sequence complementary to the residue numbers G1 to U30 of the
tRNA, and purified further by 10% denaturing polyacrylamide gel
electrophoresis. A 0.98 Ay unit of tRNA%%U was obtained from
736 Ayg units of A. suum total tRNAs. The nucleotide sequence of
the tRNA was confirmed by Donis—Keller’s method [14].

2.2. Preparation of A. suum mt ZRNA*Z,%U transcripts

The template plasmid for T7 transcription, in which the T7 RNA
polymerase promoter sequence directly connected to the downstream
of the tRNAPL; sequence and terminated at a BstNI site was cloned
into pUC19, was kindly provided by Dr. Y. Watanabe (University of
Tokyo). The transcription reaction was performed at 37°C for 4 hin a
reaction mixture including 40 mM Tris—-HCI (pH 8.0), 6 mM MgCl,,
5 mM dithiothreitol (DTT), 1 mM spermine, 0.01% Triton X-100, 50
pg/ml bovine serum albumin (BSA), 20 mM GMP, 1.2 mM ATP,
1 mM GTP, | mM CTP, 2 mM UTP, 3 U/ml pyrophosphatase, 2.4
pug/ml T7 polymerase and 65 pg/ml template plasmid linearized with
BstNI (New England Biolabs) digestion. The products were purified
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Table 1

Synthetic RNA fragments for preparation of site-specific labeled tRNAs

T. Ohtsuki et al.IFEBS Letters 514 (2002) 37-43

Labeled site  5'- or 3'-fragment®

RNA fragment (from 5’ to 3")

G8 5 GACAAAU
3’ UUUUCAGGUCUUCUAAAUCUGUUUUGGAGAAAUCCGUUUGUUUCCAA
Ull 5 GACAAAUGUU
3’ UCAGGUCUUCUAAAUCUGUUUUGGAGAAAUCCGUUUGUUUCCAA
U30 5 GACAAAUGUUUUCAGGUCUUCUAAAUCUG
3’ UUUGGAGAAAUCCGUUUGUUUCCAA
U33 5 GACAAAUGUUUUCAGGUCUUCUAAAUCUGUUU
3’ GGAGAAAUCCGUUUGUUUCCAA
G34 5 GACAAAUGUUUUCAGGUCUUCUAAAUCUGUUUU
3’ GAGAAAUCCGUUUGUUUCCAA
G35 5 GACAAAUGUUUUCAGGUCUUCUAAAUCUGUUUUG
3’ AGAAAUCCGUUUGUUUCCAA
G37 5 GACAAAUGUUUUCAGGUCUUCUAAAUCUGUUUUGGA
3’ AAAUCCGUUUGUUUCCAA

23'-Fragments have an additional nucleotide at the 3’-end, because the 3’-end nucleoside should be removed before ligation reaction.

by 10% denaturing polyacrylamide gel electrophoresis. ['*'N]JGMP
(Nippon Sanso, Japan) was used for G1 specific labeling.

2.3. Preparation of site-specific labeled tRNAs by chemical synthesis
and enzymatic ligation

Site-specific labeled tRNAs at residues G8, Ull, U30, U33, G34,
G35 and G37 were prepared by enzymatic ligation of chemically syn-
thesized RNA fragments (Table 1) and N,'3C-labeled nucleotides
according to the scheme in Fig. 2. Stable isotopically labeled nucleo-
tides (['"N,*C]5",3"-UDP and ['°N.!*C]5’,3’-GDP) were prepared as
reported previously [5]. RNA fragments were synthesized using an
Applied Biosystems 381A DNA synthesizer. Deprotection and purifi-
cation of the synthetic RNAs were performed as described [15]. The
general scheme of site-specific labeling using chemical synthesis and
enzymatic ligation is shown in Fig. 2. To enable the fragments to
serve as substrates for the RNA ligase reaction, as well as to prevent
self-ligation, both ends of the 5'-fragments were dephosphorylated
using Escherichia coli alkaline phosphatase (BAP, in Fig. 2) [5], and
both ends of the 3’-fragments were phosphorylated using T4 polynu-
cleotide kinase followed by deprivation of the 3’-end residue with
NalOy treatment [13]. The reaction mixture including 50 mM Tris—
HCI (pH 7.5), 15 mM MgCl,, 3.5 mM DTT, 15 pg/ml BSA, 300 uM
ATP, 3-10% polyethylene glycol #6000 (PEG), 600-1200 U/ml T4
RNA ligase and 50-120 pM RNA fragments was incubated at 11°C
for 14-16 h. The concentration of PEG, ligase and substrates was
optimized [5] by preliminary small-scale experiments using 40-50 pul
of the reaction mixture before the large scale ligations. The ligation
reaction yields are summarized in Table 2. Ligated RNAs were puri-
fied by either monoQ HR 5/5 column (Pharmacia Biotech) chroma-
tography or 10% denaturing (7 M urea) polyacrylamide gel electro-
phoresis.

2.4. Measurement of melting curve

The melting curves of tRNAs were measured at a wavelength of 260
nm in a buffer containing 50 mM sodium cacodylate (pH 7.0), 10 mM
MgCl, and 200 mM NaCl, using a Gilford Response II spectropho-
tometer. A. suum mt tRNAMet [13] was prepared as described, and
E. coli tRNAP" was kindly provided by Dr. C. Takemoto (RIKEN,
Japan).

2.5. Biochemical characterization of tRNASL,,

Aminoacylation of tRNAs was carried out as described [4] using
A. suum mt extract as the enzyme, and L-[3-’H]serine (1.04 TBq/
mmol) (Amersham). For the deacylation-protection assay, the charged
tRNA was extracted by phenol saturated with 50 mM NaOAc (pH
4.5), twice precipitated by ethanol and dissolved with 20 mM KOAc
(pH 4.5) before use. The deacylation-protection assay using the Ther-
mus thermophilus EF-Tu was carried out as described [16]. Recombi-
nant 7. thermophilus EF-Tu was prepared as described [17].

2.6. NMR spectroscopy

Each of the tRNA samples was dissolved in 200 ul of a buffer
consisting of 10 mM sodium cacodylate (pH 6.5), 0.1 mM EDTA,
150 mM NaCl, 0-15 mM MgCl, and 5% 2H,0. The 500 MHz 'H-
NMR spectra were recorded on a Bruker AMX-500 spectrometer.

The water signal was suppressed by a Jump-and-Return sequence
[18]. Nuclear Overhauser enhancement spectroscopy (NOESY) spec-
tra were recorded at a mixing time of 120 ms by using a standard
pulse sequence [19] with data points of 2 K and 512 for the #, and 7,
dimensions, respectively. A one-dimensional (1D) NOE experiment
was carried out with 0.5 s presaturation of the desired signal with
60 dB below a power of 0.5 W. 1D spectra of ['*'N]'H heteronuclear
multiple quantum correlation (HMQC) with '*N,'*C-decoupling [20]
were obtained with an interpulse delay time of 4 ms. Protons were
decoupled from N during acquisition by a GARP sequence [21].

3. Results

3.1. Characterization of A. suum mt tRNAf;’gU and its
transcript

In order to examine if the transcript of tRNA%%U is func-
tionally equivalent to the native tRNAE ;. their aminoacyla-
tion activity and binding activity to EF-Tu were examined.
A. suum mt tRNASL,; and its transcript were serylated using
A. suum mt extract (Fig. 3a), although its SerRS activity was
very low. The serine accepting activity of the mt tRNA%eéU
transcript was slightly lower than the native one, however,
they were almost identical (Fig. 3a). The low aminoacylation
activity of both native tRNAY,; and the transcript may come
from the structural instability of tRNA itself and/or the low
activity of the A. suum mt extract. The EF-Tu binding activity
of the tRNA%eéU transcript was also observed using 7. ther-
mophilus EF-Tu (Fig. 3c), and was almost the same as the
activity of the native one (Fig. 3b). Those biological data
suggested that the transcript was fully employable as a sub-
stitute for the native tRNAFL, .

The melting temperature (7y,) and hyperchromicity are

Table 2

Yields of ligation reactions

Labeled site Yield of ligation reaction® (%)  Yield (mg)
Ist ligation 2nd ligation

G8 62 42 0.92

Ul1 78 76 0.38

U30 46 17 0.29

U33 17 14 0.17

G34 41 49 0.28

G35 48 71 1.36

G37 74 56 0.25

2The yield after purification. ‘1st ligation’ means the ligation of the
5'-fragment and the labeled nucleotide, and “2nd ligation’ means the
ligation of the product of the 1st ligation and the 3’-fragment.
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Fig. 1. a: Secondary structure of 4. suum mt tRNAYE, [1]. Modified bases such as ¥ and t°A are shown by arrows [4]. The numbering system
of Sprintzl et al. [9] was not used here because tRNAPYL, is extremely truncated tRNA. b: Secondary structural model of A. suum mt
tRNAISJeéU proposed by this work. Isotopically labeled residues are shown in orange. c: Other nematode mt tRNAS® genes [2,3,6]. d: A model
of the 9 bp anticodon arm suggested by Steinberg et al. [12] is adapted to 4. suum mt tRNAE ;.

summarized in Table 3. The T}, value and hyperchromicity of
A. suum mt tRNAYL  were remarkably lower than the stan-
dard yeast tRNAP'. The T, value of the mt tRNAY, | tran-
script was slightly lower than the native one. Most likely,
modified nucleosides (pseudouridine (¥) and N®-threonino-
carbonyl-adenosine (t°A)) in the native tRNA (Fig. la) in-
creased thermostability in comparison with the tRNA tran-
script. The stabilization of RNA stacking by ¥ was reported
previously [22-25]. Slight stabilization by t°A at the same
position as A. suum mt tRNA%}’EU was observed using bovine
mt tRNAXL, [26]. The T, value of native bovine mt
tRNAL  having t°A only as a modified nucleoside was

1.5°C higher than that of the tRNAXL,; transcript [26]. How-
ever, considering the above biological activity, the modified
bases were thought to have minor effects on the whole tertiary
structure of A. suum mt tRNASEL ;.

3.2. NMR spectroscopy

Iminoproton signals were assigned by NOE data as shown
in Fig. 4 and Table 4. All iminoproton signals in the acceptor
stem and the anticodon stem except for the G1-U50 basepair
were assigned from the NOE data. Iminoproton signals of the
U12-U30 basepair were also assigned according to the NOE
connectivity from G29 (Fig. 4a).
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HO——OH HO——N*P
BAP ligase
pN*p HO——N*OH
labeled nucleotide N* is introduced into
(pGp or pUp) the aimed position
p——P / kinase

3'-fragment IENIIELTE)
HO AOH

TNaIO4
> p——AOH

Fig. 2. Diagram showing how to construct site-specific labeled A. suum mt tRNAs%%U. Asterisks denote N,'3C-labeled nucleotides.

To clarify unassigned signals, site-specific stable isotope-la-
beled tRNAs were prepared by in vitro transcription with T7
RNA polymerase for G1 or enzymatic ligation for GS8, Ull,
U30, U33, G34, G35 and G37. The "N-decoupled 1D spectra
of all the labeled tRNAs coincided well with the spectrum of
the non-labeled tRNA (Fig. 5), indicating that ligation at
different positions caused no appreciable difference in the ter-
tiary folding of the tRNAs. Although the iminoproton signal
of G1 was not assigned from the NOE data, the signal was
assigned in the 1D ['*N]'H HMQC spectrum (Fig. 5) of G1-
labeled tRNA, and an NOE signal between G1 and U50 was
detected in the NOESY spectrum (Fig. 4a). The U30 signal
was confirmed by specific labeling (Fig. 5). An iminoproton
signal of G35 was assigned using G35-labeled tRNA (Fig. 5).
An NOE signal from the G35 signal was detected at 14.16
ppm by 1D NOE experiments (Fig. 4b) although it was not
detected in the NOESY spectrum (Fig. 4a). Thus, this signal
(14.16 ppm) should be the iminoproton signal of U41. As for
G8, an iminoproton signal shift to a lower magnetic field was
observed (Fig. 5), indicating that G8 was included in base-
pairing. Iminoproton signals of G34, U33 and Ull were not
detected (Fig. 5), indicating that those were free from base-
pairing. The iminoproton signal of G37 (10.67 ppm) was ob-
served at similar chemical shifts in the previously described
NMR spectrum of the GAAA loop known as one of the
extremely stable GNRA tetraloops [27,28]. A minor confor-
mation of G37 existed because a minor signal was observed at
12.57 ppm. An NOE signal from G37 was not detected.

(a) (b)

Although the minor conformation of G37 (12.58 ppm), which
seemed to pair with the other residue, was increased in the
Mg?** free condition (12.52 ppm), the majority was the signal
at 10.50 ppm.

4. Discussion

In this study, an attempt using 'H-NMR spectroscopy was
made to elucidate the higher order structure of A. suum mt
tRNASL . which has been known until now as the shortest
tRNA comprising 54 residues. At first, it was confirmed that
the T7 transcript of the tRNA can be substituted for the
native tRNA with regard to biological functions such as ami-
noacylation and binding ability to EF-Tu. Thus, the transcript
was used as the sample for the NMR measurement, because
preparation of the native tRNA from 4. suum in amounts
sufficient for the NMR measurement is quite difficult.

It was confirmed that the way of basepairing in both the
acceptor and anticodon stems is just the same as that inferred
from the cloverleaf structure (Fig. 1a) by the sequential as-
signment of iminoproton signals. It was also observed from
the NOE pattern (Fig. 4a) that bases Ul2 and U30 were
involved in basepairing and stacked on the C13-G29 pair of
the anticodon stem. U11 and U31 also seemed to stack on the
U12-U30 basepair because the iminoproton signals of Ul2
and U30 were observed unambiguously (Figs. 4a and 5), sug-
gesting that the iminoprotons of U12 and U30 are protected
from exchange with water protons.
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Fig. 3. Biological activity of the 4. suum mt tRNAP, transcript. a: Serine acceptance of native A. suum mt tRNA%eéU
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ference spectrum. Iminoproton signal of G35 was irradiated.

The assignment of iminoproton signals in the T stem was
difficult because they were very weak. The weakness of the
signals and the minor signals observed for G35 and G37 (Ta-
ble 4) indicate that the T stem—loop is unstable. The T loop
seemed to form the GAAA tetraloop [27,28], in which the
iminoproton of the G37 residue is predominantly uninvolved
in hydrogen bonding, because the chemical shift of the imi-

Table 3
Melting temperature and hyperchromicity of A4. suum mt tRNAs
and E. coli tRNAPhe

tRNA Tm (°C) Hyperchromicity (%)
A. suum mt tRNAifEU (native) 54.5 21

A. suum mt tRNARE (tran- 50 21

script)

A. suum mt tRNAMe (native)  54.5 20

E. coli tRNAP (native) 76 31

noproton signal of G37 (10.67 ppm) coincided with that of a
free GAAA loop [27]. G34 and G35 existing in the T stem in
the proposed secondary structure were site-specifically labeled
with a stable isotope. An iminoproton signal of G35 was
detected (Fig. 5) and a weak NOE signal from G35 to U4l
was observed by the 1D NOE experiment (Fig. 4b). No signal
was detected in the [SN]'H HMQC spectrum of G34-labeled
tRNA (Fig. 5), indicating that the G34-C43 basepair was
neither rigid nor existent. On the other hand, an iminoproton
signal of G8 was observed (Fig. 5) and its chemical shift was
located in the typical G—C pair region. Thus, it is very likely
that the G8-C43 basepair exists instead of the G34-C43,
which is mostly expected according to the usual cloverleaf
structure (Fig. la). This speculation leads to a rather unex-
pected secondary structure having the 1 bp shorter T stem and
1 bp longer acceptor stem (Fig. 1b). Such an unusual 8 bp
acceptor stem has already been reported for E. coli tRNAS®
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Table 4

Assignment of iminoproton signals at 10°C

Position Chemical shift (ppm) NOE Label
0 mM MgCl, 15 mM MgCl,

Gl 10.53 10.45 us0 yes

Us50 11.87 11.90 Gl

U49 14.08 - G48

G438 12.50 12.56 U49, U47

U47 13.10 13.16 G48, U46

U46 13.73 13.72 U47, U45

U45 14.17 14.07 Ud6, G44, U7

G44 11.17 11.20 U453, U7

u7 11.35 11.32 U45, G44

G8 12.73 12.96 yes

U33 - - yes

Ull - - yes

Ul2 10.60 10.60 U30, G29

U30 11.29 11.31 Ul12, G29 yes

G29 12.81 12.86 Ul12, U30, U28

U28 13.12 13.16 G29, G15

GI15 12.78 12.86 U28, Gl6, U26

Gl16 11.54 11.51 Gl15, U26, U17

U26 11.86 11.83 Gl15, Gl6, U17

uUl17 14.05 13.93 U26

G34 - - yes

G35 12.21 (10.32) 12.19 U41 yes

G37 10.50 (12.52) 10.67 (12.58) yes

U41 14.16 - G35

Parentheses show minor signals.

[29], for example. As for the other nematode mt tRNAsS",
secondary structures reported previously [1-3], as shown in
Fig. 1c, seem to be more appropriate than those with the
8 bp acceptor stem as shown in Fig. 1b, because in the latter
cases it is almost impossible to replace U8-U or U8-C by a
more stable U-A or C-G pair in the usual T stem. More
information is necessary to clarify the existence of the G8—
C43 pair.

The NOE connectivity of (U7-G44)-G8-G35 or (U7-
G44)-G34-G35 as the basis for the direct connection of
the acceptor stem to the T stem was not observed, which
probably means that these two stems do not stack on each
other. However, it is possible to consider that once the tRNA
binds to EF-Tu, a coaxial helix composed of more than 10
bp could be formed between the acceptor and the T stems,
because the nematode mt tRNAS was shown to bind to
T. thermophilus EF-Tu (Fig. 3b,c) whose minimal substrate
is known to be the 10 bp minihelix [30]. These results con-
cerning the acceptor-T stem connectivity are the same as
those reported for bovine mt tRNAXL;: although the
NOE connectivity between the acceptor and the T stems
was not observed [31], the tRNA%e{:U could bind T. thermo-
philus EF-Tu [32].

The regions covering U9 to Ull and U31 to U33 (here, a
region formed by these residues is named a ‘connector re-
gion’) were indicated as being flexible and not basepaired
because iminoproton signals of Ull and U33 were not ob-
served (Fig. 5). These observations are consistent with the
previous results of the enzymatic probing that RNase T,
cleaved phosphodiester bonds of the 5'-side of U9, UI10,
U31, U32 and U33 but V; did not [4]. The extremely low
thermostability of 4. suum mt tRNAL,, (Table 3) is typical
for mt tRNAs [26], in which 4. suum mt tRNAs provides the
most unstable examples. The low T}, value of A. suum mt
tRNAPL,, indicates the structural instability of the tRNA,

which probably stems from the flexibility of the connector
region and the T stem.

A structural model of the tRNA was manipulated using the
MidasPlus software system [33], in which the acceptor stem
and anticodon stem were fixed at the same positions as those

MMW

ANV

G34
A P INNAAN A AN N AN NN AN A AN r A AN N PPN

U33

P AL N AN TN DAL AN A S SAN AR ST

6B s e Ncdcandrmdn

Normal

T T T T 1
14 13 12 11 ppm

Fig. 5. 1D spectra of synthetic 4. suwm mt tRNA%%U recorded in
the 15 mM MgCl, condition at 283 K. ['S'N]'"H HMQC spectra of
the tRNAs labeled at G37, G35, G34, U33, U30, Ull, G8 and GlI,
and the normal spectrum of the unlabeled tRNA are shown.
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of the standard L-shape structure of yeast tRNAPPe [34]. It
turned out that the connector region was too short to connect
the two stems naturally; the region was pulled away from the
two stems, and bases continuing in the region could not stack
on each other. To preserve the distance between the 3’-termi-
nus and the anticodon in the ribosome, the acceptor—antico-
don interstem angle of this tRNA should be larger than that
of the standard L-shape tRNA, as described by Steinberg et
al. [12]. However, the 9 bp anticodon stem (like Fig. 1d)
suggested by Steinberg et al. [12] was not suggested in this
tRNA, because basepairs including U9~ U11 and U31 ~U33
were observed neither by NMR nor by enzymatic probing [4].
It is difficult to consider that the acceptor—anticodon interstem
angle of the tRNA%%U is fixed by itself in an aqueous solu-
tion. The interstem angle should be fixed only when the tRNA
is complexed with other factors, such as EF-Tu or the ribo-
some.

In this work, the structural features of A. suum mt
tRNA%%U are shown, in which the stable stem regions and
the flexible T stem and connector region were clarified (Fig.
1b). This tRNA seems to fit the ribosome by adjusting the
distance between the 3’-terminus and the anticodon using the
flexible connector region as suggested from the NMR data.
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